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Abstract

Viscoelastic polymer solutions have been employed as suspending liquids for a myriad
of microfluidic applications including particle or cell focusing and sorting. Very re-
cently viscoelastic liquids have been shown to drive the formation of strings of equally
spaced particles called "particle trains”. The formation of “particle trains” may have
unprecedented benefits on important biomedical applications. For example single cell
analysis benefit from encapsulation of a single cell or particle in a droplet for high
throughput decoding and sequencing of cellular information. In flow cytometry parti-
cle or cell train formation is crucial for analysing their properties without interference
from overlapping cells or particles. To date, limited experimental studies are available
on viscoelastic particle train formation. In Chapter 4 of the thesis, we demonstrate that
a viscoelastic shear thinning aqueous 0.1 wt% xanthan gum XG solution drives the
self-assembly of particle trains on channel centerline in a serpentine microfluidic de-
vice. In addition, to account for the fluctuations in the number of flowing particles, we
introduced the concept of local particle concentration, observing that an increase in lo-
cal particle concentration led to an increase multi-particle string formation. Thereafter,
we simplified the microfluidic configuration to drastically reduce multi-particle string
formation. In Chapter 5, we successfully employed a microfluidic device with sixteen-
trapezoidal elements to reduce multi-particle string formation down to 5 % and studied
the effect of confinement ratio on ordering dynamics of particles in 0.2 wt% XG, where
larger confinement ratios led to self-assembly at shorter distances. Subsequently, in
Chapter 6 we studied the particle encapsulation in a T-junction microfluidic device,
using a non-Newtonian viscoelastic 0.1 wt% hyaluronic acid HA solution in phos-
phate buffer saline as suspending liquid. We first studied the non-Newtonian droplet
formation mechanisms, finding that the data for the normalised droplet length scaled as
the Newtonian ones. We then performed viscoelastic encapsulation experiments and
identified experimental conditions for which the single encapsulation efficiency was
larger than the stochastic limit predicted by the Poisson statistics. Overall, our work
provides insights into fluid characteristics, experimental conditions and microfluidic
devices required to form particle trains and to encapsulate particles in droplets.

1



Declarations and Statements

• This work has not previously been accepted in substance for any degree and is
not being concurrently submitted in candidature for any degree.

Signed: Anoshanth Jeyasountharan
Date: 29/09/2022

• This thesis is the result of my own investigations, except where otherwise stated.
Other sources are acknowledged by footnotes giving explicit references. A bib-
liography is appended.

Signed: Anoshanth Jeyasountharan
Date: 29/09/2022

• I hereby give consent for my thesis, if accepted, to be available for photocopying
and for interlibrary loan, and for the title and summary to be made available to
outside organisations.

Signed: Anoshanth Jeyasountharan
Date: 29/09/2022

• The University’s ethical procedures have been followed and, where appropriate,
that ethical approval has been granted.

Signed: Anoshanth Jeyasountharan
Date: 29/09/2022

Acknowledgements

I would like to thank my parents, partner and supervisor for all the help and support
during the PhD.

2



Contents

1 Introduction 17
1.1 Thesis aim: Viscoelastic particle train formation in microfluidic flows

using a xanthan gum . . . . . . . . . . . . . . . . . . . . . . . . . . 21
1.2 Thesis aim: Microfluidic device to reduce multi-particle string forma-

tion and self-assemble particles in microfluidic flow . . . . . . . . . . 21
1.3 Thesis aim: Viscoelastic droplet generation and particle encapsulation

in a T-junction microfluidic device . . . . . . . . . . . . . . . . . . . 22

2 State of the Art 23
2.1 The use of Inertial Microfluidics to manipulate particles . . . . . . . . 23

2.1.1 Applications of Inertial Microfluidics . . . . . . . . . . . . . 25
2.2 Viscoelastic Microfluidics to manipulate particle trajectories . . . . . 27

2.2.1 Applications of Viscoelastic microfluidics . . . . . . . . . . . 31
2.3 Particle train formation in Viscoelastic liquids . . . . . . . . . . . . . 32
2.4 Droplet Microfludics . . . . . . . . . . . . . . . . . . . . . . . . . . 36
2.5 Droplet generation in Microfluidic devices . . . . . . . . . . . . . . . 38
2.6 T-junction geometry in droplet microfluidics . . . . . . . . . . . . . . 39
2.7 Importance of droplet Microfluidics in single-cell analysis . . . . . . 40
2.8 Controlled particle encapsulation in droplets . . . . . . . . . . . . . . 42
2.9 Controlled encapsulation in viscoelastic microfluidic flows . . . . . . 43

3 Methodology 44
3.1 Dimensionless parameters . . . . . . . . . . . . . . . . . . . . . . . 44
3.2 Particle ordering in viscoelastic xanthan gum solution . . . . . . . . . 46

3.2.1 Sample Preparation . . . . . . . . . . . . . . . . . . . . . . . 46
3.2.2 Rheological Characterisation . . . . . . . . . . . . . . . . . . 47
3.2.3 Particle suspension preparation . . . . . . . . . . . . . . . . . 48
3.2.4 Microfludic Apparatus and Particle Tracking . . . . . . . . . 48
3.2.5 Particle Tracking Analysis . . . . . . . . . . . . . . . . . . . 49

3.3 Reducing multi-particle string formation and particle self-assembly in
microfluidic flow . . . . . . . . . . . . . . . . . . . . . . . . . . . . 50

3



3.3.1 Sample Preparation . . . . . . . . . . . . . . . . . . . . . . . 51
3.3.2 Rheological Characterisation . . . . . . . . . . . . . . . . . . 52
3.3.3 Particle Characterisation . . . . . . . . . . . . . . . . . . . . 53
3.3.4 Microfluidic Device Design and Fabrication . . . . . . . . . . 54
3.3.5 Microfluidic apparatus Set up . . . . . . . . . . . . . . . . . 56
3.3.6 Particle Tracking And Analysis . . . . . . . . . . . . . . . . 56

3.4 Viscoelastic droplet generation and particle encapsulation in a T-junction
device . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 57
3.4.1 Microfluidic device design and fabrication . . . . . . . . . . . 57
3.4.2 Sample Preparation and Characterization . . . . . . . . . . . 59
3.4.3 Suspension Preparation . . . . . . . . . . . . . . . . . . . . . 60
3.4.4 Experimental apparatus and particle tracking . . . . . . . . . 60

4 Viscoelastic Particle Train Formation in Microfluidic Flows Using a Xan-
than Gum Aqueous Solution 62
4.1 Motivation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 62
4.2 Preliminary particle focusing is needed to achieve train formation in

microfluidic flow . . . . . . . . . . . . . . . . . . . . . . . . . . . . 63
4.3 Particle train formation in a shear thinning XG aqueous solution . . . 66
4.4 Effect of local particle concentration on particle train formation . . . . 68
4.5 The effect of Deborah Number on multi-particle string formation at

various local particle concentrations . . . . . . . . . . . . . . . . . . 70
4.6 Simplified microfluidic connections result in a drastic reduction of par-

ticle doublets . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 72
4.6.1 Summary of the findings . . . . . . . . . . . . . . . . . . . . 74

5 Microfluidic device to reduce multi-particle string formation and self-assemble
particles in microfluidic flow 76
5.1 Motivation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 76
5.2 Microfluidic device to reduce multi-particle strings in Microfluidic flows 77

5.2.1 Quantified breaking efficiency of multi-particle strings for par-
ticles with a diameter of 20 µm . . . . . . . . . . . . . . . . 77

5.2.2 Quantified breaking efficiency of multi-particle strings for par-
ticles with a diameter of 45 µm . . . . . . . . . . . . . . . . 79

5.2.3 Summary of the findings . . . . . . . . . . . . . . . . . . . . 81
5.3 Dynamics of self-ordered structures along a straight microchannel . . 82

5.3.1 Summary of the findings . . . . . . . . . . . . . . . . . . . . 89

4



6 Viscoelastic droplet generation and particle encapsulation in a T-junction
microfluidic device 90
6.1 Motivation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 90
6.2 Droplet Formation in Newtonian and Non-Newtonian fluids . . . . . . 91
6.3 The effect of flow rate ratio on Droplet size for Newtonian and non-

Newtonian fluids . . . . . . . . . . . . . . . . . . . . . . . . . . . . 92
6.4 Frequency of Droplet generation for a non-Newtonian fluid . . . . . . 93
6.5 Viscoelastic Encapsulation of particles . . . . . . . . . . . . . . . . . 94

6.5.1 Predicting the optimal conditions to achieve encapsulation ef-
ficiency above the Poisson limit . . . . . . . . . . . . . . . . 97

6.5.2 Summary of the findings . . . . . . . . . . . . . . . . . . . . 97

7 Conclusion 98
7.1 Future Directions . . . . . . . . . . . . . . . . . . . . . . . . . . . . 100

5



List of Figures

1.1 Schematic representation of active and passive methods employed in
microfluidics to manipulate particle and cell trajectories. (a) Iner-
tial microfluidics has been successfully used to manipulate particle or
cell positions in microfluidic channels. Inertial microfluidics has been
mainly employed for cell separation [62], sorting [41], rare cell (e.g.
circulating tumour cells isolation [42]). (b) Viscoelastic microfluidics
is often used in applications involving particle or cell focusing i.e. par-
ticles or cells lie on a single plane [63] and separation [64]. (c) Acous-
tic microfluidic devices employ sound waves to control particle and
cell trajectories. It has been used to separate leukocytes, red blood
cells and platelets [65]. (d) Magnetic fields have been used to control
particles or cells in microfluidic channel by external magnets. Appli-
cations include: magnetic cell sorting i.e. assembly of cells into linear
arrangements [66]. Continuous flow separation of cells (e.g. continu-
ous separation of erythrocytes and leukocytes from the whole blood)
[67]. To form three dimensional 3D cellular assemblies, to guide single
cells or 3D building blocks into a desired pattern [68]. (e) Electric field
mediated microfluidics has been used to manipulate cells through the
process of Electrotaxis, where cells are mediated by an external elec-
tric field. Such applications involve separating T-lymphocytes from
human peripheral blood [69], controlling the migration of cells by an
applied electric field in a microfluidic device [70, 71]. . . . . . . . . . 20
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2.1 Inertial lift forces acting particles and the equilibrium position of parti-
cles in micro channels with various cross sections. (a) Wall induced lift
force FW arises from the asymmetry in the flow field around the parti-
cle due to the presence of a channel wall, the direction of the particle
migration is towards the channel centerline (b) Shear gradient induced
lift force FS arising from a curved Poiseuille velocity profile, where
shear-gradient is minimal in the centerline, particles migrate towards
the wall. Equilibrium position of particles in micro channels with: (i)
circular cross-section, (ii) square cross-section, and (iii) rectangular
cross-section [78, 85]. Flow is along the x-direction and shear is in
y-direction. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25

2.2 Particle migration in a Poiseuille flow with curved velocity profile in an
elastic, shear thinning and Newtonian suspending liquids. (a) Particles
transversely migrate to a centerline equilibrium position due to elastic
force FE stemming from unequal normal stress differences [51, 110].
(b) Shear thinning force FST leads to outward migration of particles
towards the channel corners [59]. (c) Particles migrate towards the wall
in Newtonian fluids, where inertial forces become relevant [10, 81]. . 30

2.3 Degree of particle trajectory manipulation in a simple rectangular mi-
cro channel. (a) No focusing, where particles do not lie on a single
plane and are not equally spaced or ordered. (b) 3D focusing, where
particles all lie on a single plane i.e. on the channel centerline. (c) 3D
focused and equally spaced particle structures, termed as particle trains. 31

2.4 Schematic representation of attraction and repulsion dynamics of par-
ticle pairs in a viscoelastic suspending liquid based on numerical sim-
ulations [49]. (a) For a Deborah number De lower than a threshold
De, De < Decr and when initial distance s is lower than critical dis-
tance scr. Particles experience an attractive force and form doublets.
(b) For De < Decr, and when s > scr. Particles tend to experience a
repulsive force and form particle trains. (c) and (d) For De > Decr,
critical distance s > scr particles experience a repulsive force. (e) For a
suspending liquid with constant-viscosity, s < scr, particles experience
an attractive force. (f) In a shear thinning liquid, value of scr becomes
lower than s, scr < s . So particles repel each other. This figure was
reprinted from Jeyasountharan et al 2021 [26]. . . . . . . . . . . . . . 34
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2.5 Schematic representation of attraction and repulsion dynamics between
three flowing particles suspended in a viscoelastic liquid based on the
numerical simulation results by D’Avino et al, 2013. Critical distance
scr depends upon a number of parameters including the Deborah num-
ber De and fluid rheological properties. (a–c) For a De lower than a
threshold De < Decr, if at least one inter-particle distance (s1 or s2) is
lower than scr, the trailing and middle particles form a doublet while
the trailing one moves away, becoming isolated. (d) For De < Decr, if
both inter-particle distances (s1 and s2) are higher than scr, the three
particles separate and become isolated. (e) For De > Decr, the three
particles separate regardless of the inter-particle distances. The flow
goes from the left to the right. This figure was reprinted from Jeya-
sountharan et al 2021 [26]. . . . . . . . . . . . . . . . . . . . . . . . 36

2.6 Microfluidic devices with various geometries used for droplet gener-
ation. (a) Flow-focusing structure, (b) Co-flow structure and (c) T-
junction structure. Flow of continues C phase and dispersed phase D
are presented for each geometry. . . . . . . . . . . . . . . . . . . . . 39

3.1 Rheological properties of 0.1 wt% Xanthan gum XG in dionized wa-
ter. (a) Shear viscosity η as a function of shear rate γ̇ in shear rate
range γ̇ ∼ 10−1 to 103. Xanthan Gum displayed shear thinning be-
haviour above the critical shear rate γ̇ ∼ 10/s. (b) Storage G′ and loss
G′′ modulus as function of angular frequency (ω) for deformation γ

= 5 %. The reference value for the relaxation time was evaluated to
be 1.55 ms. Dashed-dotted lines in figures a and b shows the mini-
mum value ηmin and Gmin detectable by the rheometer due to torque
limit [199]. (c) Comparison between shear viscosity η and complex
viscosity η∗ for 0.1 wt% XG. According to Cox-Merz rule in equa-
tion 3.9, η equals η∗ above shear rate γ̇ ∼ 101/s. Dashed-line shown
in Figure 3.1a is ηmin at Tmin = 1 µ N[Pleaseinsertintopreamble]m
and dashed-dotted line shown in Figure 3.1b is for Gmin at Tmin = 0.1
µN[Pleaseinsertintopreamble]m. This figure was adapted from Jeya-
sountharan et al 2021 [26]. . . . . . . . . . . . . . . . . . . . . . . . 48
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3.2 Particle flow in the serpentine micro channel. (a) Schematic repre-
sentation of the micro channel with relevant dimensions. The internal
diameter D of the micro channel is 0.1 mm. Polystyrene particles with
20 µm internal diameter was injected into the channel and particle flow
was observed at (dimensionless) distance from the channel inlet L/D

= 400, which corresponds to 4 cm from the channel inlet. The parti-
cles migrated through the serpentine channel structure towards L/D =
2500. As shown in Figure 3.2a, particles are aligned but not ordered
at L/D = 400. Then progressive ordering of particles was observed
towards L/D = 2500. (b) The normalised distance between particles
S∗ was determined by comparing the ratio between center to center
distance of adjacent particles s to particle diameter d, which is repre-
sented as S∗ = s/d. A binary image thresholding was used to determine
the area of the particles, which was used to determine the particle size
i.e. isolated particles are represented with a size of 1. Scale bar is
100 µm. Dimensions are not to scale. This figure was reprinted from
Jeyasountharan et al 2021 [26]. . . . . . . . . . . . . . . . . . . . . . 50

3.3 Rheological properties of aqueous Xanthan Gum XG at 0.2 wt%. (a)
Viscosity curve, where shear viscosity η was a function of shear rate γ̇

in the range 10−1 < γ̇ < 10−3 s−1. The critical shear rate γ̇c, represent-
ing the onset of shear-thinning regime was determined by intersection
between the power-law fit applied in the shear-thinning regime and the
straight line representing the zero-shear viscosity plateau. The longest
relaxation time λ was determined by the taking the inverse of γ̇c based
on the relationship, λ = 1 / γ̇c. (b) The viscoelastic properties of XG
was characterised by Small amplitude oscillatory shear (SAOS) tests,
where 5 % deformation was imposed to determine the storage G′ and
loss G′′ moduli as functions of angular frequency ω . G′ is represented
by solid red circles and G′′ with black open circles [202]. (c) Compar-
ison between shear viscosity η and complex viscosity η∗ for 0.2 wt%
XG. According to Cox-Merz rule in equation 3.9, η equals η∗ above
shear rate γ̇ ∼ 100/s This figure was adapted from Jeyasountharan et al
2022 [202]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 53
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3.4 Schematic representation of the microfluidic devices used for the ex-
periments either to break particle aggregates or to observe the evo-
lution of particle self-assembly. (a) Microfluidic device employed to
break particle aggregates, which consists of a series of trapezoidal el-
ements with section increasing along the flow direction. The channel
depth is 100 µm. All the dimensions are given in terms of the width
of the last part of the channel, H = 102 µm. (b) Microfluidic device
used to observe the evolution of particle self-assembly. The device
was obtained by combining the channel displayed in panel (a) with a
30 cm long glass capillary, which had a circular section with diame-
ter D = 100 µm employed to study particle ordering. (c) represents
observation window considered in the experiments with the relevant
dimensions. The normalized distance between the particles S∗ is de-
fined as the center to center distance s of adjacent particles divided
by the particle diameter d. Dimensions in (a) and (b) are not to scale
[202]. This figure was reprinted from Jeyasountharan et al 2022 [202]. 55

3.5 Schematic representation of the T-junction device employed in this
work. The dispersed viscoelastic phase entered the device via Inlet 1.
The trapezoidal structures were added in order to break down poten-
tial particle aggregates, in agreement with previous works [202]. After
the trapezoidal structure, particles first aligned on the channel center-
line and then self-ordered before approaching the encapsulation area.
The continuous phase entered the device via Inlet 2, and the droplets
containing flowing particles were formed at the T-junction. . . . . . . 58

3.6 Linear rheological characterisation of 0.1 wt % Hyaluronic acid HA
in Phosphate-buffered saline (PBS). Shear viscosity η0 of 0.1wt % as
function of the shear rate γ̇ . HA solution displays shear thinning be-
haviour in the γ̇ range 102 to 103. . . . . . . . . . . . . . . . . . . . . 60

4.1 Particles suspended in a Newtonian liquid do not focus nor self-order.
Experimental snapshots of flowing particles suspended in a Newto-
nian 25 wt % Glycerol-water solution, at bulk particle concentration
φ = 0.2 wt % for different imposed pressure drop values. We did not
observe ordering nor any focusing at both L/D = 400 and L/D = 2500
in the whole range of imposed pressure drop values. This figure was
reprinted from Jeyasountharan et al 2021 [26]. . . . . . . . . . . . . 64
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4.2 Histograms of the normalized distance S∗ = s/d for different Deborah
numbers De: 659, 494, 330 and 165. (a) L/D = 400 and (c) L/D =
2500, for a particle bulk concentration of φ = 0.2 wt %. (b) L/D =
400 and (d) L/D = 2500, for φ = 0.3 wt %. For both φ values, no
clear peak distribution was observed at L/D = 400 except the one at
S∗ = 1, which denotes the formation of doublets or triplets of particles
in contact. Particles exhibit self-assembly at L/D = 2500 for all De
values. The inter-particle distance depends upon the Deborah number
De. As displayed in colour coded experimental snapshots for different
De values. This figure was reprinted from Jeyasountharan et al 2021
[26]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 65

4.3 Probability distribution of string size as a function of Deborah num-
bers: 165, 494 and 824 for L/D = 400 (a) and (b) L/D = 2500. Most
particles (≥ 80 %) are isolated, represented by string size = 1 and only
a minority (≤ 20 %) form strings of doublets (string size = 2) or 3
triplets (string size = 3). This figure was reprinted from Jeyasountha-
ran et al 2021 [26]. . . . . . . . . . . . . . . . . . . . . . . . . . . . 68

4.4 Experimental snapshots of concentration fluctuation observed in flow-
ing particles at a bulk volumetric concentration φ = 0.25wt % sus-
pended in 0.1wt % Xanthan Gum XG at various times (seconds). This
figure was reprinted from Jeyasountharan et al 2021 [26]. . . . . . . . 69

4.5 Histograms of the normalized distance S∗ = s/d for different local par-
ticle concentrations φl and for De = 165 at volumetric flow rate (Q =
5 µL/min). (a) L/D = 400 and (c) L/D = 2500, respectively for a par-
ticle bulk concentration of φ = 0.2 wt %. (b) L/D = 400 and (d) L/D

= 2500, respectively and for φ = 0.3 wt %. Higher φl increased the
probability of doublet and triplet formation (S∗ = 1) [123]. This figure
was reprinted from Jeyasountharan et al 2021 [26]. . . . . . . . . . . 70

4.6 Master chart represents probability of multi-particle string (doublets
and triplets) formation as a function of local particle concentration φl

at different Deborah De numbers: 165, 494 and 822. An increase of
both the De number and the φl promotes doublet and triplet formation.
This figure was reprinted from Jeyasountharan et al 2021 [26]. . . . . 72
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4.7 (a) Schematic representation of the simplified microfluidic configura-
tion. Scale bar is 100 [Pleaseinsertintopreamble]m. (b) Histograms
of the normalized distance S∗ = s/d for different values of the pres-
sure drop ∆P for L/D = 2500 and for a particle bulk concentration of
φ = 0.4 wt %. (c) Experimental snapshots at different ∆ are with the
same color coded as the histograms. This figure was reprinted from
Jeyasountharan et al 2021 [26]. . . . . . . . . . . . . . . . . . . . . 74

5.1 Experimental snapshots of suspension of particles with a diameter of
20 µm in 0.2 wt % aqueous Xanthan gum XG solution. We observed
particle flow at various points: inlet; trapezoid sixteen and outlet. Par-
ticles aggregates were significantly reduced at trapezoid 16 and outlet.
Scale bar is 100 µm. This figure was reprinted from Jeyasountharan et
al 2022 [202]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 78

5.2 Particle frequency as a function of string size for various pressure drops
∆P evaluated at the three observation points: inlet; trapezoid 16 and
outlet. For particles at a bulk concentration of φ = 0.2 wt %, with a
diameter of 20 µm suspended in 0.2 wt % XG. Color-coded legend
representing the employed ∆P values are shown below. See Table 3.1
for the corresponding volumetric flow rates for device 1. This figure
was reprinted from Jeyasountharan et al 2022 [202]. . . . . . . . . . . 78

5.3 Particle frequency as a function of string size for various pressure drops
∆P evaluated at three observation points: inlet; trapezoid 16 and outlet.
For particles at a bulk concentration of φ = 0.3 wt %, with a diameter
of 20 µm suspended in 0.2 wt % XG. Color-coded legend representing
the employed ∆P values are shown below. See Table 3.1 for the cor-
responding volumetric flow rate values for device 1. This figure was
reprinted from Jeyasountharan et al 2022 [202]. . . . . . . . . . . . . 79

5.4 Experimental snapshots of suspension of particles with a diameter of
45 µm 0.2 wt % aqueous Xanthan gum XG solution. We observed
particle flow at various points: inlet; trapezoid sixteen and outlet. Scale
bar is 100 µm. This figure was reprinted from Jeyasountharan et 2022
[202]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 80
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5.5 Particle frequency as a function of string size for various pressure drops
∆P: 700; 800; 900 and 1000 mbar evaluated at the three observation
points: inlet; trapezoid 16 and outlet. Particles at a bulk concentration
of φ = 0.7 wt %, with a diameter of 45 µm suspended in 0.2 wt % XG.
Color-coded legend representing the employed ∆P values are shown
below. See Table 3.1 for the corresponding volumetric flow rate values
for device 1. This figure was reprinted from Jeyasountharan et al 2022
[202]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 80

5.6 Experimental snapshots of 20 µm particles suspended in 0.2 wt %
Xanthan Gum XG at different normalized channel length L/D values,
where L is the distance from the capillary inlet and D is the capillary
diameter (increasing from top to bottom). Progressive self-assembly
of particles were along the length of the glass capillary glass from L/D

= 500 to L/D = 2500. Scale bar is 100 µm. This figure was reprinted
from Jeyasountharan et al 2022 [202]. . . . . . . . . . . . . . . . . . 82

5.7 Probability distribution of the normalized distance between consecu-
tive particles S∗ = s/d (s equals center to center distance and d is the
particle diameter) for a bulk particle concentration of φ = 0.2 wt %
as a function of L/D at different imposed pressure drops and Deborah
numbers. This figure was reprinted from Jeyasountharan et al 2022
[202]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 83

5.8 Probability distribution of the normalized distance between consecu-
tive particles S∗ = s/d (s equals center to center distance and d is the
particle diameter). For Particles with a diameter of 20 µm at a bulk
particle concentration of φ = 0.3 wt % as a function of L/D at dif-
ferent imposed pressure drops and Deborah numbers. This figure was
reprinted from Jeyasountharan et al 2022 [202]. . . . . . . . . . . . . 85

5.9 Experimental snapshots of 45µm particles suspended in 0.2 wt % Xan-
than Gum XG at different normalized channel length L/D values, where
L is the distance from the capillary inlet and D is the capillary diame-
ter (increasing from top to bottom). Progressive self-assembly of par-
ticle was observed along the length of the glass capillary. Scale bar
is 100 µm. This figure was reprinted from Jeyasountharan et al 2022
[202]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 87
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5.10 Probability distribution of the normalized distance between consecu-
tive particles S∗ = s/d (s equals center to center distance and d is the
particle diameter). For Particles with a diameter of 45µm at a bulk
particle concentration of φ = 0.7 wt % as a function of L/D at dif-
ferent imposed pressure drops and Deborah numbers. This figure was
reprinted from Jeyasountharan et al 2022 [202]. . . . . . . . . . . . . 87

6.1 Experimental snapshots of droplet generation at various continuous
phase (oil) flow rates Qoil . (a) For the Newtonian case, phosphate
buffer saline (PBS) is employed as the dispersed phase. (b) For the
non-Newtonian case, hyaluronic acid (HA) at a mass concentration of
0.1 wt % is used as dispersed phase. Satellite droplet formation is only
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Chapter 1

Introduction

Microfluidics is a field that is focused on the manipulation of fluids and other mi-
crometer sized objects such as cells and particles in micro channels. Micro chan-
nels are miniaturized devices with specially designed structures that have micro scale
dimensions of 10 to 100 µm [1]. The orgin of microfluidics in chemical analysis
stems from the need to minimise sample volume and increase analysis speed in an-
alytical systems. Analytical methods such as gas-phase chromatography GPC, high-
pressure liquid chromatography HPLC [2] are commonly used to separate chemical
components in mixtures. In the late 1970s, “Micro-total analysis systems” were devel-
oped and incorporated into HPLC and GPC systems with benefits of low sample vol-
umes and increased throughput [3]. In recent years, microfluidic technology has pro-
gressed towards analysis in fields ranging from biomedical engineering to medicine,
such microfluidic devices employed for analysis are termed as “Lab-On-Chip” devices
[4, 5, 6]. For instance, isolating, sorting, analysing cells or particles from heteroge-
neous mixtures represents a vital challenge in fields such as biology, biotechnology,
and medicine [4, 7, 8]. In addition, cell or particle isolation and sorting is often used
to obtain a homogeneous samples to improve sensitivity of end-point techniques that
are used to measure the properties of target cells or particles such as flow cytometry
[9], bio-marker detection and analysis [10]. In diagnostics isolation and analysis of
rare target cells such as circulating tumour cells CTCs, and hematopoietic stem cells
HSCs are vital for identifying optimal treatment methods [11, 12, 13]. Microfluidic
technology also extends to molecular biology for applications involving molecular se-
quencing such as Deoxyribonucleic acid DNA extraction, purification, amplification,
detection and analysis [14, 15]. The wide array of applications involving microfluidic
technology results from miniaturised systems with large surface area to volume SAV
ratio, which requires a small volume of sample or reagents to carry out analysis with a
high resolution and sensitivity, where the analysis times are much shorter compared to
conventional analytical laboratory techniques [16, 17, 18, 19].

The precise control of particle and cell flow trajectories is a flourishing field in mi-
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crofluidics and has led to novel developments in fields, ranging from biomedicine [20]
to tissue engineering [21, 22]. Biomedicine related particle and cell trajectory manip-
ulation allows 3D particle focusing, which is achieved when particles lie on a specific
position over the channel cross-section. 3D focusing is an essential component of flow
cytometry for highly efficient particle or cell detection, separation [23], encapsulation
(where particles or cells are confined in droplets) [24] and ordering (particles or cells
are equally spaced along the flow direction) [25, 26, 27]. In tissue engineering, cell
architecture can be generated by microfluidic networks embedded directly within the
cell-seeded biomaterials, which is essential for 3D scaffold characterisation [21]. As
mentioned previously, programmable control and manipulation of particles at a micro
scale often provides major advantages over the conventional macro scale systems i.e.
high surface area to volume ratio. This often leads to an enhanced mass transfer pro-
cess, which improves the rate and feasibility of a reaction. In microfluidic systems, cell
or particle ordering and separation according to biophysical parameters such as size,
density, shape and deformability leads to highly precise particle ordering and separa-
tion mechanisms. This enables a systematic encapsulation of particles or cells in a
confined manner for downstream applications such as micro flow cytometry. Particle
flow can be manipulated with the use of active techniques that require external forces
generated by electric, magnetic, acoustic fields, or sheath flows [28]. These methods
often require highly functionalized particles that are responsive to the external fields
and the strength of the external field may damage delicate particles or cells. In recent
years, a more general solution has been proposed for this problem, which involves the
use of passive techniques to manipulate particles or cells without damaging particles or
delicate cells (see Figure 1.1 for more details) [29]. Unlike active techniques, passive
techniques mainly rely on biophysical properties of cells or particles, such as the size,
density, shape and deformability to manipulate their trajectories in microfluidic flow
[30]. Inertial microfluidics is an emerging field in passive microfluidics that utilises
inertial forces and secondary flow (minor flow perpendicular to the primary flow) to
manipulate particle and cell trajectories [29, 31, 32, 33, 34, 35, 36, 37, 38]. Inertial
microfluidics often employ large volumetric flow rates to manipulate the flow of par-
ticles and cells in an intermediate Reynolds number range 1 < Re < 100 [39] (refer
to equation 3.3). High volumetric flow rates and large shear gradients can damage the
structures of delicate cells [40]. In addition, complex geometry structures are required
to couple inertial forces with geometry-induced secondary flows to manipulate particle
and cell trajectories [41, 42, 43]. However, such complex structures are not compatible
with downstream applications such as single cell analysis systems that benefit from
simple microfluidic structures for efficient encapsulation of particles and cells in a sin-
gle droplet [44]. In recent times, micro channels designed to focus, concentrate, or
separate particles suspended in viscoelastic liquids are becoming a common form of
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passive microfluidic technique [45]. This field of microfluidics is often referred to as
viscoelastic microfluidics. Viscoelastic fluids are non-Newtonian by nature with com-
plex microstructures, which gives rise to unique properties such as: shear thinning
or thickening phenomena where fluid viscosity decreases or increases as a function
of shear rate [46]; cross flow migration, where neutrally buoyant particles suspended
in viscoelastic fluids migrate laterally across the streamlines of the main flow [47].
The unique behaviour of viscoelastic fluids is attributed to their rheological properties,
which consist of both viscous and elastic components [48]. More recently, the addi-
tion of polymers to aqueous suspensions promote viscoelastic-induced migration of
suspended particles towards the centerline in straight micro channels due to viscoelas-
tic forces acting on the particles [49, 50, 51, 52, 53, 54]. To date, very few works
have focused on longitudinal ordering of particles in viscoelastic liquids. Especially,
on the formation of particle trains (strings of equally spaced particles) in viscoelastic
flows. Particle or cell train formation is crucial for biomedical applications such as
micro flow cytometry, single cell analysis and encapsulation. For example, in micro
flow cytometry particle train formation on channel centerline will enable efficient data
acquisition of cell properties without the presence overlapping cells [40]. In single
cell analysis, particle train formation is important to encapsulate and compartmental-
ize an individual particle or cell in a droplet for high-throughput sequencing methods
such as Deoxyribonucleic acid DNA and Ribonucleic acid RNA sequencing [55, 56].
Shear thinning liquids have always been considered as detrimental for particle train
formation, since particles tend to migrate towards the channel walls [57, 58, 59]. Very
recently, Del Giudice et al in 2017 demonstrated that particles can be aligned on the
centerline of a straight square shaped micro channel in a shear thinning liquid, by in-
creasing confinement ratio (the ratio of the particle size to the channel height) β ≥ 0.2
[59]. Since then few studies have employed shear thinning fluids to achieve particle
train formation on channel centerline [27]. Particle train formation in shear thinning
fluid offers several advantages over inertial microfluidics, such as particles trains form
at channel centerline in shear thinning fluids as opposed to multi equilibrium position
observed in inertial microfluidics [60]. In shear thinning fluids, the velocity profile in
a micro channel is more flat around the centerline compared to the parabolic one ob-
served in Newtonian liquids [30, 59]. Thus, smaller shear stresses act on objects flow-
ing around the channel centerline which has advantages when processing delicate cells
i.e. cells will not be damaged. Further investigations on viscoelastic (shear thinning)
mediated particle train formation is a logical step in understanding the effect of shear
thinning fluids on parameters such as inter particle distance (distance between adjacent
particles) in particle trains. These investigations are crucial for further integrating vis-
coelastic microfluidics in biomedical applications such as micro flow cytometry and
single cell analysis technologies such as drop sequencing [61].
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Figure 1.1: Schematic representation of active and passive methods employed in mi-
crofluidics to manipulate particle and cell trajectories. (a) Inertial microfluidics has
been successfully used to manipulate particle or cell positions in microfluidic chan-
nels. Inertial microfluidics has been mainly employed for cell separation [62], sorting
[41], rare cell (e.g. circulating tumour cells isolation [42]). (b) Viscoelastic microflu-
idics is often used in applications involving particle or cell focusing i.e. particles or
cells lie on a single plane [63] and separation [64]. (c) Acoustic microfluidic devices
employ sound waves to control particle and cell trajectories. It has been used to sepa-
rate leukocytes, red blood cells and platelets [65]. (d) Magnetic fields have been used
to control particles or cells in microfluidic channel by external magnets. Applications
include: magnetic cell sorting i.e. assembly of cells into linear arrangements [66].
Continuous flow separation of cells (e.g. continuous separation of erythrocytes and
leukocytes from the whole blood) [67]. To form three dimensional 3D cellular assem-
blies, to guide single cells or 3D building blocks into a desired pattern [68]. (e) Electric
field mediated microfluidics has been used to manipulate cells through the process of
Electrotaxis, where cells are mediated by an external electric field. Such applications
involve separating T-lymphocytes from human peripheral blood [69], controlling the
migration of cells by an applied electric field in a microfluidic device [70, 71].
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1.1 Thesis aim: Viscoelastic particle train formation in
microfluidic flows using a xanthan gum

Overall, existing studies have failed to identify and solve key limitations in shear thin-
ning mediated particle train formation: (1) formation of particle trains in shear thinning
fluids other than hyaluronic acid [27]; (2) the relevance of particle concentration fluc-
tuations in microfluidic devices in the context of particle train formation, which is a
widely present issue in microfluidics [31]; (3) approaches to reduce particle aggregate
formation in flow i.e. by simplifying the microfluidic configuration, which may lead
to a larger portfolio of applications in biomedical engineering. For example, flow cy-
tometry [72], cell or particle separation [73] and cell or particle encapsulations [74].
Motivated by these limitations, in Chapter 4, we employed aqueous solution of vis-
coelastic shear thinning xanthan gum XG to successfully form particle trains on chan-
nel centerline in hydrophilic serpentine microchannel. Based on previous works, we
choose 0.1 wt% XG in deionized water as the lead suspending liquid due to: its strong
shear thinning properties at relatively low mass concentrations of the polymer (mean-
ing smaller zero-shear viscosity values); low cost compared to other polymers such as
hyaluronic acid; recent interest about using XG for different microfluidic applications
based on biocomapability [75]. We also introduced the concept of local particle con-
centration in an attempt to clarify the effect of particle concentration on train formation
as if there were no concentration fluctuations. As mentioned in previous works, we also
observed the formation of doublets and triplets of attached particles that disturbed the
continuity of train formation. Thus, we showed that a simplified microfluidic device
involving the least number of connections between the reservoir and the microfluidic
device led to the formation of a more uniform train with minimal doublet formation.

1.2 Thesis aim: Microfluidic device to reduce multi-
particle string formation and self-assemble parti-
cles in microfluidic flow

Based on our findings from Chapter 4, in Chapter 5 we experimentally demonstrated
that a microfluidic device made of a series of elements with trapezoidal shapes was ca-
pable of significantly reducing the amount of particle aggregates in flow, thus leading
to a more uniform particle train without the need to simplify the microfluidic con-
figuration. In addition, we experimentally elucidated the effect of confinement ratio
on the self-assembly dynamics of particle trains in viscoelastic liquids flowing in a
straight micro channel. Here we employed two different sized particles to manipulate
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β , namely particles with diameters of 20 µm and 45 µm corresponding to the β values
of 0.2 and 0.45 suspended in 0.2 wt% XG.

1.3 Thesis aim: Viscoelastic droplet generation and par-
ticle encapsulation in a T-junction microfluidic de-
vice

In Chapter 6, we employed 0.1 wt% hyaluronic acid HA solution in PBS to study the
viscoelastic encapsulation of particles in a T-junction microfluidic device. At vari-
ance with standard T-junction devices, our microfluidic device featured the addition
of several trapezoidal elements to break the particle aggregates (see Figure 2.6c). We
employed HA as the suspending liquid rather than xanthan gum because we observed
that xanthan gum solutions tend to degrade more easily than the hyaluronic acid. In
Chapter 6, we first studied the viscoelastic droplet formation mechanism for both New-
tonian (PBS) and non-Newtonian (HA) cases and then the viscoelastic encapsulation
of particles at various dispersed to continuous phase flow rate ratios. Finally, we iden-
tified some optimal experimental conditions for which the single particle encapsulation
efficiency was larger than the Poisson limit. Overall, our work has relevance in con-
trolled encapsulation of particles or cells in T-junction devices to optimise single cell
analysis applications such as Drop sequencing [76].
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Chapter 2

State of the Art

2.1 The use of Inertial Microfluidics to manipulate par-
ticles

Inertial microfluidics has been successfully employed as a passive technique to manip-
ulate particle trajectories with inertial forces in microfluidic flow [77]. The effect of
inertial forces on particles and cells lead to migration along a specific streamline and
establishes several equilibrium positions across the channel cross section [31, 72]. The
exact underlying mechanism behind inertial phenomena is still unclear. It is widely ac-
cepted that two opposing lateral lift forces are responsible: (1) the wall lift force, FW ,
where flow field interaction between the suspended particles and the adjacent walls,
repel the particles away from the wall; (2) the shear gradient lift force FS, that arises
due to the curved fluid velocity profile, where shear gradient is minimal at channel
centerline (see Figure 2.1). Thus, particles migrate towards the channel wall [60]. The
balance between inertial lift forces results in a dynamic equilibrium position within the
channel cross section [78]. Parameters that influence the balance between such inertial
forces include channel geometry [60], Reynolds number [78], particle shape [79], and
cell deformability [80].

A pioneering work by Segre and Silberberg in 1961 reported that particles with
diameters of 0.32 < d < 1.7 mm suspended in 1,3-butanediol and water mixture dis-
played regularly spaced ordered structures in a cylindrical pipe with (∼1 cm diameter)
and found that particles migrated to an annulus between the pipe centerline and the wall
[81]. Many years later, Di Carlo and colleagues investigated the formation of ordered
particle structures in inertial flow. They attributed particle migration to inertial lift
forces acting on particles, which led to the particles being focused on the channel cen-
terline i.e. particles lie on a specific plane along the flow direction. They also employed
symmetric and asymmetric channel geometries to provide additional inertial forces and
achieved continuous streams of strings of equally spaced particle structures termed as
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particle trains [29]. Since then, inertial flow of dilute suspensions has been used to
focus particles and form ordered particle structures at multiple equilibrium positions
[29, 31, 32, 33, 34, 35, 36, 37, 38], where alterations in channel geometry and fluid
inertia led to multiple streams of ordered structures in flow [29, 31, 82]. The formation
of these structures was elucidated by the coupled effects of inertial forces and channel
geometry on particle-particle hydrodynamic interactions [36, 43, 83]. Although, these
studies reported the formation of multiple streams of particle trains [29, 81]. They
did not investigate how the distance between adjacent particle in a single stream, that
is the inter-particle distance can be manipulated. Controlling the inter-particle dis-
tance is important for understanding the hydrodynamic interactions between particles
[49]. For instance, manipulating the inter-particle distance between adjacent particles
is vital for the encapsulation of particles or cells in droplets for applications such as
Drop-sequencing [84] and micro flow cytometry [74], where deterministic encapsula-
tion with 100% efficiency is critical for efficient data acquisition and analysis. Matas
and colleagues [85] showed that 425 and 825 µm particle trains i.e. strings of equally
spaced particles can be formed on multiple streamlines in 8 and 14 mm internal diam-
eter tubes [85]. Whereby, an increase in Reynolds number Re led to an increase in the
size of the reversing flow regions, which led to a monotonic reduction of the average
inter-particle spacing in trains. Complete understanding of this inertial phenomenon
on inter-particle distance remains currently out of reach. In addition, previous works
show that inertial forces can be manipulated to form particle trains in complex channel
structures [81, 85, 86], microfluidic applications such as micro flow cytometry require
simple straight micro channels for endpoint analysis, where lasers independently ac-
quire critical information from flowing particles or cells. However, under inertial flow
particles are focused to multi equilibrium positions depending on the channel geome-
try, as displayed in Figure 2.1c [87]. Particles or cells focused near the channel walls
display high rotations and may be affected by large shear gradient forces. These forces
may damage the cells and negatively impact microfluidic applications [88]. To rectify
the problem of multi-equilibrium positions, it is important to form particle trains at a
single equilibrium position i.e. at channel centerline, where particle rotation and local
shear gradients are minimal (see Figure 2.1b) [89].
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Figure 2.1: Inertial lift forces acting particles and the equilibrium position of particles
in micro channels with various cross sections. (a) Wall induced lift force FW arises
from the asymmetry in the flow field around the particle due to the presence of a chan-
nel wall, the direction of the particle migration is towards the channel centerline (b)
Shear gradient induced lift force FS arising from a curved Poiseuille velocity profile,
where shear-gradient is minimal in the centerline, particles migrate towards the wall.
Equilibrium position of particles in micro channels with: (i) circular cross-section, (ii)
square cross-section, and (iii) rectangular cross-section [78, 85]. Flow is along the x-
direction and shear is in y-direction.

2.1.1 Applications of Inertial Microfluidics

Inertial microfluidics has emerged as a promising field in recent years, due to its sev-
eral advantages, including high-throughput processing, precise manipulation, and cost-
effectiveness [83]. The primary focus of inertial microfluidics has been on particle and
cell manipulation applications in microfluidic devices. The use of inertial microflu-
idics has enabled the isolation, alignment and separation of targeted cells and parti-
cles. Size-based particle separation in microfluidic system has been developed based
on the principles of inertial migration [29, 90]. The precise alignment of particles or
cells is a key requirement for biological detection systems, such as on-chip flow cy-
tometry. In these systems, particles or cells are positioned near a detector and aligned
along a specific path for analysis of their properties. The achievement of 3D focus-
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ing, where particles or cells lie on a specific plane, is crucial for precise alignment.
Conventionally, a sheath flow is used to surround the sample flow for 3D focusing,
resulting in a complex setup with multiple sheath flows. However, the use of inertial
microfluidics enables sheathless 3D focusing, which provides a simpler setup that can
be easily scaled. Inertial microfluidics has been applied in on-chip flow cytometry,
enabling high-throughput analysis at higher flow rates [40, 72, 90, 91, 92]. Inertial
microfluidics has been widely used for particle separation based on particle size and
shape. In inertial microfluidics, the separation and sorting of particles are generally
based on the effect of inertial force on particles, where particles tend to occupy differ-
ent equilibrium positions based on the effect of inertial forces acting on the particles,
which leads to size-based separation. For example, size-based separation has been em-
ployed to filter bacteria from dilute blood with >80% removal of pathogenic bacteria
from blood [93], for isolating platelets and blood plasma [94]. Di Carlo et al used
asymmetric channels with curves to achieve differential inertial focusing for the sepa-
ration of larger blood cells from platelets. The size of blood cells varied with spherical
leukocytes (WBCs) being 7 to 15 µm, red blood cells being 6-8 µm, and platelets be-
ing 2 to 4 µm in diameter [95]. Lee et al 2011 used a spiral geometry for size-based
fractionation of mammalian cell lines and primary cell bone marrow-derived human
mesenchymal stem cells and achieved high-resolution separation of cell populations
as a function of cell diameter. The channel had a 500 mm wide section prior to the
outlet [96]. In addition, inertial microfluidics has been used for isolating circulating
tumour cells from the blood [97]. Shen et al 2014 isolated circulating tumour cells,
from a heterogeneous cell population with a > 90% cell recovery [98]. Abdulla et al
2018 employed a microfluidic device consisting of two spiral channels and success-
fully separated red blood cells, white blood cells and two different types of tumour
cells (human lung cancer cells (A549) and human breast cancer cells (MCF-7), where
80.75 % and 73.75% of tumour cells were separated from the blood cells respectively
[99]. High throughput inertial focusing can also be combined with single-cell encap-
sulation technologies, where a single cell or particle is encapsulated in a droplet. This
is crucial for analysing and quantifying the genetic make-up of cells using polymerase
chain reaction. By synchronising the frequency of cells in the longitudinal direction
and the production of droplets, single-cell encapsulation can be optimised. Inertial mi-
crofluidics can be used to align particles prior to encapsulation and drastically improve
the encapsulation efficiency of single cells in a droplet [74, 100].
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2.2 Viscoelastic Microfluidics to manipulate particle tra-
jectories

Viscoelastic microfluidics provides an alternative option to manipulate particle trajec-
tories in microfluidic flow. Recently, the addition of viscoelastic polymer to aque-
ous suspensions was found to promote transversal migration of suspended particles
towards the channel centerline [49, 50, 51, 52]. Viscoelastic microfluidics has been
shown to sort/separate particles and cells with sizes smaller than < 1 µm by vis-
coelastic forces generated in flow. Such as separating/sorting DNA [101], bacteria
[102], CTCs [103] and excosomes [104]. While inertial forces tend to drop in mag-
nitude when the diameter of particles decrease below 1 µm [101, 105]. In addition,
achieving a single equilibrium position i.e. on the channel centerline is optimal for
applications such as flow cytometry, which requires a single line of equally spaced
particles or cells to reach the end-point analytic system i.e. laser to avoid cell or par-
ticle overlaps [92]. In viscoelastic microfluidics, transversal migration of particles
is due to the deformation of viscoelastic polymer chains induced by unequal normal
stress differences, which are forces that act perpendicular or normal to flowing the par-
ticles [106, 107]. Two unequal normal stress differences arise from three normal stress
components [108, 109]. First normal stress difference N1 is the difference between
the streamwise normal stress σxx and the transverse normal stress σyy, N1 = σxx – σyy

[110]. It is first normal stress difference that is responsible for the transversal migration
of particles and cells in viscoelastic liquids [51]. The second normal stress difference
N2 is the difference between the both transverse normal stresses N2 = σyy - σzz, where
σyy and σzz are the transverse normal stress components [110]. N2 is an order of mag-
nitude smaller than N1 and causes secondary flows orthogonal to the flow direction in
curved channels [111]. However, in Newtonian fluids, N1 is zero, as normal stresses
are the same in all directions. So there is no transversal migration of particles or cells
in Newtonian fluids when inertial forces are negligible [10, 81, 110, 112, 113]. In
a pressure driven Poiseuille flow with a curved velocity profile, the elastic force FE

arsing from N1 transversely drives particles towards the centerline, where shear rate
is minimal (Figure 2.2a). In contrast, when fluid shear thinning forces become rele-
vant particles migrate towards the region of high-shear rate i.e. towards the channel
walls (Figure 2.2b). In a purley viscoelatsic inertialess flow (Re ≤ 1), the balance
between competing forces, that is either shear thinning and elastic forces leads to a
stable equilibrium position near the channel centerline or walls [51, 114, 115]. For
instance, when the effect of shear thinning forces become relevant, particles tend to
migrate towards the channel wall and defocus, leading to four equilibrium positions
near the wall [57]. Numerical simulations have shown that the effect of shear thin-
ning forces on migration of particles in Poiseuille flow depends on parameters such as
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particle diameter, volumetric flow rate, channel size and geometry [59, 116]. On the
contrary, when elastic forces dominate particles focus and migrate towards the chan-
nel centerline. This leads to a single equilibrium position on the channel centerline
(Figure 2.2) [52, 107]. In addition to the elastic force stemming from unequal normal
stress differences, both experimental and numerical studies have demonstrated that the
transversal migration of particles suspended in viscoelatsic medium is governed by pa-
rameters such as fluid rheology, channel geometry, particle size and volumetric flow
rate [50, 51, 52, 53, 58, 117, 118]. Interplay among these parameters results in transver-
sal migration of particles towards the channel centerline or walls. 3D particle focusing
occurs when particles are focused along a specific stream i.e. the channel centerline. In
the 1960’s, Karnis and colleagues observed 3D focusing of particles for sub-millimeter
particles suspended in viscolelatsic fluids in circular pipes with millimeter-diameter
[106]. Kang et al 2013 demonstrated a particle-focusing phenomenon towards the
channel centerline in an extremely dilute DNA solution (5 ppm). They employed a
50 µm diameter tube to achieve 3D focusing [119]. Leshansky and colleagues reported
that microfluidics can be used to demonstrate 3D particle focusing induced by fluid vis-
coelasticity. They employed a shallow micro channel with 8 µm diameter polystyrene
particles PS suspended in Poly(vinyl pyrrolidone) PVP solution and observed center-
line particle alignment [51]. In contrast, Yang and colleagues demonstrated that in a
50 µm wide square channel, 8 µm diameter particles suspended in 0.01 wt% polyethy-
lene oxide PEO migrated towards the centerline without any particle train formation
[50]. Xiang et al, 2018 found that in a spiral channel, particles flowing in solutions with
high polymer concentrations 8 wt% PVP were focused at the channel centerline due to
fluid elasticity at high polymer concentration. But, with decreasing polymer concen-
tration, the particles migrated to the outer channel walls under the balance of inertial
lift forces and elastic forces. Other works on viscoelatsic induced 3D particle focusing
recently appeared, where particle migration was always towards the channel centerline
at a single equilibrium position [52, 53, 107, 117]. Dominant elastic forces arsing from
normal stress differences in viscoelastic suspending liquids lead to transversal migra-
tion of particles to a single equilibrium position, termed as viscoelatsic focusing. By
employing an elastic liquid with a constant viscosity, a single equilibrium at the chan-
nel centerline is achieved. This leads to a 3D focusing mechanism in a simple straight
channel without any further complications in the microfluidic device design, where
particles or cells with a wider size range (from submicrometer to even nanometer) can
be manipulated and focused (Figure 2.2a and Figure 2.3b) [58, 102, 103].

Although, viscoelastic particle focusing allows the manipulation of particle and
cells in 3D space, where a centerline equilibrium position is achieved. There is another
dimension of particle and cell trajectory manipulation that previous studies have failed
to address, namely longitudinal ordering. In longitudinal ordering particle and cells
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are equally spaced and ordered along the flow direction, as displayed in Figure 2.3c.
In microfluidic applications such as micro flow cytometry, equally spaced particle and
cells are critical for high-throughput and parallel endpoint analysis of cells and parti-
cles properties [40]. Several encapsulation applications involving single-cell analysis
benefit particle train formation. For example, controlled sequences of cells in droplets
with varied volumes is desirable in multi-volume droplet based digital polymerase-
chain-reaction PCR for accurate detection of genetic information in cells [120]. Drop-
sequencing for single-cell analysis requires particles and cells to be equally spaced for
deterministic encapsulation (100% efficiency) [121], where encapsulation of a target
cell or particle in a droplet is significant to analyze genetic material in a highly parallel
manner [122]. Particles in viscoelastic liquids become equally spaced at a single equi-
librium position on channel centerline, where the shear rate is minimal and the velocity
is maximum. This differs with the inertial ordering where particles are either ordered
on multiple equilibrium positions, as shown in Figure 2.1c [31, 35] or on a single line
near the channel wall where large particle or cell rotation rates may result in blurred
images in flow cytometry applications that employ line scan based interrogation [83].
Furthermore, viscoelastic ordering tends to occur in shear thinning liquids. In shear
thinning liquids, particles can be aligned on channel centerline at confinement ratio
(ratio between particle diameter and channel height) β ≥ 0.2 [59] and the velocity
profile in a micro channel is more flat around the centerline compared to the parabolic
one observed in Newtonian liquids [10]. This results in smaller shear stresses acting
on objects flowing around the channel centerline, which has obvious advantages when
processing delicate cells [59]. The capability of viscoelastic fluids to promote parti-
cle ordering has been also demonstrated through recent numerical simulations [123],
where different values of the particle volume fraction led to different particle struc-
tures: at very low volume fractions, the particles did not significantly interact and the
distribution of the inter-particle distances did not change from the initial random one;
at intermediate values of the particle concentration, the formation of nearly equally
spaced trains was observed; at high volume fractions, strings of nearly touching par-
ticles were formed. Experimental works, have demonstrated that particle ordering oc-
curs in liquids with shear thinning behaviour i.e. hyaluronic acid on channel centerline
[27].

29



Figure 2.2: Particle migration in a Poiseuille flow with curved velocity profile in an
elastic, shear thinning and Newtonian suspending liquids. (a) Particles transversely
migrate to a centerline equilibrium position due to elastic force FE stemming from
unequal normal stress differences [51, 110]. (b) Shear thinning force FST leads to
outward migration of particles towards the channel corners [59]. (c) Particles migrate
towards the wall in Newtonian fluids, where inertial forces become relevant [10, 81].
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Figure 2.3: Degree of particle trajectory manipulation in a simple rectangular micro
channel. (a) No focusing, where particles do not lie on a single plane and are not
equally spaced or ordered. (b) 3D focusing, where particles all lie on a single plane
i.e. on the channel centerline. (c) 3D focused and equally spaced particle structures,
termed as particle trains.

2.2.1 Applications of Viscoelastic microfluidics

Viscoelastic microfluidics has a broad range of applications, including particle or cell
focusing and separation in microfluidic devices. Compared to inertial microfluidics,
particle manipulation using viscoelastic microfluidics has advantages, such as single-
plane particle focusing, which is useful for applications like flow cytometry that re-
quire efficient data acquisition of individual particle or cell properties using lasers.
Viscoelastic microfluidic systems typically utilize a sheathless system to manipulate
particles or cells. Numerous studies have employed viscoelastic fluids to manipulate
particle and cell trajectories in microfluidic flows. For example, Nam et al 2012 suc-
cessfully separated 1 and 5 µm particles suspended in PEO (500 ppm). Due to the
elastic force, the 5 µm particles migrated to the centerline, while the 1 µm particles
migrated to the channel walls. They also achieved size-dependent separation of blood
cells suspended in viscoelastic fluids with a separation efficiency of 99% [64]. They
utilized a channel that was 25 mm long and 50 µm wide. Another study by Liu et al
2017 used a viscoelastic microfluidic system to continuously separate exosomes from
large extracellular vesicles (EVs) suspended in 0.1 wt% PEO based on their sizes. Ex-
osomes ranged in size from 30 to 200 nm, while large EVs ranged from 200 to 1000
nm. The larger EVs migrated to the centerline, while the smaller exosomes migrated
toward the walls. They achieved a recovery rate of over 80% for exosomes using a
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high-aspect-ratio straight microchannel with a height of 50 µm and a width of 20 µm
[104]. Liu et al 2015 used viscoelastic microfluidics to separate MCF-7 (cancer cells)
from red blood cells (RBCs) in a straight microchannel with a rectangular cross-section
of (100 x 50 µm), and RBCs from Escherichia coli (E. coli) in a microchannel with
a different cross-section (40 x 10 µm) [124]. Other applications include manipula-
tions of macromolecules such as DNA to purify or separate DNA for downstream se-
quencing processes [101]. Ongoing innovative research in the field of viscoelastic mi-
crofluidics is continuously offering benefits to industries such as biology and medicine.
Particularly, the utilization of simple viscoelastic microfluidic systems to manipulate
small cells or particles in biological fluids for various applications provides numerous
advantages and is an area that is continuously being developed.

2.3 Particle train formation in Viscoelastic liquids

The next logical step in viscoelastic microfluidics is to achieve equally spaced particle
or cell trains on channel centerline. Potential existence of viscoelastic particle trains
was first theorized in a numerical simulation by D’Avino et al, 2013 [49]. They em-
ployed numerical simulations on pairs and triplets of particles, and demonstrated that
particles experienced either an attractive or repulsive forces depending on the flow con-
ditions and the initial distance between consecutive particles [49]. They suggested that
repulsion dynamics between consecutive particles in a multi-particle system leads to
the formation of particle trains. Thereafter, the first experimental work by Del Giudice
and colleagues in 2018 demonstrated that in a square-shaped glass microchannel with
a height of 100 µm, PS particles with a diameter of 20 µm, suspended in shear thin-
ning 1 wt% hyaluronic acid biopolymer transversely migrated to the centerline [125]
and were equally spaced. In their work, a greater fraction of equally spaced particles
was observed at high Deborah number De (ratio between the time of relaxation and
time of observation) De = 31 and De = 62, where the volumetric particle concentration
was φ = 1 wt%. However, at a lower volumetric particle concentration φ = 0.3 wt%,
the inter-particle distances were large, so no particle ordering was observed. It is well
established that particle ordering is due to particle-particle hydrodynamic interactions
at relatively high particle concentrations [36, 49, 58], which elucidates, the lack of
particle ordering observed at low volumetric concentration φ = 0.3 wt%. In contrast,
a higher volume concentration φ = 1 wt% led to equally spaced particles with occa-
sional doublet formation [49, 125]. In the same study, strings of attached particles were
observed for a fluid with negligible shear thinning features [27]. In brief, the results
from Del Giudice and colleagues demonstrated that the shear thinning behaviour of
the suspending fluid is essential to achieve particle ordering. However, they did not
investigate the dependency of inter-particle distance on forming equally spaced par-
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ticle trains. In order to achieve equally spaced particle trains, it is logical to control
the inter-particle spacing between adjacent particles. We know that particle-particle
hydrodynamic interactions can change according to the inter-particle distance, where
particle-particle attraction or repulsion occurs at inter-particle distance values lower or
higher than the critical inter-particle value [49, 125]. More recently, Liu et al, 2020
employed a microfluidic device to control the spacing between particles. The device
consisted of constitutive inverted triangle elements to break particle aggregates fol-
lowed by a system to uniformly distribute and self-assemble particles. They suspended
PS particles with a diameter of 20 µm in 0.3 wt% HA. However, in their work they
did not account for particle concentration fluctuations, which is a very common issue
observed in viscoelastic microfluidics [31].

Despite the relevance and the potential impact of viscoelastic particle train for-
mation in variety of microfluidic applications, to date, limited experimental works
have demonstrated the formation of particle trains in viscoelastic fluids. The only two
previously mentioned experimental studies [27, 126] considered aqueous solutions of
hyaluronic acid as a suspending fluid. It is still not clear whether different polymer
solutions displaying shear thinning features are able to drive the formation of parti-
cle trains on channel centerline. Furthermore, hyaluronic acid solution employed by
Del Giudice et al, 2018 presented a large zero-shear viscosity, which can cause prob-
lems during particle or cell mixing. Employing fluids with high zero-shear viscosity
in applications could in fact make particle concentration fluctuations even worse, since
particles may not mix well in a highly vicious solution. In addition, very few numerical
simulations have demonstrated the effect of viscoelastic liquids on particle ordering.
Very recently, numerical simulations by D’Avino and co-workers shed some insights
into the underlying dynamics of particle train formation in viscoelastic flow.
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For particle pairs, D’Avino and colleagues reported that inter-particle distance is
dependent on the initial inter-particle distance, De and fluid rheology [49, 123]. They
found that in shear thinning liquids, particles experience a repulsive force that leads
to train formation, due to a lowering of critical value scr below the initial distance s

between two particles, so particles repel as displayed in Figure 2.4 and Figure 2.5. For
instance, when De is lower than a threshold critical Deborah number Decr, two par-
ticles with an initial distance s below scr experience an attractive force, So particles
form aggregates such as doublets and triplets (Figure 2.4a). In contrast, particles with
an initial distance of s > scr experience a repulsive force, which leads to particle train
formation. For De values larger than Decr, the two particles only experience a repulsive
force at any initial distance (Figure 2.4c and d). The attraction and repulsion dynamics
between particle pairs depend on rheological properties of suspending liquid: shear
thinning or constant viscosity. Shear thinning suspending liquids led to decreasing
critical distance compared with near constant-viscosity liquids (as displayed in Fig-
ure 2.4f).

Figure 2.4: Schematic representation of attraction and repulsion dynamics of particle
pairs in a viscoelastic suspending liquid based on numerical simulations [49]. (a) For
a Deborah number De lower than a threshold De, De < Decr and when initial distance
s is lower than critical distance scr. Particles experience an attractive force and form
doublets. (b) For De < Decr, and when s > scr. Particles tend to experience a repulsive
force and form particle trains. (c) and (d) For De > Decr, critical distance s > scr par-
ticles experience a repulsive force. (e) For a suspending liquid with constant-viscosity,
s < scr, particles experience an attractive force. (f) In a shear thinning liquid, value
of scr becomes lower than s, scr < s . So particles repel each other. This figure was
reprinted from Jeyasountharan et al 2021 [26].
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For a system with three aligned particles, attraction or repulsion dynamics depend
on the two relative distances between consecutive particles s1 and s2 and De number
(Figure 2.4). For a De number lower than the critical value Decr and when at least
one of the two relative distances is lower than the critical value scr , the trailing and
middle particle form a pair while the leading particle repels and become isolated (Fig-
ure 2.4a). When De is greater than Decr, if the two inter-particle distances s1 and s2

are both larger than the critical value scr. Then, particle repulsion dynamics dominate
and trains are formed (Figure 2.4d) [26, 49, 125]. In agreement with D’Avino, very re-
cently, Hu et al, 2022 presented a numerical study featuring the self-assembly dynam-
ics of particle chains in a straight micro channel, observing that viscoelastic liquids
with a negligible shear thinning features were responsible for particle chaining [127],
in other words multi-particle string formation occurs at constant viscosity liquids. This
is in agreement with numerical simulations by D’Avino and colleagues, who found that
particles suspended in constant viscosity liquids experience an attractive force due to
s < scr, which leads to multi-particle string formation [49, 123]. The first experimen-
tal evidence of particle ordering phenomenon reported by Giudice et al 2018, strings
of attached particles were instead observed for a fluid with negligible shear thinning
features. In general, the formation of particle aggregates tend to be detrimental for
the continuity of trains, since doublet or triplet formation can alter the hydrodynamic
interactions between particle trains. Such aggregates also have detrimental effect on
downstream applications. For example, in flow cytometry aggregated cells or particles
may lead to blurred images during data analysis, since flow cytometry requires iso-
lated cells or particles to be focused on channel centerline [9]. In addition, single-cell
analysis, which is critical for understanding key changes in single-cell level requires
isolated cells to be encapsulated in compartmentalized systems i.e. in droplets to effec-
tively decode cellular information [121]. A potential solution to reduce the number of
aggregates in microfluidic flow is to employ microfluidic devices capable of breaking
particle aggregates. Recently, Liu et al 2020, proposed a microfluidic device to control
the spacing between consecutive particles, which consisted of a first element aimed at
breaking particle aggregates followed by a system to make the local concentration of
particles more uniform [126]. Despite the relevance of a microfluidic system to form
minimal particle aggregates in flow. Very few studies have modified microfluidic de-
vice designs to break particle aggregates in flow. For instance, the device employed by
Liu et al, 2020 consisted of inlet structures to break particle aggregates based on fluid
velocity differences and may be optimal for applications that require a compact mi-
crofluidic device set-ups. For example Drop-sequencing, which requires isolated cells
to be encapsulated in droplets (with 100% efficiency) for single-cell analysis [121].
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Figure 2.5: Schematic representation of attraction and repulsion dynamics between
three flowing particles suspended in a viscoelastic liquid based on the numerical sim-
ulation results by D’Avino et al, 2013. Critical distance scr depends upon a number of
parameters including the Deborah number De and fluid rheological properties. (a–c)
For a De lower than a threshold De < Decr, if at least one inter-particle distance (s1 or
s2) is lower than scr, the trailing and middle particles form a doublet while the trailing
one moves away, becoming isolated. (d) For De < Decr, if both inter-particle distances
(s1 and s2) are higher than scr, the three particles separate and become isolated. (e) For
De > Decr, the three particles separate regardless of the inter-particle distances. The
flow goes from the left to the right. This figure was reprinted from Jeyasountharan et
al 2021 [26].

2.4 Droplet Microfludics

Recent progress in microfluidics technology has led to a wide array of applications.
As discussed previously, particle and cell manipulation is a single branch applications
that has been extensively employed in fields ranging from Biomedicine [6] to Tissue
Engineering [7]. In Biomedical research, microfluidics has been employed to sort,
separate and characterise cells and particles based on parameters such as size [128],
density [129], charge [130], and antigenic surface properties [12] in miniaturised "Lab
On Chip" devices [20, 37, 131]. In Tissue Engineering, microfluidics has been used
to achieve greater degree of spatiotemporal controllability over fluid flow and tissue
scaffolds for high-throughput analysis. To either replace or repair tissue scaffolds [7].
A large portfolio of microfluidic applications are made possible due to the principle of
large surface area to volume ratio SAV, which essentially means reagent volume and
length required to complete a reaction is drastically reduced in a microfluidic device
with continuous flow system [132, 133]. This allows highly parallel reactions to be
performed in a high-throughput manner with great degree of fluid manipulation [134].
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Based on SAV principle and the advantages that miniaturised systems offer such as
high-throughput systems capable of parallel analysis. Droplet microfluidics consists of
generating and manipulating micron sized uniform droplets [135] and has been recog-
nised as an emerging field in Biomedical research [136], mainly due to the ability to
generate high frequency droplets with minimal reagents. This is suitable for applica-
tions which require a large number of particles and cells to be encapsulated in droplets,
e.g. for singe-cell sequencing and encapsulation [137]. Single-cell sequencing of mes-
senger ribonucleic acid mRNA is a useful tool for mapping cellular heterogeneity in
different cell types i.e. diseased and healthy tissues. This allows comprehensive data
sets on cell-to-cell interactions rather than at a multi-cell level. Droplet microfluidic
technology is a leading candidate in achieving high-throughput and parallel single-
cell analysis [121]. For example, target cells encapsulated in droplets with barcoding
DNA primers, where cells are lysed and mRNA is barcoded by a reverse transcription
RT reaction, in a high-throughput manner [121, 138, 139]. In addition, Droplet mi-
crofluidics has been successfully used as multi-functionalized carriers [140] for drug
encapsulation [141] and delivery [142] in Biomedicine for efficacious controlled drug
release mechanisms with site-specific distribution [142]. Other common applications
of droplet microfluidics include antibody screening [143], enzyme screening [144] and
other cell to cell interaction analysis [145].

Over the years, techniques have been developed to control droplet generation fre-
quency, size and shape [146, 147]. As previously mentioned, just like particles and
cell manipulation methods in microfluidics. Droplet manipulation techniques can be
either active or passive, the latter technique adds an extra level controllability in form-
ing droplets with the use of external fields in addition to the pressure driven flows often
imposed with syringe pump in passive techniques [148]. Similar to active particle and
cell manipulation techniques that are mentioned above. Active droplet manipulation
often uses electrical [149], magnetic [150], acoustic [151] and even centrifugal fields
[152] to form droplets in microfluidic devices. However, these approaches require
complex microfluidic external configuration setups, which may be time consuming and
expensive especially for highly parallel applications. In addition, high field strengths
from active methods can damage delicate cell structures inside droplets [153]. Thus,
previous works have mainly focused on passive methods to form droplets. Passive
techniques generate droplets by dispersing one phase (dispersed phase) into the an-
other immiscible phase, often called the continuous phase [130]. In general, dispersed
and continuous phase is independently bought into contact by a pressure-driven flow
in various channel geometries [154]. Flow of dispersed phase is broken up by the im-
miscible continuous phase. At the droplet formation site, local flow field deforms the
dispersed phase at the interface, which leads to interfacial instabilities. This causes
the droplets to pinch off from the dispersed phase. This approach allows molecular
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reactions and processes to be confined in a volume of a single droplet, which reduces
reagent volume and reaction time while allowing a compartmentalised reaction system
to develop in a droplet. More specifically, as mentioned above droplet microfluidics
finds applications in particle or cell encapsulation and in single-cell resolution analy-
sis that requires a target cell to be encapsulated inside a droplet with a high efficiency
[121].

2.5 Droplet generation in Microfluidic devices

In droplet microfludics, three kind of structures are commonly used for droplet gen-
eration: (1) Flow focusing; (2) Co-Flow and (3) T-junction devices (Figure 2.6). In a
flow focusing device, the dispersed phase, contained is in the middle channel, and is
squeezed by continuous phase flows from above and below [155, 156]. As both phases
pass an ’orifice’ that is located downstream, droplets break off (Figure 2.6a). Drop
formation in the flow focusing geometry depends on the Capillary number Ca, viscous
forces and interfacial tension [155]. One major disadvantage of flow focusing device
is that large number of flow streams are required to generate the droplets, which makes
the system more complex, since there are more than one continuous phase streams. In
Co-flow geometries, the dispersed phase is injected through a small capillary that is
located inside a larger capillary, once the vicious shear stresses of continuous phase
overcome the interfacial tension. The base of the droplet, that is adhered to the small
capillary tip break and form a droplet Figure 2.6b [157]. A disadvantage of Co-flow
geometry is that, it’s relatively difficult to fabricate devices with a small capillaries
embedded inside a large outer ones. As a result, this geometry is not suitable for high-
throughput biomedical applications. T-junction geometries are commonly employed to
form droplets, continuous and dispersed phase intersect at the T-junction and droplets
form at the point of intersection due to shear vicious forces acting on dispersed phase
(Figure 2.6c) [158]. One major advantage of T-junction geometries is that only one
continuous and dispersed phase flow stream is required to generate droplets as com-
pared to flow focusing device, which makes T-junction geometries suitable for highly
parallel applications such as single cell or particle encapsulation droplets. Further-
more, T-junction geometries have been shown to cause a lower variation in droplet
size [159], which is beneficial for developing controlled cell or particle encapsulation
systems with uniformly sized droplets.
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Figure 2.6: Microfluidic devices with various geometries used for droplet generation.
(a) Flow-focusing structure, (b) Co-flow structure and (c) T-junction structure. Flow
of continues C phase and dispersed phase D are presented for each geometry.

2.6 T-junction geometry in droplet microfluidics

A T-junction configuration, was first demonstrated by Thorsen et al, 2008 who pro-
duced monodisperse droplets using a pressure driven flow [158]. In a typical T-junction
device, two immiscible liquids namely continuous and dispersed phases flow orthogo-
nally and meet at the T-junction (Figure 2.6c). At the T-junction, viscous shear forces
of the continuous phase elongate the head of the dispersed phase, so the dispersed
phase adopts a spherical structure and form droplets due differences in interfacial
tension between both phases [160]. Since the pioneering work by Thorsen et al in
2008, extensive studies have focused on T-junction geometries, to better understand the
droplet formation mechanisms [130, 159, 160, 161, 162]. Based on previous works,
it is well-established that the size, shape and frequency of the droplets depend on pa-
rameters such as the flow rate ratio of the two phases [158, 160, 163, 164], channel
geometry [165], viscosity between the two phases [166, 167] and the presence of any
surfactant that may affect the interfacial tension between both phases [24, 168, 169].
Mechanism by which monodisperse drops are formed also depend on Ca number (the
ratio of viscosity to interfacial tension) equation (3.6). For instance, at high Ca values,
large viscous drag of the continuous phase shears the dispersed phase and form droplets
that are smaller than the channel diameter. At low Ca values, dispersed phase cause
the hydrodynamic pressure to rise upstream in the continuous phase. which squeezes
on the dispersed phase to form a droplet [160, 170].

Based on the parameters that influence droplet size, shape and frequency of gen-
eration. In a T-junction configuration, four main regimes develop: (1) squeezing; (2)
dripping; (3) jetting; and (4) parallel flow [160, 171]. In squeezing regime, which oc-
curs at low Ca. The viscous stresses do not overcome the interfacial tension, so droplet
at the junction tend to obstruct the channel and restrict the continuous phase flow.
This in turn causes an increase in hydrodynamic pressure upstream, which leads to the
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droplet pinch off. In dripping regime, viscous shear stresses of the continuous phase
cut the dispersed phase, which leads to the breakup of spherical droplets. Dripping
regime occurs at moderate Ca numbers [160]. Transition from squeezing to dripping
regime depends on the Ca number and fluid viscosity [172]. At very high Ca numbers,
a long stream of dispersed phase jets up steam of T-junction, which is continually cut
by the shear forces from the continuous phase. Finally, in parallel flow the Ca number
exceeds a critical value, both phases flow parallel to each other (no droplet forma-
tion) [171]. For applications concerning delicate particles or cells, it’s more suitable to
use the T-junction dripping or the squeezing regimes at low to moderate Ca numbers,
where the flow rate ratios of both phases and the velocities are not large enough to
cause cell damage (refer to equation 3.6).

2.7 Importance of droplet Microfluidics in single-cell
analysis

The most relevant applications concerning droplet microfluidics involve the ability to
carry out parallel analysis on large single cell populations, where single cells are en-
capsulated in droplets to determine cellular properties or to decode genetic informa-
tion. Multi-level cell characterisation methods such as gene profiling, protein and other
bio-marker expression profiling only provides global insights of multi-cellular func-
tion [173]. In addition, for a given cell population, heterogeneity can be found in the
morphology [174], composition [175], genetic behaviours and even in phenotypes of
cells from the same population [176, 177]. Such variations are common amongst dis-
eased cells i.e. cancer cells. For example, Zhao et al 2018, implanted human tumour
xenografts in mice and detected tumour heterogeneity in endothelial and mesenchy-
mal cells [178]. Lambrechts et al 2018, made a lung cancer model in mice, separating
stromal cells into 52 different subsets with unique gene expression signatures [179].
Jamal-Hanjani and colleagues, sampled of 327 tumour regions from 100 early stage
Non-small cell lung cancer cells and revealed a high level of intratumoural heterogene-
ity, with 30 % of somatic mutations in samples [180]. These works only present few
hectrogentoic variations that are present in tumour cells and many other heterogeneity
variabilities are yet to be discovered [181]. Logically, heterogeneities among diseased
cells from the same population presents a huge challenge in biology and medicine for
diagnostics and treatment [182]. It is critical to understand how such cellular diversity
is generated from a single-cell population for example: in cellular expression; home-
ostasis regulation and, even variations in responses to external stimuli between normal
vs diseased tissues. This will help to develop optimal treatment approaches to target
diseased tissues. To understand variations in cell types, analysing a population of cells
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at a single-cell level will help to gain valuable insights into unique cell to cell interac-
tions. Therefore, single-cell analysis has become an emerging yet challenging field in
modern biomedical research.

As mentioned previously, droplet microfluidics is a critical platform required for
single-cell analysis i.e. mRNA-sequencing to understand cells at a single level reso-
lution. Single-cell analysis was first demonstrated by Tang et al 2009, who studied
the heterogeneity of gene expression within a cell population and detected 75 % more
gene expression in mouse blastomere embryo cells. However, the throughput for anal-
ysis was relatively low [55]. The development of droplet based microfluidics led to
commercialized single-cell analysis platforms, including DropSeq, inDrop, Nadia in-
strument and 10x Genomic [148, 183]. These technologies often employ miniaturised
microfluidic devices to capture target single cells in droplets [56]. For example, Ma-
cosko et al 2015, utilised Drop Sequencing platform to profile genome-wide expres-
sion of individual cells [76]. In their work, mRNA of encapsulated cells were tagged
with barcoded beads and reverse transcription-polymerase chain reaction was used for
mRNA isolation, detection and quantification, where each cell was encapsulated in-
side a droplet with barcoded beads. They categorised 39 cell populations from nearly
45,000 mouse retinal cells [76]. It is very clear that heterogeneities among cells of
the same population exist and require novel microfluidic approaches to encapsulate
particles and cells in droplets for single-cell analysis to decode genetic information.
Understanding the complex genetic information of heterogenic cells such as diseased
cells may provide insights into optimal treatment methods for a better clinical outcome.

Microfluidic devices allow control and manipulation of small volumes of liquid.
In terms of single-cell analysis. The separation and partitioning of single cells from
a complex heterogeneous population provide some benefits. For example, partitioned
cells can be used as templates for individual PCR reactions using primers and probes
for the amplification of small-subunit ribosomal RNA (rRNA) and metabolic genes.
This enables a greater degree of understanding of single-cell genomics in relation to
the overall cell population, which is crucial for applications such as highly parallel di-
agnostic assays, biomarker detection, and disease management [184]. The coupling of
microfluidic technology with PCR provides key benefits such as a reduction in reagent
volume and high-throughput analysis. Warren et al 2006 utilised a commercially
available microfluidic chip (Fluidigm) to partition individual complementary DNA
molecules into discrete reaction chambers before PCR amplification to allow parallel
analysis [185]. More recently, droplet microfluidic systems have been combined with
PCR to fine-tune PCR technology to achieve a compartmentalised system, where indi-
vidual cells are confined in a volume of droplets. Monodisperse droplets with tuneable
volumes can be generated using various microfluidic chip designs, where the droplet
size is adjusted by varying channel geometry, flow rate, and dispersed-phase viscosity
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[158, 160]. A study by Beer et al 2007, employed a T-junction in a silicon device to
generate 1000 monodisperse picoliter droplets per second. The device had a width of
60µm. They used an off-chip valving system and stopped the droplets on-chip, which
allowed the droplets to be thermally analysed. With this system, a 10 picoliter droplet,
encapsulated less than one (∼0.06) copy of viral genomic DNA, whereas real-time
PCR amplification curves with a cycle threshold of ∼18 [186]. Hindson et al, 2011
achieved ∼2 million PCR reactions using a high-throughput droplet-based digital PCR
system, which included a droplet generation device to generate water-in-oil droplets
and a 96-well PCR plate with a conventional thermal cycler for application [187].

2.8 Controlled particle encapsulation in droplets

Droplet microfluidics often provides a critical step in single-cell analysis to compart-
mentalise particles or cells in droplets, which is generally obtained within microfluidic
devices, as they allow a precise control of the experimental parameters required to pro-
duce droplets with a uniform size and shape [188, 189]. However, one of the main
limitations that effect several encapsulation and single-cell analysis applications is the
uncontrolled stochastic nature of cell or particle encapsulation, where multiple cells or
particles are encapsulated in the same droplet. To reduce multiple particles from being
encapsulated in the same droplet, the dispersed phase containing the suspended par-
ticles can be diluted. This approach presents another problem, where empty droplets
are formed. The uncontrolled stochastic nature of particle encapsulation in a droplet is
governed by Poisson statistics [74, 100]. The probability P(k,n) of finding a droplet
containing n particles is P(k,n) = knexp(k)/(n!), where k is the average number of par-
ticles per droplet [24, 100]. The encapsulation of one particle per droplet is around
37 %, meaning that the remaining droplets will either be empty or contain multiple
particles in the same droplet [24]. The reason for the existence of such limit is the fact
that particles approaching the encapsulation area do not arrive at a constant frequency,
at variance with droplets that are instead generated at a constant frequency governed by
the volumetric flow rate values of both continuous and dispersed liquid phases [189].
To achieve controlled encapsulation, it is required to attain single particle encapsula-
tion efficiencies above the Poisson limit. Very few studies have achieved controlled
encapsulation. The requirement of improving the encapsulation efficiency above the
Poisson limit has attracted significant interest in the recent years.

A pioneering work by Edd et al, 2008 introduced a methodology to ‘beat’ the
Poisson limit by using the particle ordering phenomenon [100], where particles were
equally spaced on one or more streamlines before approaching the encapsulation area.
In general, when flowing particles are equally spaced, the frequency of particles ap-
proaching the encapsulation area becomes constant [190]: the authors synchronised
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this frequency to the one of droplet formation, thus achieving single encapsulation ef-
ficiency above the Poisson limit. Several other works [74, 191, 192] have followed
this original idea and designed microfluidic devices to take advantage of the inertial
particle ordering phenomenon [29, 31] to overcome the Poisson statistic limit.

2.9 Controlled encapsulation in viscoelastic microflu-
idic flows

Very recently, the same principle originally introduced by Edd et al, 2008 [100] was
employed within the framework of particle encapsulation using non-Newtonian vis-
coelastic liquids [24, 169]. In these works, the authors took advantage of the recently
discovered viscoelastic particle ordering phenomenon [26, 27, 126] to demonstrate a
viscoelastic particle encapsulation up to 2-folds larger than the Poisson limit. Shahriver
et al, 2021 employed a commercial T-junction glass microfluidic devise together with
an aqueous shear thinning xanthan gum suspending liquid [24]. In another work,
Shahriver and colleagues designed a microfluidic device with a flow-focusing configu-
ration and employed aqueous solutions of hyaluronic acid, demonstrating viscoelastic
encapsulation and co-encapsulation of particles up to 2-folds larger than the Poisson
limit [169] . To date, the two manuscripts from Shahrivar and colleagues are the only
ones featuring viscoelastic encapsulation of particles [24, 169], with several questions
remaining unanswered. For instance, the suspending liquids employed so far were not
appropriate to work with cells, as cells require phosphate buffer saline (PBS) in order
to survive. The addition of PBS to the suspending liquids reported in the previous
works, however, could result in changes of the suspending fluids rheological proper-
ties. Notably, a reduction in the magnitude of the shear thinning behaviour [59, 193],
which in turn would lead to the suppression of particle ordering, in favour of particle
string formation (i.e., particles attached to each other) [27, 49, 123]. Furthermore, the
devices introduced so far were still affected by the problem of particle aggregates (e.g.,
doublets or triplets) that were breaking the continuity of the particle trains [26, 123].
Therefore, it is important to study whether the addition of PBS to viscoelastic liq-
uids would first lead to particle train formation and then controlled encapsulation in
droplets. Equally, it is also very important to design microfluidic devices to reduce
the occurrence of particle aggregates, which are detrimental to train formation in vis-
coelastic microfluidics.
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Chapter 3

Methodology

The methodology chapter details the materials and methods employed to conduct all
the experimental work involved in corresponding chapters: 4, 5, and 6. Hereafter, an
overview is presented prior to each methodology section to provide a basic outline of
the experimental procedures in relation to the main research framework.

3.1 Dimensionless parameters

In both viscoelastic and inertial flow, particle migration and longitudinal ordering
mechanisms are dependent on parameters such as forces acting on particles, interac-
tions between particles, fluid rheology, volumetric flow rate, channel and particle size
[49, 50, 51, 52, 53, 58, 117, 118]. To identify and quantify the interplay among these
mechanisms and parameters, we use dimensionless parameters employed in literature
[59, 116, 194].

Deborah number De

Reiner proposed that difference between solids and liquids is characterised by the
magnitude of De. Reiner defined De as the ratio between the time of relaxation and
the time of observation [195]. If the time of observation is long or the relaxation
time of the material is short, then the material under observation will exhibit a fluid-
like behaviour. Conversely, if the relaxation time of the material is large, or the time
of observation is short, then the Deborah number is high and the material behaves
as a solid. Metzner and colleagues altered the definition of De from the “time of
observation” to the “time scale of the process” within a complex flow field [196].
Thereafter, microfluidic works further altered the definition of De. For example, the
original definition proposed by Reiner has been altered from "time of observation"
to “characteristic time scale” to reflect the short experimental time scales observed in
microfluidic flows [49, 50, 64, 116, 197].

For a micro channel with circular diameter D, Deborah number De is used to char-
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acterise fluid viscoelasticty and governs the degree to which elasticity manifests itself
in response to a transient deformation. De is the ratio between the time of relaxation
and the time of observation. The time of relaxation is often referred to as the longest
relaxation time of fluid λ , and the time of observation, which can be quantified through
flow characteristic time D3

Q where D is the channel diameter and Q is the volumetric
flow rate.

De =
4λQ
πD3 (3.1)

For a square shaped micro channel, De is represented as:

De =
λQ
H3 (3.2)

Newtonian fluid, with λ = 0 due to instantaneous relaxation, has a De = 0, whereas
De > 0 is true for more elastic non-Newtonian fluids with λ > 0. Our study employed
De values in the range of 2 to 15.

Reynolds Number Re

Reynolds number Re is the ratio of inertial forces to viscous forces in a fluid, where
ρ is the fluid density, Q is the volumetric flow rate, H is the channel height and η is
the shear viscosity.

Re =
ρUD

η
=

ρQ
ηH

(3.3)

Higher Re correlates to larger fluid inertia. In contrast, lower Re << 1 corresponds
to negligible inertia. Our study had a negligible Re number. Therefore, inertial effects
are insignificant.

Elasticity Number El

Elasticity number (El) is the ratio between De and Re.

El =
De
Re

Where De is the Deborah number and Re is the Reynolds number.

Confinement ratio β

Confinement ratio β is the ratio between particle diameter and channel height.

β =
d
H

(3.4)

Where d is the particle diameter and H is the channel height.

Local Particle Concentration φl

Local particle concentration φl accounts for the number of particles observed in a
single frame and was defined as:
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φl =
Npd
L f

(3.5)

where L f = 64d is the length of the observation window, d is the particle diameter.
Np is the number of particles in the observation window for a specific frame. Local
particle concentration φl varies between 0 (no particle in the frame) and 1 (the aligned
particles were in contact and formed a string with length equal to the observation win-
dow).

Capillary Number Ca

The main properties of two immiscible fluids that determine the droplet size are the
interfacial tension γ , dynamic viscosity of dispersed phase µd , continuous phase µc,
the flow rate ratios of dispersed Qd and continuous Qc phase. In general, the Capillary
number Ca of continuous phase is define as:

Ca =
µUc

γ
(3.6)

For square-shaped micro channel, Uc = Qc/WH is the average velocity of continu-
ous phase fluid with W being the channel width and H being the channel height.

3.2 Particle ordering in viscoelastic xanthan gum solu-
tion

In this section, we developed a methodology to achieve equally spaced particles i.e.
particle trains in a hydrophilic commercial T-junction microfluidic device (Dolomite
Microfluidics) made of glass. Firstly, we identified Xanthan Gum (XG) as a suitable
inexpensive viscoelastic polymer with shear thinning properties [26, 198]. XG was
suspended in deionized water and rheologically characterised at various mass concen-
trations to confirm the shear thinning and viscoelastic properties. Then, a wide range
of volumetric concentrations of polystyrene particles was suspended in the 0.1 wt%
XG to observe particle train formation. Particle flow was tracked using microfluidic
apparatus and videos were taken at specific points along the microfluidic device. Fi-
nally, the data was analysed using a homemade MatLab software and presented as
probability histogram plots.

3.2.1 Sample Preparation

An aqueous XG solution was prepared at mass concentration of 0.1 wt% by dissolving
Xanthomonas campestris (Sigma Aldrich UK) in deionized water. For the purposes
of the experimental work, 0.1 wt% was used as the lead suspending liquid due to
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the shear thinning behaviour, low shear viscosity and experimental advantages at low
mass concentration as detailed in following section [26]. The prepared solution of
0.1 wt% XG was mixed using a magnetic stirrer (Fisherbrand) for 12 hours to allow
full dissolution of the polymer in deionized water.

3.2.2 Rheological Characterisation

The rheological measurements were conducted on a stress-controlled rheometer (TA
AR2000ex) with a truncated (60 mm diameter, 1◦ angle) acrylic cone at constant tem-
perature (T = 22 ◦C). A home-made solvent trap was used to prevent excess evapo-
ration of XG solution during the rheological measurements. In the shear rate ˙ region
10−1 to 103, we observed shear thinning behaviour. At shear rate values below 102,
there is a tendency to approach a plateau region, which is not observed in our experi-
ment (Figure 3.1a). Since, we did not observe a clear terminal region for G′ and G′′,
we used cross model to obtain a reference relaxation time of 1.55 ms. Here, the fitted
parameters are: λ = 1.55 s, η0 = 0.22 Pas, η∞= 0.00165 Pas and n= 0.605 Pas. The
shear thinning behaviour of XG solution was also determined by fitting viscosity curve
with the cross-model.

η = η∞ +
η0 −η∞

1+(λ γ̇)n (3.7)

where η∞ is the infinite shear viscosity, η0 is the zero shear viscosity, λ is the
longest relaxation time, γ̇ is the shear rate and n is the factor that modulates the transi-
tion between the constant region above. Here, the fitted parameters are: λ = 1.55 s, η0

= 0.22 Pa.s, η∞= 0.00165 Pa.s and n= 0.605 Pa.s.
The elasticity of XG solution was quantified with a small angle oscillatory shear

rheological test, where G′ and G′′ was evaluated as a function of angular frequency
ω (Figure 3.1b). The minimum value of modulus Gmin and viscosity λmin that are
detectable by the rheometer due to torque limits is represented by [27, 199]:

Gmin =
2Tmin

πR3γ
(3.8)

where, Tmin is the minimum detectable torque, R = 60 mm is the diameter of the
cone, γ is the strain amplitude.

To determine the rheological properties of polymers in oscillatory measurements.
Cox and Merz came up with an empirical relationship, which states that the shear rate
(γ̇) dependence of shear viscosity (η) is equivalent to the frequency (ω) dependence
of the complex viscosity (η∗) [200].

η(γ̇) = η
∗(ω) (3.9)
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3.2.3 Particle suspension preparation

Polystyrene particles (Polysciences Inc.) with a diameter d of 20 ±2 µm was added
to 0.1 wt % XG polymer solution at three different volumetric concentrations φ =
[0.2%, 0.25%, 0.3%]. Hereafter, we refer to particles with a d equal to 20 ± 2 µm as
20 µm particles. The suspension was mixed in a vortex mixer (Fisherbrand ZX3) to
fully disperse the polysteryne particles in the XG polymer solution. Aggregates were
removed by placing the solution in ultrasonication bath for 2-minutes.

3.2.4 Microfludic Apparatus and Particle Tracking

An inverted microscope (Zeiss Axiovert 135) was utilised to analyse particle flow in
a hydrophilic glass T-junction chip (Dolomite, microfluidics) with a circular 100 µm
diameter cross-section. The T-junction chip was connected to a 4-way Linear Connec-

Figure 3.1: Rheological properties of 0.1 wt% Xanthan gum XG in dionized water.
(a) Shear viscosity η as a function of shear rate γ̇ in shear rate range γ̇ ∼ 10−1 to
103. Xanthan Gum displayed shear thinning behaviour above the critical shear rate γ̇

∼ 10/s. (b) Storage G′ and loss G′′ modulus as function of angular frequency (ω) for
deformation γ = 5 %. The reference value for the relaxation time was evaluated to be
1.55 ms. Dashed-dotted lines in figures a and b shows the minimum value ηmin and
Gmin detectable by the rheometer due to torque limit [199]. (c) Comparison between
shear viscosity η and complex viscosity η∗ for 0.1 wt% XG. According to Cox-Merz
rule in equation 3.9, η equals η∗ above shear rate γ̇ ∼ 101/s. Dashed-line shown in
Figure 3.1a is ηmin at Tmin = 1 µ N·m and dashed-dotted line shown in Figure 3.1b is
for Gmin at Tmin = 0.1 µN·m. This figure was adapted from Jeyasountharan et al 2021
[26].
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tor (Dolomite, microfluidics), which was connected to a 8 mm Fluorinated ethylene
propylene (FEP) tube (Dolomite, microfluidics) with an external diameter of 1.6 mm
and an internal diameter of 0.25 mm. The tubing was linked to a flow rate sensor
(Dolomite, microfluidics) and a mitos pressure pump (Dolomite, microfluidics) was
utilised to impose the required pressure drop ∆P and the corresponding flow rate Q
was translated. A schematic representation of the microchip is shown in Figure 3.2a.
A video of particles flowing in the microchip was captured with a fast camera (Photron,
fastcam Mini UX50) at a frame rate 2000-4000 frames per second.

The suspension was pumped at various pressure drops ∆P with a pressure pump
(Mitos p-pump) and the evolution of the the flow rate Q was observed. Firstly, a Q =
20 µL/min was imposed until the flow through the channel was stabilised on the flow
sensor. Then, ∆P is lowered, which translated into flow rate Q = 5 µL/min and images
were recorded. Thereafter, ∆P was increased, which translated into Q = 7.5, 10, 15, 20,
and 25 µL/min. Images were recorded, after the corresponding flow rate stabilisation
was observed with the (flow rate software). Then, videos were captured. For each ∆P
and corresponding flow rate, a video of 18600 frames was captured with duration of
4.65 s.

3.2.5 Particle Tracking Analysis

Acquired videos was analyzed with a MatLab software to determine the center to cen-
ter distance between adjacent particles (Figure 3.2b). Normalized distance S∗ between
adjacent particles was obtained by center-to-center distance between adjacent particles
divided by the particle diameter, S∗ = s/d, where s is the center-to-center distance be-
tween adjacent particles and d is the particle diameter. The binning size was set to
1 and the boundary ends were set to 64, which is the total length of the observation
window. Inter-particle distance histograms were then evaluated the probability of S∗ at
various Deborah numbers.
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Figure 3.2: Particle flow in the serpentine micro channel. (a) Schematic representation
of the micro channel with relevant dimensions. The internal diameter D of the micro
channel is 0.1 mm. Polystyrene particles with 20 µm internal diameter was injected
into the channel and particle flow was observed at (dimensionless) distance from the
channel inlet L/D = 400, which corresponds to 4 cm from the channel inlet. The parti-
cles migrated through the serpentine channel structure towards L/D = 2500. As shown
in Figure 3.2a, particles are aligned but not ordered at L/D = 400. Then progressive
ordering of particles was observed towards L/D = 2500. (b) The normalised distance
between particles S∗ was determined by comparing the ratio between center to center
distance of adjacent particles s to particle diameter d, which is represented as S∗ = s/d.
A binary image thresholding was used to determine the area of the particles, which was
used to determine the particle size i.e. isolated particles are represented with a size of
1. Scale bar is 100 µm. Dimensions are not to scale. This figure was reprinted from
Jeyasountharan et al 2021 [26].

3.3 Reducing multi-particle string formation and par-
ticle self-assembly in microfluidic flow

In this section, we used two fabricated microfluidic devices for the experimental work.
The first device consisted of an inlet followed by sixteen trapezoidal elements and
an outlet (Figure 3.4a). This device was used to break and reduce the occurrence of
particle aggregates. Our second device, had a circular glass capillary with a diameter
d of 0.1 mm and length of 30 cm (Figure 3.4b). The evolution of particle ordering
dynamics was observed along the length of the glass capillary. First, we rheologically
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characterised the suspending fluid Xanthan Gum XG at 0.2 wt %. Flow was imposed
in the microfluidic device and the particle aggregate occurrence was observed at inlet,
trapezoid element sixteen and at the outlet.

Rigid polystyrene particles with two diameters was employed in experiments: (1)
polysteryne particle with a diameter d = 20 ± 2 µm at volumetric concentrations φ =
0.2 and 0.3 %; (2) polystyrene particles with a diameter d = 45 ± 5 µm at a volumetric
concentration φ = 0.7 %. Reduction in particle aggregate occurrence was achieved
using the first device (Figure 3.4a). The second device was used to observe the or-
dering dynamics along the length of the glass capillary (Figure 3.4b). Particle flow
was imposed with a pressure pump, particle tracking was conducted with the relevant
microfluidic apparatus and videos were acquired accordingly. Data from the acquired
videos was analysed using a homemade MatLab software, which were presented as fre-
quency distribution to quantify reduction in particle aggregate occurrence. Probability
histogram plots was used to quantify the ordering dynamics in the glass capillary.

3.3.1 Sample Preparation

XG solution was prepared at 0.2 wt % by dissolving Xanthomonas campestris (Sigma
Aldrich, UK), Xanthan gum XG in deionized water. We studied ordering dynamics
in XG at higher mass concentration, 0.2 wt %. As previous works have shown that
self-assembly of particles occurs in viscoelastic polymers, with strong shear thinning
behaviour [49, 125]. Prepared solution of 0.2 wt % XG was mixed using a magnetic
stirrer for 12-16 hours to fully dissolve the polymer in the deionized water.
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3.3.2 Rheological Characterisation

A stress-controlled rheometer (TA AR2000ex) with a truncated acrylic cone, diameter
of 60 mm, 1◦ angle) was used for the rheological characterisation of 0.2 wt % at a con-
stant temperature T = 20 ◦C. The characterisation showed that XG solution displayed
zero shear viscosity plateau at shear rate values γ̇ < 10−1 s−1 and shear thinning be-
haviour at γ̇ > 10−1 s−1 (Figure 3.3a). Small Amplitude Oscillatory Shear (SAOS)
tests was used to determine the storage G′ and loss G′′ moduli, which was in turn used
to characterise the fluid viscoelasticity i.e. longest relaxation time λ . Due to the lim-
itations of the stress controlled rheometer, we did not observe the terminal region at
low angular frequencies (Figure 3.3b). Therefore we could not characterise λ based
on the intersection of G′ and G′′. Instead, we employed the intersection point between
the power law fit and straight line representing the zero shear viscosity plateau to de-
termine λ [26, 201]. The same method was used by Wyatt and Liberatore to determine
λ on aqueous XG solutions [201]. The critical shear rate γ̇c, at the intersection point r
was used to determine λ , based on the relationship: λ = 1 / γ̇c. The resulting value of
λ for 0.2 wt% XG was 1.25 s (see Figure 3.3a).
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Figure 3.3: Rheological properties of aqueous Xanthan Gum XG at 0.2 wt%. (a) Vis-
cosity curve, where shear viscosity η was a function of shear rate γ̇ in the range 10−1

< γ̇ < 10−3 s−1. The critical shear rate γ̇c, representing the onset of shear-thinning
regime was determined by intersection between the power-law fit applied in the shear-
thinning regime and the straight line representing the zero-shear viscosity plateau. The
longest relaxation time λ was determined by the taking the inverse of γ̇c based on the
relationship, λ = 1 / γ̇c. (b) The viscoelastic properties of XG was characterised by
Small amplitude oscillatory shear (SAOS) tests, where 5 % deformation was imposed
to determine the storage G′ and loss G′′ moduli as functions of angular frequency ω . G′

is represented by solid red circles and G′′ with black open circles [202]. (c) Compari-
son between shear viscosity η and complex viscosity η∗ for 0.2 wt% XG. According
to Cox-Merz rule in equation 3.9, η equals η∗ above shear rate γ̇ ∼ 100/s This figure
was adapted from Jeyasountharan et al 2022 [202].

3.3.3 Particle Characterisation

Rigid polystyrene particles (Polysciences) with diameters of d = 20 ± 2 µm and 45
± 5 µm were added to the suspending fluid, 0.2 wt% XG at various concentrations.
Hereafter, we refer to particles with a d equal to 20 ± 2 µm and 45 ± 5 µm as 20 µm
and 45 µm polystyrene particles. Particles with a d = 20 µm was added to suspending
fluid at volumetric concentrations φ = 0.2 and 0.3 %. The larger particles with a d =
45 µm, was added to the suspending fluid at a volumetric concentration φ = 0.7 %.
A vortex stirrer was used to thoroughly mix the particles in the suspending fluid for
uniform distribution.
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3.3.4 Microfluidic Device Design and Fabrication

As mentioned in Section 3.3, experiments were performed on two different microflu-
idic devices. The first device consisted of a series of sixteen trapezoidal elements to
break particle aggregates formed at the inlet, as displayed in (Figure 3.4a). The sec-
ond device was a combination of the first device followed by a straight 30 cm long
glass capillary with a circular section, which was employed to experimentally evalu-
ate the evolution of the particle self-assembly along the channel axis, as displayed in
(Figure 3.4b).

First, computer aided design (CAD) software, Fusion 360 (Autodesk) was used
to design the microfludic device with relevant dimensions. A micromilling machine
(Minitech CNC Mini-Mill) was used to fabricate the microfluidic device mold from
a rigid poly(methyl 194 methacrylate) (PMMA) substrate. The substrate has a length
and width of 75 x 25 mm with a thickness of 1.2 mm. The milling process consisted
of three main stages. First, a milling tip with a diameter of 2 mm was used to mill the
PMAA substrate down to 300 µm for a uniform substrate surface. In the second stage,
a tip with a diameter of 1.1 mm was used to mill the microfluidic channel CAD design
onto the PMMA substrate. Finally, smaller tip with a diameter of 300 µm was used to
mill around the sharp edges of all the sixteen trapezoidal elements for an acute angle.
As mentioned above, we fabricated two microflduic channels with different depths. For
the channel employed to break particle aggregates, the depth was kept at 100 µm and
the depth was 175 µm for the microfluidic device used to observe self-assembly. Fol-
lowing the fabrication process, PMAA substrates were placed in an ultrasonic bath for
15-30 minutes to clean the substrates fully. Then, PMAA substrates were dried using
pressurized air. Next stage involved the preparation and fabrication of polydymethyl
siloxane silicone (PDMS) elastomer channel from the PMMA substrate. PDMS elas-
tomer and curing agent (SLYGARD) was prepared at a ratio of 1:10 and mixed in a
falcon tube with a vortex mixer. Resulting solution was poured onto the PMMA mold.
A desiccator was employed to remove excess air bubbles in the viscous solution. The
viscous PDMS and elastomer solution was poured onto the PMMA substrate and was
placed in an oven at 72 ◦C for 1 hour to allow the PDMS to cross-link and form a hard
mold. After 1 hour, a sharp blade was used to carefully cut the hardened PDMS device
from the PMMA substrate. The PDMS device was placed in an ultrasonic bath for 10
minutes to remove impurities. Pressurized air was used to dry the device. The inlet
and outlet holes were created by a plunger with a diameter of 1.2 mm to allow flow.
A glass base with a double-sided tape (Adhesives Research, Inc) was bonded onto the
PDMS device to produce the first device, as displayed in (Figure 3.4a). For the second
device, which had a depth of 175 µm, a round glass capillary (Vitrocom, CM Scien-
tific) with an internal diameter of 100 µm and an external diameter of 175 µm was
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attached to PDMS device. Then, the glass base with the double-sided tape was placed
on top produce the second device, as displayed in (Figure 3.4b). A viscous glue (Go-
rilla Inc.) was put onto the interface between the PDMS mold and the glass capillary
to prevent leaks from the microfluiduc device. The glue was left to dry for 24 hours.
Self-assembly of particles was observed along the length of the glass capillary.

Figure 3.4: Schematic representation of the microfluidic devices used for the experi-
ments either to break particle aggregates or to observe the evolution of particle self-
assembly. (a) Microfluidic device employed to break particle aggregates, which con-
sists of a series of trapezoidal elements with section increasing along the flow direction.
The channel depth is 100 µm. All the dimensions are given in terms of the width of
the last part of the channel, H = 102 µm. (b) Microfluidic device used to observe
the evolution of particle self-assembly. The device was obtained by combining the
channel displayed in panel (a) with a 30 cm long glass capillary, which had a circular
section with diameter D = 100 µm employed to study particle ordering. (c) represents
observation window considered in the experiments with the relevant dimensions. The
normalized distance between the particles S∗ is defined as the center to center distance
s of adjacent particles divided by the particle diameter d. Dimensions in (a) and (b) are
not to scale [202]. This figure was reprinted from Jeyasountharan et al 2022 [202].
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3.3.5 Microfluidic apparatus Set up

At the device inlet, both devices shown in (Figure 3.4) were connected to a 4 mm
fluorinated ethylene propylene tube (Dolomite, Microfluidics) with an external diam-
eter of 1.6 mm and an internal diameter of 0.25 mm. Flow of liquid into the devices
was modulated by a pressure pump (Dolomite Microfluidics) connected to an external
compressor (Balbi) for air supply. To conduct the experiments, a pressure drop ∆P =
1000 mbar was imposed to initially flow the suspension into the channel. Then, for the
particles with a diameter d = 20 µm pressure drop was lowered to ∆P = 600 mbar, 500
mbar, 400 mbar, and 300 mbar to flow the particles with suspension and videos were
acquired. For the particles with a diameter d equal 45 µm, an initial pressure drop ∆P
= 2000 mbar was imposed to flow the suspension into the channel. Then the pressure
drop was lowered to ∆P = 1000 mbar, 900 mbar, 800 mbar, and 700 mbar to record
videos. For both microfluidic devices, an inverted microscope (Zeiss Axiovert 135)
connected to a fast camera (Photron Mini UX50) was used to record all videos to ob-
serve particle flow in the suspension. The ∆P values and the corresponding volumetric
flow rate Q values for both devices are shown in (Table 3.1).

∆P(mbar) Q(µL/min) in device 1 Q(µL/min) in device 2
300 8.4 0.50
400 14.34 0.70
500 24.05 1.50
600 35.00 2.30
700 46.71 2.90
800 58.00 3.33
900 72.00 4.35

1000 85.00 5.50

Table 3.1: Flow rate values measured via a flow sensor from the imposed pressure drop
in both microfluidic devices employed for the experiments. The labels “device 1” and
“device 2” refer to the channels shown in (Figure 3.4a and b), respectively.

3.3.6 Particle Tracking And Analysis

Particle tracking was conduced with a Matlab program. To quantify the particle string
or aggregate occurrence. Frequency distribution was computed for particle string size
at both particle diameters, where d equals particle diameter. The bin size was set to
equal 1, which corresponds to one particle diameter. To quantify particle ordering,
particles center to center distance s was divided by the particle diameter d to obtain the
normalized distance between particles S∗ = s/d, as shown in our previous work [26].
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3.4 Viscoelastic droplet generation and particle encap-
sulation in a T-junction device

In this section, we focus on droplet formation and particle encapsulation in a T-junction
microfluidic device. We fabricated a T-junction device with sixteen trapezoidal ele-
ments to reduce particle aggregate formation at the channel inlet [202]. As demon-
strated previously, we employed a long serpentine structure prior to the T-junction en-
capsulation area to give sufficient length for particle ordering dynamics to occur [27,
26]. The dispersed phase, that is either Newtonian phosphate buffer saline PBS (Sigma
Aldrich, Japan) or non-Newtonian 0.1 wt % Hyaluronic acid HA (Sigma Aldrich) was
injected through inlet 1 for droplet generation experiments. For particle encapsulation
experiments particles suspended in HA was injected through inlet 1. For all experi-
ments, the continuous phase, that is the mineral oil (Sigma Aldrich, UK) was always
injected through inlet 2. Droplet formation and particle encapsulation was observed at
the T-junction. Particle flow was tracked using microfluidic apparatus and videos were
taken at T-junction (droplet formation and encapsulation site). Data was analysed us-
ing a homemade MatLab software and presented as plots to characterise droplet size,
frequency. Particle encapsulation was counted manually and was presented as column
bar charts.

3.4.1 Microfluidic device design and fabrication

Experiments were performed in a square shaped microfluidic device designed to facil-
itate the encapsulation of particles with efficiency above the stochastic Poisson value
(Figure 3.5). Specifically, particles suspended in the polymer solution entered the
channel via Inlet 1 where they went through sixteen trapezoidal elements where po-
tential aggregates could be broken down to individual particles, as recently shown by
Jeyasountharan et al 2022, [202]. Afterwords, particles travelled along the serpen-
tine channel to facilitate the formation of equally-spaced particle trains, as reported
previously [26, 27]. The continuous phase entered the microfluidic device via Inlet 2
(Figure 3.5), and met the dispersed phase at the T-junction, leading to the formation of
a droplet containing encapsulated particles (Figure 3.5).

A micromilling machine (Minitech CNC Mini-Mill) was used to fabricate the mi-
crofluidic device on a rigid polymethylmethacrylate (PMMA) substrate with a thick-
ness of 1.2 mm, using the same approach employed in previous works [169]. Firstly,
a 2-mm-wide tip was used to mill the substrate down to 300 µm to obtain a uniform
surface. A 100 µm metal tip was used to mill the channel onto the PMAA substrate.
Then, a 0.5 mm wide tip was used to mill the inlet and outlet holes, which had a diam-
eter of 1.6 mm. The channel depth was kept constant to 100 µm and the width of the
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square shaped microfluidic device was equal to 100 µm. Following device fabrication,
the PMMA substrate was placed in an ultrasonic bath for 30 minutes to remove excess
material. Pressurized air was used to fully dry the PMMA substrate. A double-sided
tape (Adhesives Research, Inc.) was employed to bond the PMAA substrate onto a
glass slide. Home-made adapters were attached to the two inlets of the microfluidic
device using a double-sided tape (Adhesives Research, Inc.).

Figure 3.5: Schematic representation of the T-junction device employed in this work.
The dispersed viscoelastic phase entered the device via Inlet 1. The trapezoidal struc-
tures were added in order to break down potential particle aggregates, in agreement
with previous works [202]. After the trapezoidal structure, particles first aligned on
the channel centerline and then self-ordered before approaching the encapsulation area.
The continuous phase entered the device via Inlet 2, and the droplets containing flow-
ing particles were formed at the T-junction.
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3.4.2 Sample Preparation and Characterization

A solution of hyaluronic acid (HA, Sigma Aldrich UK) having molecular weight in the
range 1.5-1.8 MDa at a mass concentration of 0.1 wt% in phosphate buffer saline (PBS,
Sigma Aldrich) was used as the dispersed phase in all the experiments on viscoelastic
flows. The HA concentration was chosen such that the fluid still presented shear thin-
ning properties, but the zero-shear viscosity was not too large to affect particle mixing.
The polymer powder was added directly to the PBS, and the resulting solution was
stirred with a magnetic stirrer (Fisherbrand) for 12 hours to allow full dissolution of
the polymer. A stress-controlled rheometer (TA AR2000ex) with a truncated acrylic
cone (60 mm diameter, 1◦ angle) was used for the rheological measurements at a con-
stant temperature of T = 22◦C. The fluid presented a near constant-viscosity region
for shear rate values γ̇ ≤ 30 s−1, while exhibiting shear thinning properties at larger
shear-rate values (Figure 3.6). The presence of shear thinning is very important to ob-
tain particle trains, as liquids displaying a near constant-viscosity are more likely to
lead to string of attached particles rather than trains of equally-spaced objects [49, 27].
To quantify the fluid elasticity, we attempted to measure the longest relaxation time λ

of the solution via conventional small angle oscillatory shear (SAOS) measurements;
however, the rheometer was not sufficiently sensitive to detect such small values of
λ . For this reason, we determined λ by using the µ-rheometer microfluidic rheometer
recently introduced, [203, 204] obtaining a value of λ = 7.27±1.73 ms.

Mineral oil (Sigma Aldrich) was used as the continuous phase in all the experi-
ments. Span 80 (Sigma Aldrich, UK), a non-ionic surfactant, was added at a concen-
tration of 1 wt % to the oil to stabilize the interface between HA and oil, in agreement
with previous works [24, 169]. The viscosity of the mineral oil taken from the same
batch employed here was previously measured to be 29 mPa·s [24, 169]. The interfa-
cial tension values between 0.1 wt % HA in PBS and mineral oil was here measured
using a force tensiometer (Sigma 702, Biolin Scientific) equipped with a du Nouy
ring. In this methodology, the du Nouy ring was first submerged in the HA solution
(heavier phase), while mineral oil (lighter phase) was poured on top. The ring was
brought into contact with the interface using the microbalance embedded in the in-
strument and the interfacial tension was obtained by measuring the force required to
separate the ring from the interface. The measured value of interfacial tension was
γ = 3.35± 0.13 mN/m, in line with the values previously obtained for aqueous HA
solutions in contact with the mineral oil [169], thus suggesting that the presence of the
PBS had no effect on the interfacial tension value.

For the encapsulation experiments, polystyrene particles (Polysciences Inc.) with
diameter of 20± 2 µm were added to the 0.1 wt% HA polymer solution in PBS at a
volumetric concentration φ = 0.2 vol%. The suspension was mixed in a vortex mixer
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(Fisherbrand ZX3) to fully disperse the polystyrene particles in the HA polymer solu-
tion.

Figure 3.6: Linear rheological characterisation of 0.1 wt % Hyaluronic acid HA in
Phosphate-buffered saline (PBS). Shear viscosity η0 of 0.1wt % as function of the
shear rate γ̇ . HA solution displays shear thinning behaviour in the γ̇ range 102 to 103.

3.4.3 Suspension Preparation

Polystyrene particles (Polysciences Inc.) with 20 ±2 µm diameter was added to 0.1
wt % HA polymer solution at two different volumetric concentrations φ = [0.1% and
0.2%]. The suspension was mixed in a vortex mixer (Fisherbrand ZX3) to fully dis-
perse the polystyrene particles in the HA polymer solution.

3.4.4 Experimental apparatus and particle tracking

The microfluidic device was connected to glass syringes (Hamilton) having a 1/4-28
male thread via a 10-cm long fluorinated ethylene propylene tube (Dolomite, Microflu-
idics) with an external diameter of 1.6 mm and an internal diameter of 0.25 mm. The
tubing was connected to a syringe pump (KD Scientific). The flow rate values of con-
tinuous phase was kept constant at either Q =10,8,6,4,2 or 1 µL/min. The flow rate
of dispersed phase for droplet generation and encapsulation experiments was varied in
the range Q =10,8,6,4,2 or 1 µL/min for each constant value of oil flow rate.

An inverted microscope (Zeiss Axio A1) connected to a fast camera (Photron Mini
UX50), which was used to acquire all the videos of droplet formation and particle en-
capsulation. Videos were captured at a frame rate of 250 fps. The acquired videos
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were analysed using a home-made code written in Matlab to determine size and fre-
quency of droplet generation. For the particle encapsulation experiments, the number
of particle per each droplet was counted manually.
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Chapter 4

Viscoelastic Particle Train Formation
in Microfluidic Flows Using a Xanthan
Gum Aqueous Solution

4.1 Motivation

To date, there have been only a limited number of experimental studies that have uti-
lized viscoelastic fluids to facilitate the self-assembly of particles in microfluidic flows
[27, 126]. In both of these studies, hyaluronic acid was employed as the primary
suspending fluid, and it was determined that the viscoelastic properties of the fluid,
specifically its shear thinning behavior, were necessary to achieve the self-assembly of
particles in microfluidic flows [27, 126]. There has been a lack of experimental inves-
tigation into the impact of other types of shear thinning fluids on particle self-assembly
in microfluidic flows. In this chapter, we demonstrated that by, employing an inexpen-
sive viscoelastic suspending fluid, namely 0.1 wt % xanthan gum XG. We can achieve
self-assembly of particles in microfluidic flow. We also introduced a concept of local
particle concentration to quantify data without the effect of the particle concentration
fluctuation, which is a common issue in microfluidics [31].
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4.2 Preliminary particle focusing is needed to achieve
train formation in microfluidic flow

Longitudinal particle ordering in viscoelastic flow, requires adjacent flowing particles
to interact hydrodynamically with each other [27, 49, 85, 126]. This condition is ful-
filled when sufficiently large particle concentration leads to hydrodynamic interactions
between consecutive particles. In addition, particles should also be aligned along a sin-
gle streamline of the flow field for longitudinal particle ordering to occur. To date, lim-
ited experimental studies have focused on longitudinal particle ordering. Recently, an
experimental work by Del Giudice et al 2018, demonstrated the self-assembly of par-
ticles in a suspending liquid with shear thinning features, namely hyaluronic acid [27].
They suggested that shear thinning behaviour is essential for self-assembly of particles
on channel centerline. In accordance with Del Giudice et al 2018, we experimentally
demonstrated that in Newtonian liquids under inertialess conditions, particles do not
focus on a single streamline i.e. channel centerline nor self-assemble (Figure 4.1).
Our findings are in line with numerical simulation by D’Avino and colleagues, who
suggest that adjacent particles will experience a substantial attractive force that results
in particle string formation rather than particle trains in Newtoinian liquids, whereas
in shear thinning liquids particles repel and form trains (Figure 2.4 and Figure 2.5)
[49, 123]. To achieve particle focusing on the centerline of the microfluidic channel in
shear thinning liquids, Del Giudice et al, 2017 demonstrated that the confinement ratio
β should be β ≥ 0.15 (refer to equation (3.4)) [59]. In their work, lower β values led
to particles being driven toward the lateral walls. In our work, we employed particles
with a diameter d = 20 µm suspended in shear thinning liquid 0.1 wt % xanthan gum
XG. The microfluidic channel had a diameter of D = 100 µm. The resulting confine-
ment ratio value was β = 0.2. In agreement with previous work by Del Giudice et al
2017, we successfully demonstrated that particles focus on the channel centerline at β

≥ 0.2 [59].
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Figure 4.1: Particles suspended in a Newtonian liquid do not focus nor self-order. Ex-
perimental snapshots of flowing particles suspended in a Newtonian 25 wt % Glycerol-
water solution, at bulk particle concentration φ = 0.2 wt % for different imposed pres-
sure drop values. We did not observe ordering nor any focusing at both L/D = 400
and L/D = 2500 in the whole range of imposed pressure drop values. This figure was
reprinted from Jeyasountharan et al 2021 [26].

Polystyrene particles at two bulk volumetric concentrations of φ = 0.2 wt % and φ

= 0.3 wt % were suspended in 0.1 wt % XG. We observed particle flow at length L of
4 cm from the inlet of the microfluidic device, which corresponds to a dimensionless
distance of L/D = 400 (L is the length and D is the channel diameter). At, L/D =
400 particles were focused on the channel centerline (see experimental snap shots in
Figure 4.2a and b). However, particles were not ordered nor equally spaced, which
is confirmed by the low probability of normalised inter-particle distance S∗ (center-to-
center distance between adjacent particles divided by the particle diameter) distribution
at L/D = 400 for all Deborah De number values, as displayed in Figure 4.2a and
b). However, there were peaks in the probability function at S∗ = 1, meaning that
particles were forming strings of particles in contact, mainly doublets at L/D = 400.
Our work has attributed the formation of particle strings or doublets to the existence
of multiple connections with varying internal diameters between the reservoir and the
microfluidic channel. Specifically, we have found that these differences in diameter
size play a crucial role in the formation of the doublets [26]. For example, when a
large concentration of particles experience a series of geometrical contractions and
expansions, particle overcrowding might occur between the connections, this results
in doublet formation. Numerical simulations have demonstrated that as the distance
between adjacent particles becomes smaller than a critical value, particles experience
an attractive force that leads to doublet formation (Figure 2.4 and Figure 2.5). We
did not have optical access to observe particle flow in different connections; therefore,
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we could not make a clear conclusion on this point. However, since particle strings
tended to form mostly doublets at L/D = 400, this suggests that particle overcrowding
at consecutive connections may have led to string formation [205].

Figure 4.2: Histograms of the normalized distance S∗ = s/d for different Deborah
numbers De: 659, 494, 330 and 165. (a) L/D = 400 and (c) L/D = 2500, for a par-
ticle bulk concentration of φ = 0.2 wt %. (b) L/D = 400 and (d) L/D = 2500, for φ

= 0.3 wt %. For both φ values, no clear peak distribution was observed at L/D = 400
except the one at S∗ = 1, which denotes the formation of doublets or triplets of parti-
cles in contact. Particles exhibit self-assembly at L/D = 2500 for all De values. The
inter-particle distance depends upon the Deborah number De. As displayed in colour
coded experimental snapshots for different De values. This figure was reprinted from
Jeyasountharan et al 2021 [26].
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Our results showed that at L/D = 400 particles focused quickly on channel center-
line but no self-assembled structures were observed. But doublets were present at L/D

= 400, represented by S∗ = 1 . In contrast, particles formed self-assembled trains at
L/D = 2500, which is displayed in Figure 4.2c and d. This suggests that preliminary
particle focusing with sufficient channel length is needed to achieve self-assembled
particles in microfluidic flow, which is in agreement with previous studies on both vis-
coelastic [26, 27, 126] and inertial ordering [36, 85]. In section 4.3, we describe the
formation of particle train in XG solution.

4.3 Particle train formation in a shear thinning XG aque-
ous solution

As described in the previous section, we observed relatively quick particle focusing on
the channel centerline at L/D = 400, but particles were not self-assembled (Figure 4.2a
and b). However, at a distance of 25 cm from channel inlet (represented as L/D = 2500)
there were significant peaks in the distribution of S∗ at all De values (Figure 4.2c and
d). Such peak distribution denotes the existence of a preferential inter-particle distance
and the formation of self-assembled particle trains, as displayed in the experimental
snapshots in Figure 4.2c and d. Our results are in good agreement with previous ex-
perimental work by Del Giudice et al 2018 [27], Liu et al 2020 [126] and numerical
simulation by D’Avino and colleagues [49, 123].

We employed two bulk particle concentrations φ = 0.2 and 0.3 wt %. For φ = 0.2
wt %, we observed peaks in the S∗ distributions at L/D = 2500 between 7 < S∗ < 8
for all De values (Figure 4.2c). This is in agreement with previous the experimental
results by Del Giudice et al, 2018 [27], where the inter-particle distance was found to
be independent of De values. For increasing values of De, the preferential distance
moved from S∗ = 7 to S∗ = 8 and the peak at S∗ = 1 also increased (Figure 4.2c). Since
there is an increase in the number of particles that form doublets or triplets denoted as
S∗ = 1, the equilibrium distance of the particles in the train must also increase. Taken
together, these observations suggest that the equilibrium distributions at L/D = 2500
are unaffected by the Deborah number and slight deviations are due to the presence
of a different amount of particles forming strings that, in turn, depend on the initial
inter-particle distances (see discussion below).

For a higher bulk particle concentration φ = 0.3 wt %, the peak in the inter-particle
distance distribution was still visible at L/D = 2500 but the value of S∗ strongly de-
pended on the Deborah number (Figure 4.2d). The peak progressively moved to higher
inter-particle distances as De increases. A possible explanation for this behaviour is
that the particle train did not reach a stable regime yet, by further increasing the dis-
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tance from the channel inlet, the S∗ distributions in Figure 4.2d would change. As
previously shown, train dynamics is strongly affected by inter-particle distance varia-
tion and is more relevant at high particle concentrations as the particles are on average
closer to each other, which enhances the hydrodynamic interactions [123]. Another
explanation for an increase in S∗ as De values increase is related to the concentra-
tion fluctuations that cause variations in inter-particle distances (Figure 4.2d), which is
discussed in the following section [31].

Overall, the S∗ distributions reported in Figure 4.2c and d also showed the exis-
tence of a relevant peak at S∗ = 1, which denotes the formation of doublets and triplets
of particles in contact. We observed peaks at S∗ = 1 for all the investigated conditions
in Figure 4.2, the peaks were also present relatively close to the channel inlet (L/D

= 400), suggesting that this was related to the initial particle distribution rather than
an effect of the particle ordering. Since, particle overcrowding occurs at L/D = 400.
In addition, numerical simulations have reported that for two aligned particles with a
distance smaller than a critical value, fluid viscoelasticity generated an attractive force
leading to doublet formation (Figure 2.4). The doublet could be hardly separated dur-
ing the flow [49, 123]. This was confirmed by our experimental distributions where
(except the case at φ = 0.2 wt % and De = 165) the peak at S∗ = 1 remained nearly
constant or increased from L/D = 400 to L/D = 2500 (Figure 4.2a-d). The forma-
tion of doublets and triplets is detrimental for particle ordering and should be avoided.
For example, downstream applications concerning particle encapsulation for single-
cell analysis requires isolated particles [55]. In this regard, designing a microfluidic
device aimed at increasing the distance between particles and reducing the occurrence
of doublets and triplets might help. An example of such a device was recently re-
ported by Liu et al 2020 [126] where a complex serpentine-like microfluidic channel
was developed to prevent doublet and triplet formation. In addition, an experimen-
tal apparatus with less microfluidic connections between the sample reservoir and the
device would be beneficial to reduce the occurrence of doublet and triplet formation,
which currently accounts for about 20 % of the overall particles in our experiments
(Figure 4.3). Furthermore, minimising the number of consecutive connections may be
beneficial for train dynamics. Since particle overcrowding will be less likely to occur
as a result of reduced geometrical expansions and contractions between microfluidic
connections. This aspect is later investigated in section 4.6.
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Figure 4.3: Probability distribution of string size as a function of Deborah numbers:
165, 494 and 824 for L/D = 400 (a) and (b) L/D = 2500. Most particles (≥ 80 %) are
isolated, represented by string size = 1 and only a minority (≤ 20 %) form strings of
doublets (string size = 2) or 3 triplets (string size = 3). This figure was reprinted from
Jeyasountharan et al 2021 [26].

4.4 Effect of local particle concentration on particle train
formation

Particle concentration has a relevant effect on the train dynamics. Particle concentra-
tion can be modified by simply increasing or reducing the number of particles in the
stock solution, and this results in a higher or lower preferential inter-particle distance.
However, this is not true in microfluidic applications involving the flow of solid partic-
ulate because of the well-known problem of concentration fluctuations in flow [26, 31].
As we observed in the experimental work, there is fluctuations in the number of parti-
cles per frame. This is despite our efforts to uniformly mix the particle stock solution in
a vortex stirrer prior to introducing the particles in the micro channel. In general, con-
centration fluctuations mean that flowing particles may experience different ordering
dynamics because the number of interacting particles over time is different [27, 123].
For a fixed nominal bulk concentration, the actual concentration of particles observed
in a frame may vary over time, thus making it not possible to understand the overall
dynamics of the particle train for each bulk concentration.

To clarify the effect of particle concentration on the train formation as if there were
no concentration fluctuations, we introduced the concept of local particle concentration
φl (see equation (3.5)). Due to the fluctuations of particles flowing in the microfluidic
device per unit time, we observed that the local concentration was in general different
from the bulk concentration (Figure 4.4). We identified all the independent frames
with the same number of particles (i.e. the same local concentration) for all videos
analysed. For each local concentration, we evaluated the average distribution of S∗ as
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a function of the Deborah number De (Figure 4.5).

Figure 4.4: Experimental snapshots of concentration fluctuation observed in flowing
particles at a bulk volumetric concentration φ = 0.25wt % suspended in 0.1wt % Xan-
than Gum XG at various times (seconds). This figure was reprinted from Jeyasountha-
ran et al 2021 [26].

As shown in Figure 4.5. we did not observe any clear peak in the distribution of
inter-particle distances S∗ at L/D = 400. This is in agreement with our previous obser-
vations for different bulk concentrations at L/D = 400 (Figure 4.2a and b). There was
not enough length for train dynamics to occur at L/D = 400 [202]. However, when
moving the observation point to L/D = 2500, there were peaks in the inter-particle
distance at S∗ = 1 and 6 < S∗ < 8 (Figure 4.5c and d). This is in line with results shown
in (Figure 4.2c and d). In addition, by increasing the local particle concentration, the
peak at S∗ = 1 increased as well. This suggests that that a higher local particle concen-
tration enhanced the formation of doublets and triplets. These results, together with
recent numerical simulations [123] and other experiments, [27, 126] let us conclude
that larger particle concentrations have to be avoided in the interest of a more uniform
train formation. There may be a range of favorable particle concentrations for which a
train can be formed: if the particle concentration is too low, then no train would formed
due to weak hydrodynamic interactions between adjacent particles; on the other hand,
if the particle concentration is too large, then particle doublets or triplets can form and
disrupt the continuity of the train. This is also in line with similar observations on
particle trains formed in inertial flows [33, 35, 31]. In section 4.5, we demonstrate
the effect of Deborah number on particle sting formation. For example how does an
increase or decrease in Deborah number increase or reduce the formation of particle
strings in flow.
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Figure 4.5: Histograms of the normalized distance S∗ = s/d for different local particle
concentrations φl and for De = 165 at volumetric flow rate (Q = 5 µL/min). (a) L/D
= 400 and (c) L/D = 2500, respectively for a particle bulk concentration of φ = 0.2 wt
%. (b) L/D = 400 and (d) L/D = 2500, respectively and for φ = 0.3 wt %. Higher φl
increased the probability of doublet and triplet formation (S∗ = 1) [123]. This figure
was reprinted from Jeyasountharan et al 2021 [26].

4.5 The effect of Deborah Number on multi-particle
string formation at various local particle concen-
trations

In the following section, we proceed to study the effect of the Deborah number on
multi-particle string (i.e., doublets, triplets, etc.) formation as a function of the local
particle concentration. First, we plot a master chart to represent the probability of
forming multi-particle strings at different local particle concentrations for the three
Deborah numbers De: 165, 494 and 822 (Figure 4.6). From Figure 4.6 it is clear that
as De values increased, we observed an increase in the probability of doublet and triplet
formation for each local particle concentration. When the bulk particle concentration
is fixed, an increase of the Deborah number results in a higher probability of doublet
or triplet formation. For instance, at φl = 0.09 and at De = 165, we observed less
than 10% of the particles forming doublets or triplets; an increase of Deborah to De

= 822 resulted in around 20% multi-string particles. This can be elucidated by the
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fact that when De values increase, the volumetric rate increases, (see equation (3.2)).
Therefore, particles in flow may experience greater attractive forces and form multi-
stings at large particle concentration i.e. doublets and triplets, ect Figure 4.3 [49].
Our results demonstrate that large particle concentrations result in the formation of
multi-strings of particles such as doublets and triplets. This phenomenon is further
accentuated when increasing the Deborah number even for relatively low values of the
local particle concentration.

Overall, the results so far confirmed that elastic fluids with shear thinning features
(0.1 wt % XG) can be used to form particle train in microfluidic flow. This is in line
with previous experimental findings [27, 126]. In addition, numerical simulations have
demonstrated the dynamics of train formation for particle pairs and triplets suspended
in shear thinning liquids [49, 123]. For a suspending liquid, either shear thinning or
near constant-viscosity, determine the “likeliness” of experiencing attraction or repul-
sion, which was also found to depend on the critical distance between the two adjacent
particles, as displayed in Figure 2.4 and Figure 2.5. In other words, particles can form
multi-strings i.e. doublets or triplets when they become closer than the critical distance
required to “activate” the attractive forces; otherwise, particles would repel and likely
form particle trains. Our observations are in line with previous findings, as we observed
particle focusing at L/D = 400 then self-assembly of particle trains at L/D = 2500. To-
gether with the presence of doublets and triplets (S∗ = 1), as reported in Figure 4.2. As
previously remarked, it is important to control the way adjacent particles interact with
each other by properly designing a simple microfluidic channel with minimal connec-
tions. This may reduce particle overcrowding between consecutive connections, which
may ultimately lower multi-particle i.e. doublet and triplets formation in flow [205].
In section 4.6 we investigate how a simplified microfluidic device set up can reduce
multi-particle strings and improve the continuity of trains.

71



Figure 4.6: Master chart represents probability of multi-particle string (doublets and
triplets) formation as a function of local particle concentration φl at different Deborah
De numbers: 165, 494 and 822. An increase of both the De number and the φl promotes
doublet and triplet formation. This figure was reprinted from Jeyasountharan et al 2021
[26].

4.6 Simplified microfluidic connections result in a dras-
tic reduction of particle doublets

In previous section, we discussed the occurrence of multi-particle string formation and
demonstrated the effect of Deborah number and local particle concentration on multi-
particle string formation. We argued that a better designed microfluidic device with
less connections could potentially lead to a reduction of such multi-particle strings, im-
proving the continuity of the particle trains. In this section, we carried out experiments
with a simplified set-up, where we removed the flow sensor from the pressure pump.
Even though we could not read the volumetric flow rate without the flow sensor, the
advantage of this approach was a reduction of connections between tubes having dif-
ferent internal diameters, thus reducing the occurrence of flow perturbations that could
result in particle aggregation. The configuration without the flow sensor presented a
single connecting tube from the vial containing the particle suspension directly to the
microfluidic device (Figure 4.7). This means that if particles were properly mixed and
no aggregates were present, no multi-particle strings should form unless the distance
between adjacent particles fell below the critical distance for particle attraction, which
is true at very high bulk particle concentrations, where attractive forces tend to domi-
nate [49].

We used a simplified experimental apparatus to study particle train formation in
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0.1 wt % XG at a higher bulk particle concentration, φ = 0.4 wt % (Figure 4.7). We
employed a higher concentration to investigate whether the continuity of train dynam-
ics improve in the simplified channel. We carried out experiments by imposing the
pressure drop in the range 200 < ∆P < 400 mbar. An estimate of the flow rate has
been done by measuring the velocity of aligned particles. Specifically, we run numer-
ical simulations of the fluid without particles using the Cross model in to derive the
fluid velocity at the axis for an imposed flow rate. Then, we corrected such velocity
to account for the presence of a confinement [49] and verified at which flow rate the
corrected fluid velocity matched the experimental one [206]. The estimated flow rate
range was 0.4 < Q < 3.1 20 µL/min resulting in the Deborah number range of 10 <

De < 80.
As displayed in Figure 4.7b. In the whole range of imposed pressure drop, we

observed a drastic reduction in multi-particle strings, with more uniform particle trains
across the whole ∆P range. The peak in S∗ distribution was independent of the imposed
pressure drop ∆P and Deborah number values De, this in agreement with the results
presented previously in Section 4.2 and 4.3. Our results also confirmed that the multi-
particle strings observed in Figure 4.2c and d were the result of the initial distribution
of particles where doublets and triplets of particles were observed. Most importantly,
our results confirmed the fact that both channel design and experimental apparatus are
essential to achieve more uniform particle trains in viscoelastic liquids such as XG.
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Figure 4.7: (a) Schematic representation of the simplified microfluidic configuration.
Scale bar is 100 µm. (b) Histograms of the normalized distance S∗ = s/d for different
values of the pressure drop ∆P for L/D = 2500 and for a particle bulk concentration of
φ = 0.4 wt %. (c) Experimental snapshots at different ∆ are with the same color coded
as the histograms. This figure was reprinted from Jeyasountharan et al 2021 [26].

4.6.1 Summary of the findings

In this chapter we successfully demonstrated that a viscoelastic shear thinning aqueous
XG solution 0.1 wt % can be used to self-assemble particles on channel centerline in a
commercial serpentine microfluidic device. First, we showed that the particles focused
relatively quickly at L/D = 400 without the formation of self-assembled structures.
Given enough length for particles to interact with each other. Particle train formation
was found at L/D = 2500, making particle focusing the “prelude” to particle ordering.
This is in agreement with previous numerical simulations in viscoelastic liquids [49,
123] and previous studies in inertial flows [36, 207]. Although, we demonstrated self-
assembly of particles in microfluidic flow. We did not investigate the progression of
self-assembly from L/D = 400 to L/D = 2500 at various points. Furthermore, it would
be interesting to observe how particles train dynamics evolve along the channel length
in viscoelastic flow.

To account for particle concentration fluctuations in flow, we developed the concept
of local particle concentration, which considers the number of particles in each exper-
imental frame instead of whole system to better understand train dynamics. We found
that the preferential distance observed through the distributions of the inter-particle
distances depend on the particle concentration and the Deborah number. The distribu-
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tions were also characterized by a peak at a distance equal to the particle diameter (S∗

= 1), denoting the presence of several particles forming doublets or triplets. The peaks
at (S∗ = 1) was a result of adjacent particles with initial inter-particle distances below
a critical value subjected to attractive forces and these particles were hardly separated
during flow, this is in agreement with previous numerical simulations [49, 123]. Also,
the formation of doublets and triplets were associated with the existence of multiple
connections with varying diameters between sample reservoir and microfluidic device.
We designed a simplified microfluidic configuration and drastically reduced doublet
and triplet formation in flow. In future works, in addition to, simplifying microfluidic
device configuration. It may be worth investigating the effect of microfluidic device
design on reducing multi-particle string formation in flow.
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Chapter 5

Microfluidic device to reduce
multi-particle string formation and
self-assemble particles in microfluidic
flow

5.1 Motivation

In the previous chapter, we successfully demonstrated the self-assembly of particles
with a diameter of 20 µm suspended in 0.1 wt % Xanthan Gum (XG). We found that
particles tend to focus on channel centerline at L/D = 400 and self-assemble at L/D =
2500 in a commercial device (Figure 4.2). We also introduced the concept of local par-
ticle concentration to account for fluctuations in bulk concentration over time [31]. In
addition, we encountered multi-particle string formation in flow, which was detrimen-
tal for the continuity of particle trains [27, 49]. Therefore, we simplified the microflu-
idic configuration and found that the ordering dynamics improved, as we observed
dominant S∗ peaks for all pressure drops (Figure 4.7b). We suggested that modifying
the intrinsic design of the microfluidic device may reduce multi-string formation, as
previously shown in experiments [126, 208]. Since, simplifying the external configu-
ration may not be applicable for applications such as micro flow cytometry that require
multiple connections to the device [78]. In this chapter, we designed, fabricated and
employed a microfluidic device with sixteen trapezoidal elements to reduce the forma-
tion of multi-particle strings. Similar to the one proposed by Liu et al, 2020 made of an
array of inverted triangle elements [126]. The flow field computed by Liu et al, 2020
revealed that the velocity profile first decreases when the fluid enters each element
and subsequently increases, leading to the break-up of multi-particle strings. How-
ever, Liu et al 2020 did not quantify the breaking efficiency of multi-particle strings
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[126]. In this chapter, we report the quantified efficiency of the device with trapezoidal
elements to break multi-particle strings for particles with diameters of 20 and 45 µm
suspended in 0.2 wt % XG. The aqueous 0.2 wt % XG is both elastic and shear thinning
(Figure 3.3), which essential for particle focusing and self-assembly, as described in
Chapter 4. Thus, once we reduce the formation of multi-particle in flow we proceeded
to observe the progressive self-assembly of particles along the channel length, which
has not been done in any previous studies.

5.2 Microfluidic device to reduce multi-particle strings
in Microfluidic flows

In this chapter, we employed a microfluidic device with sixteen trapezoidal elements
(Figure 3.4a). After preliminary experiments and iterative designs. We noticed that
sixteen trapezoid elements led to the most optimal efficiency in breaking particle ag-
gregates, while a large number of trapezoidal elements (> 16) led to particles sticking
to the narrow corners of trapezoidal elements, which disturbed fluid flow. In addition,
a complex microfluidic device with large number of trapezoidal elements may be diffi-
cult to use for applications such as micro flow cytometry, which benefits from simpler
designs. On the contrary, a lower number (< 16) of trapezoidal elements did not break
the particle aggregates efficiently.

5.2.1 Quantified breaking efficiency of multi-particle strings for
particles with a diameter of 20 µm

For the 20 µm particles, we observed several aggregates at the device inlet, i.e. before
entering the series of trapezoidal elements (Figure 5.1a); at the end of the series (trape-
zoid sixteen), we observed a significant decrease in particle aggregates (Figure 5.1b);
subsequently, at the straight section (outlet) there was further decrease in particle ag-
gregates (Figure 5.1c). We quantified the breaking efficiency of the microfluidic device
for various imposed pressure drops ∆P: 300, 400, 500 and 600 mbar corresponding to
Deborah number De values: 271, 478, 800 and 1167 at two different particle bulk con-
centrations, namely, φ = 0.2 wt % and φ = 0.3 wt %. We plotted particle frequency as
a function of particle string size. For example, particle string size equal 1 represents
isolated particles, string size of 2 represents doublets and so on.
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Figure 5.1: Experimental snapshots of suspension of particles with a diameter of
20 µm in 0.2 wt % aqueous Xanthan gum XG solution. We observed particle flow
at various points: inlet; trapezoid sixteen and outlet. Particles aggregates were sig-
nificantly reduced at trapezoid 16 and outlet. Scale bar is 100 µm. This figure was
reprinted from Jeyasountharan et al 2022 [202].

For φ = 0.2 wt %, at the device inlet (Figure 5.2a), isolated particles accounted for
60–80% of the overall number, depending on the imposed pressure drop. An increase
in pressure drop was found to increase the number of aggregates, this is in line with
the fact that a larger number of particles would pass from a large tube to a contraction,
thus increasing the chances of aggregate formation. While moving towards the outlet
of the microfluidic device, we observed a drastic reduction in the number of particle
aggregates (Figure 5.2 c), with more than 90% of the particles being isolated.

Figure 5.2: Particle frequency as a function of string size for various pressure drops ∆P
evaluated at the three observation points: inlet; trapezoid 16 and outlet. For particles
at a bulk concentration of φ = 0.2 wt %, with a diameter of 20 µm suspended in 0.2
wt % XG. Color-coded legend representing the employed ∆P values are shown below.
See Table 3.1 for the corresponding volumetric flow rates for device 1. This figure was
reprinted from Jeyasountharan et al 2022 [202].
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For a higher particle concentration φ = 0.3 wt %, we observed a similar trend,
with the only difference that the larger particle concentration resulted in an increased
number of aggregates at the inlet. In trapezoidal element sixteen, frequency of iso-
lated particle was 10% lower as compared to trapezoid sixteen for φ = 0.2 wt % at all
pressure drops (Figure 5.2b). This may be due to an increase in particle aggregates
formed at a higher particle concentration, namely φ = 0.3 wt % at the inlet. A signif-
icant amount of particle aggregates i.e. doublets and triplets was observed at φ = 0.3
wt % (Figure 5.3a). Furthermore, regardless of the particle concentration, around 90%
of particles were isolated at the end of the device in the outlet section (Figure 5.3c).

Figure 5.3: Particle frequency as a function of string size for various pressure drops ∆P
evaluated at three observation points: inlet; trapezoid 16 and outlet. For particles at a
bulk concentration of φ = 0.3 wt %, with a diameter of 20 µm suspended in 0.2 wt %
XG. Color-coded legend representing the employed ∆P values are shown below. See
Table 3.1 for the corresponding volumetric flow rate values for device 1. This figure
was reprinted from Jeyasountharan et al 2022 [202].

5.2.2 Quantified breaking efficiency of multi-particle strings for
particles with a diameter of 45 µm

Next, we demonstrated that the microfluidic device can also be employed to break par-
ticle aggregates for particles with a larger diameter. For particles with a diameter of
45 µm, we quantified the breaking efficiency of the microfluidic device for various
imposed pressure drops ∆P: 700, 800, 900 and 1000 mbar corresponding to Deborah
number De values: 1560, 1933, 2400 and 2833 at bulk particle concentration, φ = 0.7
wt %. Similar to the 20 µm particles, we found that the number isolated particles sig-
nificantly increased from the inlet (see Figure 5.4a) towards the outlet (Figure 5.4c).
When particle frequency was quantified as a function of particle string size. We ob-
served 60-80 % isolated particles with 10-20 % aggregates at the inlet (Figure 5.5a) .
However at trapezoid element sixteen and outlet there was an even higher percentage
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of isolated particles (up to 95%) (Figure 5.5b and c).

Figure 5.4: Experimental snapshots of suspension of particles with a diameter of 45
µm 0.2 wt % aqueous Xanthan gum XG solution. We observed particle flow at various
points: inlet; trapezoid sixteen and outlet. Scale bar is 100 µm. This figure was
reprinted from Jeyasountharan et 2022 [202].

Figure 5.5: Particle frequency as a function of string size for various pressure drops
∆P: 700; 800; 900 and 1000 mbar evaluated at the three observation points: inlet;
trapezoid 16 and outlet. Particles at a bulk concentration of φ = 0.7 wt %, with a
diameter of 45 µm suspended in 0.2 wt % XG. Color-coded legend representing the
employed ∆P values are shown below. See Table 3.1 for the corresponding volumetric
flow rate values for device 1. This figure was reprinted from Jeyasountharan et al 2022
[202].

80



5.2.3 Summary of the findings

In summary, we experimentally demonstrated that an array of trapezoidal elements
can aid the breaking of particle aggregates regardless of particle size, concentration
and imposed pressure drop. We observed that around 90-95 % of overall particles
were isolated at the end of the microfluidic device. However, for particles with a di-
ameter of 20 µm we found that an increase in the linear concentration from φ = 0.2
wt % to φ = 0.3 wt % led to an increase in particle aggregate formation i.e. dou-
blets and triplets (Figure 5.2 and 5.3), also in agreement with recent experiments [26].
Numerical simulations by D’Avino and colleagues explain particle aggregate forma-
tion in flow, where three aligned particles experience attractive forces below a critical
distance (See Figure 2.5) [49, 123]. For example, when the linear particle concentra-
tion increase, greater number of particles are present in the micro channel the channel
grows, this leads to the possibility of having particles closer to each other, where at-
tractive forces are favoured over repulsive ones [202]. Previous numerical simulations
also confirm that particle aggregates are formed when an attractive force exists between
consecutive particles at distances below the critical value [49, 123]. A simulation by
Liu et al, 2020 [126] elucidates the mechanism behind trapezoid elements on breaking
particle aggregates. They demonstrated that fluid velocity in trapezoidal elements is
slower than the fluid velocity in the straight channel. Therefore, when the aggregated
particles flow into the elements, the velocity of particles slow down. For instance, when
a leading particle of the aggregated doublet enters into the straight section, the velocity
of the leading particle tends to increase, while the latter particle is slowed down in the
trapezoidal element. Due to a differences in velocity between the leading and trailing
particle, a separating force breaks the aggregated doublets [126]. Overall, our results
demonstrate that a microfluidic device with a series of trapezoid elements can signifi-
cantly lower the formation of particle aggregates in flow. Our device can be employed
in crucial single cell or particle based biomedical applications such as: micro flow
cytometry, which often requires isolated particles or cells to be self-assembled prior
to analysis for efficient single particle or cell analysis in a high-throughput manner
[78]; drop-sequencing requires isolated particles or cells to be simultaneously encap-
sulated in droplets for parallel analysis [121]. In section 5.2, we successfully designed
and employed a microfluidic device with sixteen trapezoidal elements to break parti-
cle aggregates for particles with two different diameters. In general particle aggregate
occurrence is detrimental for the continuity of train formation, as shown in previous
experimental and numerical works [26, 27, 123]. Based on our results, in the following
section, we utilise the device with sixteen trapezoidal elements followed by a straight
glass capillary to achieve self-assembly of particles without the interference of particle
aggregates i.e. doublets and triplets in flow.
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5.3 Dynamics of self-ordered structures along a straight
microchannel

In the previous section, we successfully employed a microfluidic device with sixteen
trapezoidal elements to break particle aggregates in flow. Logically, we now proceed
to present the results on particle ordering at different distances from the inlet of a
straight glass capillary. Since particle aggregates have a detrimental effect on particle
ordering [123], we employed the device described in Section 5.2 followed by a straight
glass (See Figure 3.4b). In this way, we reduced the number of particle aggregates to
around 5 % of the overall number, thus being able to evaluate the particle self-assembly
dynamics with a reduced disturbance caused by the aggregates.

For particles with a diameter of 20 µm, suspended in 0.2 wt % XG, flow was
imposed in a circular glass capillary with an internal diameter equal 100 µm. The
corresponding confinement ratio β was 0.2. We observed the evolution of particle
self-assembly along the length of the glass capillary at every 5 cm (L/D = 500) from
the capillary inlet (right after the end of the array of trapezoidal elements) until 25 cm
(L/D = 2500). In general, there was a progressive self-assembly of particles from L/D

= 500 to L/D = 2500, as displayed in the experimental snapshots (Figure 5.6).

Figure 5.6: Experimental snapshots of 20 µm particles suspended in 0.2 wt % Xanthan
Gum XG at different normalized channel length L/D values, where L is the distance
from the capillary inlet and D is the capillary diameter (increasing from top to bottom).
Progressive self-assembly of particles were along the length of the glass capillary glass
from L/D = 500 to L/D = 2500. Scale bar is 100 µm. This figure was reprinted from
Jeyasountharan et al 2022 [202].

At L/D = 500 from the capillary inlet, particles were focused on the centerline but
were not ordered for all imposed pressure drops and corresponding volumetric flow
rate values (Figure 5.6 and 5.7). This is in line with our previous finding, where parti-
cles focused on channel centerline relatively quickly at (L/D = 400) but formed self-
assembled at longer distances from the inlet (L/D = 2500) in a serpentine microfluidic
device [26]. For example at an imposed pressure of ∆P = 300 mbar corresponding to
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(Q ≈ 0.5µL/min, De ≈ 13), particles at L/D: 500; 1000 and 1500 did not display any
ordering, as clear from the lack of a peak in the S∗ distribution (Figure 5.7a). However,
as we observe progression of particle ordering along the length of the glass capillary
(Figure 5.6). We saw a clear peak distribution for S∗ ≃ 5, at L/D = 2500 for all pres-
sure drops (Figure 5.7). The same trend was observed when increasing the pressure
drop up to 600 mbar (Q ≈ 5.5µL/min, De ≈ 146). In addition to experimental results,
present numerical simulations clearly demonstrated that viscoelastic ordering is a slow
phenomenon and require long distances from the inlet to attain a self-ordered structure
[202].

Figure 5.7: Probability distribution of the normalized distance between consecutive
particles S∗ = s/d (s equals center to center distance and d is the particle diameter) for
a bulk particle concentration of φ = 0.2 wt % as a function of L/D at different imposed
pressure drops and Deborah numbers. This figure was reprinted from Jeyasountharan
et al 2022 [202].
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Once we increase the bulk particle concentration to φ = 0.3 wt %, we observed
similar ordering dynamics to φ = 0.2 wt %. For instance self assembly of particles
progressively evolves from L/D = 500 to L/D = 2500. At L/D = 500, we notice that
particles focus on the centerline but were not ordered. At L/D = 2500, we observe
clear S∗ distribution for all imposed pressure drops and corresponding volumetric flow
rate values (Figure 5.8). In addition, we also observe that the spatial distribution of
S∗ varies less at a higher bulk particle concentration. In general, more particles tend
to occupy the same channel volume at a higher particle concentration this can lead to:
less variation in spatial distribution; and larger number of particle aggregate formation.
Overall our results suggest that, for a confinement ratio β of 0.2, particles focus on
the channel centerline relatively quickly. Particles progressively self assemble from
the inlet L/D = 500 towards the outlet, L/D = 2500. However, train of equally spaced
particles in viscoelastic liquids may require significant channel length, even larger than
L/D = 2500 at β value of 0.2 for optimal self-assembly to occur.
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Figure 5.8: Probability distribution of the normalized distance between consecutive
particles S∗ = s/d (s equals center to center distance and d is the particle diameter).
For Particles with a diameter of 20 µm at a bulk particle concentration of φ = 0.3 wt %
as a function of L/D at different imposed pressure drops and Deborah numbers. This
figure was reprinted from Jeyasountharan et al 2022 [202].
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From our results, it is clear that optimal self-ordered structures at β = 0.2 require
sufficient channel lengths even greater than L/D = 2500 for optimal ordering dynam-
ics. However, it is not always feasible to increase the length of the glass capillary. As
long capillaries with an internal diameter of 100 µm are fragile and tend to break eas-
ily. Very recently, numerical simulation has demonstrated that self-ordered structures
formed closer to the channel inlet at β = 0.4 as compared to β = 0.2 [123, 194, 202].
Based on these findings, we then repeated the same set of experiments to observe evo-
lution of self-assembly for particles with a diameter of 45 µm, which corresponds to
β = 0.45.

At variance with the 20 µm particles, we observed a preferential spacing already
at L/D = 1000 (10 cm from the capillary inlet), confirming that a larger confinement
ratio promoted a faster transition to a self-ordered structure, this is in good agreement
with the numerical simulation [202] (Figure 5.9 and 5.10). We also observed that the
spatial distribution of S∗ varied less significantly with the channel length compared to
β = 0.2. For instance, at ∆P = 900 mbar and ∆P = 1000 mbar, there is no significant
difference between the distribution of particle spacing between L/D = 2000 and L/D

= 2500. This is compatible with the fact that the ordering dynamics tend to slow down
after achieving a Gaussian-like shape around the S∗ peak (Figure 5.10). To form a train
of equally spaced particles in viscoelastic liquid requires a significant channel length,
even larger than L/D = 3000, and such a distance increases for small confinement
ratios. In this regard, it should also be mentioned that the migration dynamics of
the particles towards the centerline in shear thinning liquids occur before ordering
dynamics at β values ≥ 0.2 [26, 59] . However, ordering dynamics itself is affected by
the channel length and β [194, 202].
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Figure 5.9: Experimental snapshots of 45µm particles suspended in 0.2 wt % Xanthan
Gum XG at different normalized channel length L/D values, where L is the distance
from the capillary inlet and D is the capillary diameter (increasing from top to bottom).
Progressive self-assembly of particle was observed along the length of the glass cap-
illary. Scale bar is 100 µm. This figure was reprinted from Jeyasountharan et al 2022
[202].

Figure 5.10: Probability distribution of the normalized distance between consecutive
particles S∗ = s/d (s equals center to center distance and d is the particle diameter).
For Particles with a diameter of 45µm at a bulk particle concentration of φ = 0.7 wt %
as a function of L/D at different imposed pressure drops and Deborah numbers. This
figure was reprinted from Jeyasountharan et al 2022 [202].
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From our results, it is evident that confinement ratio has a quantitative effect on the
channel length required to achieve particle ordering. In addition, formation of linear
particle trains through inertial effects is also affected by varying confinement ratio [37],
where the spacing between the particles increases as the confinement ratio increases.
This is a direct consequence of the displacement of the lateral equilibrium position
attained by a single particle as the confinement ratio is varied. For instance, as β <<

1, the particles approach the Segré and Silberberg equilibrium position [81], whereas,
as the confinement ratio increases, the equilibrium position shifts toward the centerline
due to steric effects, [92, 207, 209, 210] affecting, in turn, the particle–wall hydrody-
namic interactions and the average train velocity. Consequently, the required channel
length to achieve ordering and the resulting particle spacing are a non-trivial function
of the confinement ratio. In contrast, particles suspended in elastic and shear thinning
fluids migrate to the channel centerline regardless of their size for β ≥ 0.2 [59, 116].
In addition, the ordering dynamics is roughly the same as the confinement ratio is
varied, allowing to easily estimate the required channel length to achieve a certain or-
dering efficiency. This is useful in applications concerning single-cell analysis, which
requires relatively quick formation of self-assembled cells for an implementable, high-
throughput, relatively inexpensive and a parallel approach for compartmentalized anal-
ysis of single-cells [211], DNA [212] and drug-screening [213] in droplets [214].
For example optimal encapsulation of circulating tumour cells from blood cells re-
quires non-overlapping ordered structures to reduce reagent demand, sample volume
and analysis time [215]. Technologies such as Drop-Sequencing analysing genome
transcripts of individual cells in droplets require non-overlapping ordered cells for de-
terministic encapsulation [122].
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5.3.1 Summary of the findings

In summary, we designed a microfluidic device made of an array of trapezoidal ele-
ments similar to the one employed by Liu et al 2020 and demonstrated that our de-
vice was able to significantly reduce the percentage of particle aggregates in flow for
particles with two different diameters (20µm and 45µm) at various bulk particle con-
centrations. To observe self-assembly of particles without the interference of particle
aggregates, we used the device with sixteen trapezoidal elements and attached a 30
cm long circular capillary made of glass. We the observed particle self-assembly at
different distances from the inlet of a straight glass capillary, at every 5 cm (L/D =
500). For both particle diameters (20µm and 45µm) we found that particles progres-
sively self-assembled from L/D = 500 towards L/D = 2500, since there was peak
distribution in S∗. In agreement with our experimental results, numerical simulations
demonstrated that 45 µm particles with a confinement ratio β = 0.45 self-assembled
at shorter distances from the channel inlet compared to 20 µm particles, which had a
β value of 0.2. Overall, our devices can: break particle aggregates and lead to par-
ticle self-assembly for two different sized particles. Based on our results, our device
consisting of an inlet structure with sixteen trapezoidal elements along with sufficient
channel length for particle self-assembly can be employed in compartmentalized anal-
ysis of cells or particles. As mentioned previously encapsulation of particles and cells
in droplets using microfluidic device is flourishing in fields ranging from biomedicne
to tissue engineering. In biomedicine, particle or cell encapsulation in droplets pro-
vides a high-throughput platform for single cell and particle analysis [216]. In tissue
engineering, preserving temporal resolution of tissues in a droplet for long periods
may be important for analytical framework to obtain key biological information [217].
Therefore, in Chapter 6 we incorporated our device inlet consisting of trapezoidal ele-
ments to reduce the occurrence of particle aggregates and employed a spiral structure
to allow enough length for particle ordering dynamics to occur. Ideally, we want to
encapsulate isolated self-assembled particle structures in oil droplets by matching the
frequency of droplet generation to particles arriving at the encapsulation site.
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Chapter 6

Viscoelastic droplet generation and
particle encapsulation in a T-junction
microfluidic device

6.1 Motivation

In the previous chapter, we demonstrated that a microfluidic device with sixteen trape-
zoidal elements can be used to reduce the formation of multi-particle strings for par-
ticles with two different diameters, namely 20 µm and 45 µm. In addition, we stud-
ied the ordering dynamics for both particle diameters and found that self-assembly of
particles depend on channel length and β [202]. For instance, at β of 0.45 particles
self-assembled at shorter distances compared to β values of 0.2. In this chapter, we
employed a T-junction device with sixteen trapezoidal element to reduce multi-particle
string formation, followed by a serpentine channel length for particle ordering dynam-
ics to occur prior to the T-junction site (encapsulation area) (see Figure 3.5). At the
T-junction site, we encapsulated particles with a diameter of 20 µm in droplets. The
particles were suspended in 0.1 wt % hyaluronic acid HA (dispersed phase) and min-
eral oil was the continuous phase. We used HA instead of xanthan gum XG as the
lead suspending fluid, as we previously observed that XG polymer solution degrades
after a short period compared to HA [218]. Our aim was to reduce the occurrence
of multi-particle strings and form self-assembled structures prior to the encapsulation
area to identify experimental conditions for which the encapsulation efficiency was
larger than the Poisson limit.
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6.2 Droplet Formation in Newtonian and Non-Newtonian
fluids

In this section, we first studied the Newtonian and Non-Newtonian (viscoelastic) droplet
formation phenomenon from a qualitative prespective at various imposed flow rate ra-
tios Qd/Qc, where Qd is the flow rate of the dispersed phase (i.e., either PBS or HA)
and Qc is the flow rate of the continuous mineral oil phase [24, 169]. For the same set
of imposed volumetric flow rate values, the droplet size did not differ significantly be-
tween Newtonian and non-Newtonian droplets, this is in agreement with previous find-
ings on viscoelastic droplet microfluidics [24, 169, 191, 219, 220, 221, 222, 223, 224].
However, we observed a clear difference in the dynamics of droplet formation between
Newtonian and non-Newtonian droplets, with the presence of satellite droplet forma-
tion only observed for the non-Newtonian case, which is in agreement with previous
findings featuring formation of viscoelastic droplets made of aqueous xanthan gum
solutions in a commercial T-junction device [225].

Figure 6.1: Experimental snapshots of droplet generation at various continuous phase
(oil) flow rates Qoil . (a) For the Newtonian case, phosphate buffer saline (PBS) is
employed as the dispersed phase. (b) For the non-Newtonian case, hyaluronic acid
(HA) at a mass concentration of 0.1 wt % is used as dispersed phase. Satellite droplet
formation is only observed in the non-Newtonian case. The volumetric flow rate of the
dispersed phase is 8 µL/min in both cases.
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6.3 The effect of flow rate ratio on Droplet size for New-
tonian and non-Newtonian fluids

We quantified the droplet length L normalised by the channel width W = 100 µm,
as a function of the ratio between the flow rate of the dispersed and the continuous
phase (Figure 6.2a-b). For Newtonian droplets (Figure 6.2b), we observed that all the
data scaled on a mastercurve given by the expression L/W = 1+ 2(QPBS/Qoil), this
is in agreement with previous findings [160]. We also observed that the normalised
droplet length for non-Newtonian droplets scaled identically to the Newtonian case
(Figure 6.2b), which is in line with the qualitative observations in Figure 2.6, and also
previous works on viscoelastic droplet microfluidics [24, 169, 191, 219, 220, 221, 222,
223, 224].

Figure 6.2: Normalised droplet size L/W , where L is the droplet length and W =
100 µm is the channel width (see experimental snapshot in Figure 2.6, as a function of
the ratio QPBS/Qoil for the Newtonian droplets (a) and QHA/Qoil for the non-Newtonian
droplets (b). QPBS and QHA are the flow rates of PBS and HA, respectively, while
Qoil is the flow rate of the mineral oil. The solid line in a) and b) is L/W = 1 +
2(QPBS/Qoil), meaning that the non-Newtonian data in b) collapse on the master curve
for Newtonian droplets.
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6.4 Frequency of Droplet generation for a non-Newtonian
fluid

In addition to the normalised droplet size, we quantified the frequency of droplet for-
mation (see Figure 6.3). Manipulating the frequency of droplet generation is an impor-
tant step in achieving controlled encapsulation of particles [24, 74, 169, 100]. Since the
Poisson stochastic limit can be overcome only when the frequency of droplet formation
fd is equal to the constant frequency of equally-spaced particles fp approaching the en-
capsulation area. Our experimental data demonstrated that for droplets made of HA in
PBS scaled according to the expression, fd = A(QHAQoil)

B with A = 1.64±0.18 and
B = 2/3. As displayed in Figure 6.3 our experimental data was highly scattered, this
may be due to fluctuations in individual flow rate values of both QHA and Qoil . The
parameter A was obtained by fitting the data set with flow rate values in the units of
µL/min, while B was fixed to B= 2/3 according to the scaling introduced by Shahrivar
and Del Giudice [24] for xanthan gum solutions. The only difference was the value
of the parameter A, which corresponded to a vertical shift. In our work A was around
5 times smaller compared to [24]. This discrepancy can be due to factors, including
different rheological properties between HA and xanthan gum, or differences in mi-
crofluidic device employed by Shahrivar and Del Giudice [24], which was made of
glass with a hydrophobic coating, while here we employed PMMA bonded to glass via
an adhesive tape. However, the fact that the exponent B= 2/3 is identical in both works
may suggest a general scaling trend for particle encapsulation in T-junction geometries,
but more studies are required to demonstrate this trend in T-junction geometries. For
example, studying encapsulation efficiency in other viscoelastic suspending fluids.

Overall, our data on droplet formation suggests that the dynamics of droplet for-
mation was different between the Newtonian and non-Newtonian case, the droplet
size remained substantially unchanged. Furthermore, the data related to the frequency
of droplet formation scaled with the same exponent as the data presented previously
[225]. Future works are required to understand how changes in suspending fluid, micro
channel coating and geometry may affect the frequency of droplet generation in mi-
crofluidic flow. Manipulating the frequency of droplet generation is crucial for achiev-
ing controlled encapsulation of particles in droplets. In section 6.5, we employ the
microfluidic device to encapsulate 20 µm particles in droplets. Our aim is achieve
controlled encapsulation above the Poisson limit.
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Figure 6.3: Frequency of non-Newtonian droplet generation as a function of the prod-
uct QHAQoil . Data points collapse on the master curve fdrop = A(QHA ×Qoil)

B with
A = 1.64±0.18 and B = 2/3. The parameter A was obtained by fitting the entire data
set with flow rate values in the units of µL/min, while B was fixed to B = 2/3 accord-
ing to the previously introduced by Shahrivar and Del Giudice [24] for xanthan gum
solutions.

6.5 Viscoelastic Encapsulation of particles

In this section, we studied the viscoelastic encapsulation of particles in the T-junction
device (Figure 6.4). For a purely stochastic encapsulation, the probability P(k,n) of
encapsulating a given number of particles n in a droplet is expressed by P(k,n) =

knexp(−k)/(n!), where k is the average number of particle per droplet [74, 226]. Most
desired conditions concerning droplet microfluidic applications such as drop sequenc-
ing benefit from the encapsulation of one particle per droplet, which means the number
of encapsulated particles n = 1 and an average number of particles per droplet k = 1
(represented as solid symbols connected by lines in Figure 6.4). Based on previous
works, we expect particles suspended in the shear thinning HA solution in PBS to be
equally-spaced prior to reaching the T-junction (encapsulation site). This is due to
the viscoelasticity mediated hydrodynamic interactions between consecutive particles
[24, 27, 169], which means the particles arrive at the T-junction at a constant frequency.
Since, we can control the frequency of droplet generation based on flow rate ratios. In
theory, if the frequency of droplet generation is synchronised with the frequency of
particles arriving at the T-junction. We expect to achieve controlled encapsulation ef-
ficiency above Poisson limits. Therefore, we compared the viscoelastic encapsulation
data against the stochastic Poisson value to see whether we could ‘beat’ the Poisson
limits by taking advantage of the viscoelastic particle ordering, this approach was used
in viscoelastic [24, 169] and inertial [100, 190] encapsulation studies.
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For a volumetric flow rate of the continuous phase QOil = 2 µL/min, we ob-
served that the viscoelastic single encapsulation efficiency was always lower than the
Poisson limit for all dispersed phase flow rate values (Figure 6.4a). However, when
we increased the volumetric flow rate of the dispersed phase to QOil = 4 µL/min,
we observed an improvement in encapsulation efficiency over the Poisson limit for
QHA = 4 µL/min (Figure 6.4b). The encapsulation efficiency further improved at
Qoil = QHA = 8 µL/min, where we observed an encapsulation efficiency of around
50%, which is significantly larger than the Poisson value at around 36% (Figure 6.4c).
At QOil = 8 µL/min, there was only one value of HA flow rate, namely (QHA =

8 µL/min) for which the encapsulation efficiency was above the Poisson limit. This
can be elucidated by the fact that achieving encapsulation efficiencies above the Pois-
son limit is based on the frequency of droplet formation fd being synchronised with
the frequency of particles approaching the encapsulation area fp. Since for viscoelastic
ordering the volumetric flow rate has only a minor effect on the fp value [26, 27, 202].
We only observed a single value of QHA that can significantly beat the Poisson limit
for a given value of QOil . Furthermore, it is possible that there may not be a volumetric
flow rate for which fp = fd . Since the value of fd is controlled by volumetric flow rates
of both continuous and dispersed phase [24, 160, 169]. Another reason for not achiev-
ing encapsulation efficiencies above the Poisson limits may be due to fluctuations in the
local concentration of particles approaching the encapsulation area, which is a com-
mon unsolved problem encountered when dealing with large particle concentrations
[26, 31]. As mentioned in previous works, two consecutive particles could experience
different hydrodynamic interactions depending on the initial distance between them.
This in turn affects the stability and the continuity of a particle train. It is worth men-
tioning despite concentration fluctuations, we still managed to achieve encapsulation
efficiency larger than the Poisson limit. Finally, we increased the flow rate of oil to
QOil = 10 µL/min, we did not observe any value for HA flow rate, which led to encap-
sulation efficiency above the Poisson limit. This suggests that at QOil = 10 µL/min, the
frequency of particles arriving at the T-junction did not match the frequency of droplet
formation, which may be due variety of reasons mentioned above.

In a previous work by Shahrivar and colleagues on viscoelastic encapsulation in a
commercial T-junction device using aqueous xanthan gum solutions as the dispersed
phase [24], the authors demonstrated an encapsulation efficiency in the range of 50%
to 60%, which beat the Poisson limits. In comparison to Shahrivar and colleagues, we
achieved a slightly lower encapsulation efficiency of around 50%. This can be due to
a variety of factors. For example, xanthan gum employed by Shahrivar and colleagues
presented more shear thinning properties than HA employed in our work. The shear
thinning feature of the suspending fluid is important to drive the self-assembly of parti-
cles on the channel centerline, as previously shown in numerical simulations [49, 123]
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as well as in experiments [27]. In our work, the reduction in the shear thinning mag-
nitude of the HA compared to previous works [27, 169] was due to the addition of
PBS salt. Since, the addition of salt alters the rheological properties of the suspending
solution, which causes a reduction in the shear thinning properties [59, 227]. However,
despite a reduction in shear thinning behaviour we still observed particle ordering and
achieved an encapsulation efficiency above the Poisson limit. In this case, we em-
ployed PBS in HA as opposed to deionized water because PBS is essential for working
with cells i.e. culturing cells. This paves the way to design viscoelastic fluids in PBS
to study cell ordering and encapsulation dynamics, which may provide insights into
optimising single cell-based technologies such as drop sequencing.

Figure 6.4: Viscoelastic particle encapsulation for a hyaluronic acid (HA) dispersed
phase and a mineral oil continuous phase. (a-d) represents histograms of relative fre-
quency as a function of particles per droplet for fixed oil flow rate Qoil values. For
each Qoil value, the flow rate of the HA QHA was varied in the range 2 to 10 µL/min.
The Poisson statistics value for k = n = 1 is represented by the solid symbols. A single
particle encapsulation efficiency above the Poisson stochastic value was obtained for
Qoil=QHA = 4µL/min (b) and Qoil=QHA = 8µL/min (c).
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6.5.1 Predicting the optimal conditions to achieve encapsulation
efficiency above the Poisson limit

In accordance with previous studies [24, 169], we derived an expression to predict the
optimal conditions for particle encapsulation above the Poisson limit. As mentioned
previously, the frequency of particles approaching the encapsulation site should match
the frequency of droplet generation. The frequency of particles approaching the en-
capsulation site is given as fp = uφl/d, where u is the particle velocity, d is the particle
diameter, and φl is the local particle concentration defined as [26] φl = Nd/L, where
N is the number of particles in a given channel length (this is fixed by the experimen-
tal observation window) and L is the length of the experimental observation window
[24, 26, 27, 169].

The frequency of droplet formation is given by the expression fd = A(QHAQoil)
B,

where A = 1.64± 0.18 and B = 2/3. When the frequency of droplet formation fd =

A(QOilQHA)
B equals the frequency of particles approaching the encapsulation area

fp = uφl/d, this results in the expression:

QOil =
1

QHA

(
uφl

Ad

) 1
B

, (6.1)

Based on this expression, we may be able to predict ideal continuous phase flow
rate values to achieve encapsulation efficiencies above the Poisson limits. However,
variations experimental systems may lead to discrepancies.

6.5.2 Summary of the findings

In summary, we studied the viscoelastic encapsulation phenomenon identifying only
two conditions for which the encapsulation efficiency was above the Poisson limit,
namely, QOil =QHA = 4 µL/min (with efficiency ≃ 40%) and QOil =QHA = 8 µL/min
(with efficiency ≃ 50%). We also observed that the mathematical expression to evalu-
ate the best conditions for controlled encapsulation was identical to the one proposed
earlier [24], with the only difference of a vertical shifting factor for the data.
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Chapter 7

Conclusion

In this thesis, several contributions have been made to the area of viscoelastic microflu-
idics. In Chapter 4: (1) we successfully self-assembled particles in a shear thinning
fluid; (2) addressed particle concentration fluctuations in microfluidic flows as if there
were no fluctuations, with the concept of local particle concentration; (3) developed
an approach to reduce particle aggregate formation in flow i.e. by simplifying the mi-
crofluidic configuration. In Chapter 5 we: (1) designed and fabricated a microfluidic
device with trapezoid elements to reduce particle aggregate formation; (2) observed
progressive self-assembly of particles and also the effect of confinement ratio on par-
ticles in viscoelastic flows. In Chapter 6 we: (1) studied the viscoelastic droplet for-
mation and encapsulation of particles in a fabricated T-junction microfluidic device,
which consisted of an inlet with sixteen trapezoidal elements followed by sufficient
length for particle ordering; (2) Identified only two conditions for which the encapsu-
lation efficiency was above the stochastic Poisson limit, based on frequency of droplet
generation matching the frequency of particles arriving at the encapsulation site.

In Chapter 4, we demonstrated that a viscoelastic shear thinning aqueous XG so-
lution 0.1 wt % promoted the self-assembly of particle trains on the centerline of a
serpentine microfluidic device. We showed that the particles focused relatively quickly
(L/D = 400) even though no clear self-assembled structure could be observed. Particle
train formation was found at L/D = 2500, thus making particle focusing the “prelude”
to particle ordering, in agreement with previous numerical simulations in viscoelas-
tic liquids [27, 126] as well as previous studies in inertial flows [36, 207]. We found
that the preferential distance observed through the distributions of the inter-particle
distances depended on the particle concentration and the Deborah number. The dis-
tributions were also characterized by a significant peak at a distance equal to the par-
ticle diameter, S∗ = 1 denoting the presence of several particles forming doublets or
triplets. These were ascribed to the fact that adjacent particles with initial inter-particle
distances below a critical value were subjected to viscoelasticity-mediated attractive
forces and were hardly separated during the flow, this is in agreement with previous
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numerical simulations [49, 123]. Since the existence of these structures is detrimental
for particle ordering, new channel designs need to be developed to avoid their for-
mation. Therefore, we also introduced the concept of local particle concentration to
better understand the dynamic of train formation experimentally as if there were no
particle concentration fluctuations. We observed that large local particle concentra-
tions resulted in the formation of multi-strings of particles. This phenomenon was
accentuated when increasing the Deborah number, even for relatively low values of
the particle concentration. Finally, we demonstrated that removing microfluidic con-
nections between the reservoir and the device resulted in a more uniform particle train
formation.

In Chapter 5, we designed and fabricated a microfluidic device made of an array of
trapezoidal elements similar to Liu et al, 2020 [126] and demonstrated that such struc-
ture was able to significantly reduce the percentage of particle aggregate formation.
We experimentally demonstrated progressive self-assembly of particles with two di-
ameters, namely 20 µm and 45 µm and provided variations in self-ordering dynamics
at two confinement ratios β = 0.2 and 0.45. We found that for a fixed tube diameter D,
larger particles tended to self-order at shorter channel distances compared to smaller
particles, which was in agreement with numerical simulations [202].

Finally in Chapter 6, we studied the viscoelastic encapsulation of particles in a
T-junction microfluidic device, using hyaluronic acid 0.1 wt% in PBS as suspending
liquid. We observed that the data for viscoelastic droplet formation scaled with the
same scaling as the Newtonian ones, thus suggesting that the droplet size is not af-
fected by the fluid rheology significantly, in agreement with previous works [24, 219,
221, 223, 224]. We also observed that the frequency of droplet generation scaled as
fd = A(QHAQoil)

B with A = 1.64±0.18 and B = 2/3. The parameter A was obtained
by fitting the data set with flow rate values in the units of µL/min, while B was fixed to
B= 2/3 according to the exponent previously introduced by Shahrivar and Del Giudice
[24] for xanthan gum solutions. The only difference was the value of the parameter
A, which simply corresponded to a vertical shift. We also studied the viscoelastic
encapsulation of particles, identifying only two conditions for which the encapsula-
tion efficiency was above the Poisson limit, namely, QOil = QHA = 4 µL/min (with
efficiency ≃ 40%) and QOil = QHA = 8 µL/min (with efficiency ≃ 50%). We also ob-
served that the mathematical expression to evaluate the best conditions for controlled
encapsulation was identical to the one proposed by [24], with the only difference of a
vertical shifting factor for the data.

Overall, our results from Chapters: 4, 5 and 6 are of interest in many microfluidic
applications including flow cytometry [9], single cell-based droplet encapsulation [11,
84] and tissue engineering [68]. Our results can lead to novel optimized methodologies
for flow cytometry and particle/cell separation by combining viscoelastic ordering,
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microfluidic device design with electro-viscoelastic migration [228]. In addition, the
formation of isolated self-assembled particle and cell structures may be essential for
transforming the single-cell analysis landscape, where controlled encapsulation of cells
and particles in a droplet with minimal aggregates is vital for improving applications
such as Drop-sequencing. This enables complex single-cell information to be decoded
without interference from multiple cells.

7.1 Future Directions

Future works are needed to identify additional viscoelastic liquids where particle trains
can be formed. According to the existing literature, [27, 123] shear thinning is a re-
quired feature to obtain particle trains, and our findings suggest the same. Future
studies regarding viscoelastic particle train formation in other polymer solutions such
as polyethylene oxide or polyacrylamide (widely used for particle/cell manipulation
are required [107]. Similarly, other studies where fluids with nearly constant-viscosity
are employed as suspending liquids would provide additional insights into the par-
ticle train formation mechanism. Additionally, it is important to clarify the impact
of attractive and repulsive forces between consecutive particles as a function of the
fluid rheology, as only limited experiments exist [26, 27, 126, 202]. Additional work
is required to understand the potential effect of channel geometry (e.g., different cross
sections and overall design) on reducing multi-particle string formation and on the self-
ordering dynamics. Furthermore, in droplet microfluidics understanding the dynamics
of droplet generation and particle/cell encapsulation has huge potential to improve sev-
eral biomedical applications. For example, controlled sequences of cells in droplets is
desirable in digital polymerase-chain-reaction (PCR) for accurate detection of genetic
information in cells and single-cells analysis require encapsulation systems with 100 %
efficiency [120]. In tissue engineering, droplet-based microfluidic systems are used to
produce building blocks of artificial tissues and organs, such as shape-controlled micro
particles and microfibers [229]. We also anticipate that new machine learning algo-
rithms [230] have the potential to optimise experimental parameters to improve single
particle encapsulation efficiencies above Poisson limit. For example, developing par-
ticle tracking algorithms to predict the experimental conditions such flow rate values
required to synchronise the frequency of particles arriving at the encapsulation site to
the frequency of droplet generation may improve controlled encapsulation efficiencies
above the Poisson limits.
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