We are IntechOpen,
the world’s leading publisher of

Open Access books
Built by scientists, for scientists

6,900 186,000 200M

ailable International authors and editors Downloads

among the

154 TOP 1% 12.2%

Countries deliv most cited s Contributors from top 500 universities

Sa
S

BOOK
CITATION
INDEX

Selection of our books indexed in the Book Citation Index
in Web of Science™ Core Collection (BKCI)

Interested in publishing with us?
Contact book.department@intechopen.com

Numbers displayed above are based on latest data collected.
For more information visit www.intechopen.com

Y



Chapter 6

Microdroplets Advancement in Newtonian and Non-
Newtonian Microfluidic Multiphase System

Kai Seng Koh, Voon Loong Wong and Yong Ren

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/intechopen.75358

Abstract

With recent advancement in droplet microfluidics for both microdroplet encapsulation
and fission, it is of paramount importance to understand the flow physics for both New-
tonian and non-Newtonian fluids in microdroplet encapsulation and fission as the devel-
opment of the field is approaching to its maturity. The chapter aims to review and discuss
the fluid flow behavior of the multiphase system, mathematical models as well as the
fundamental phenomena driving force of microdroplet encapsulation and fission
multiphase system. Together, the recent advances in technologies that enable fabrication
and application of droplets encapsulation and fission from both Newtonian and non-
Newtonian microfluidic multiphase system will be reviewed as well.

Keywords: Newtonian fluids, non-Newtonian fluids, microfluidic, multiphase system,
microdroplet encapsulation, microdroplet fission

1. Introduction

Emulsion is a fine dispersion of small droplet made from two immiscible liquids, where one
liquid phase is dispersed into another continuous flow of liquid phase in which both liquids
are not soluble with one another [1]. The fundamental liquids combination for emulsion to
form is rather simple, i.e.,, where the multiphase system usually have large liquids density
difference (at least >100 kg/m’) using the example of water and cooking oil; the larger the
density difference, the better the emulsion can be formed. In addition, the multiphase system
of the liquids selection can be classified into Newtonian fluid systems and non-Newtonian
fluid systems. In the case of Newtonian fluids such as water, oil, glycerol and salt solutions
with low molecular weight, due to the independent of fluid viscosity from shear rate and fluid
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velocity flow, the shear stress in a steady, laminar flow condition is having a linear relationship
with its shear rate. In contrast, non-Newtonian fluids, examples of which in daily life including
chocolate, toothpaste, lubricating oils experience a non-linear relationship for its shear stress
versus shear rate curve due to the fact that the fluid viscosity is a variable at any given flow
condition, i.e., temperature and pressure. Such fluid properties lead to much differences in
term of the emulsion productions thus far in all engineering approaches. Conventionally,
emulsion is prepared using high-pressure homogenizers and colloid mill. These devices apply
high mechanical shear force to break up the large emulsion into smaller ones that are subse-
quently stabilized by the use of emulsifier [2]. However, such method contributed to large size
distribution of emulsions formed [3], leading to material loss as well as emulsion function
efficiency issue. This dispersity issued was then resolved by integration of microfluidic tech-
nology that was firstly developed in 1950s [4]. Microfluidic technology is defined as a branch
of fluid mechanics that focuses on the understanding, designing, fabrications and operations of
system that convey liquids inside channels with two of the three geometry length scales in the
order of microns [5]. Furthermore, with the length scale associated within the microchannel,
the flow regime formed in a microfluidic channel will not develop into turbulent flow, enables
fluid to be manipulated that will form emulsion with high monodispersity. The wide range
of technology options from decades of microfluidic multiphase system developments has
allowed emulsion to be generated and manipulated.

In this chapter, we aim to summarize the main technologies for emulsion formation non-
Newtonian microfluidic multiphase system using Newtonian fluid as a comparison. The
chapter will start with the review of fundamental two-phase flow in microfluidic followed by
discussion of the fundamental flow physics of microdroplets translocation and breakup phe-
nomena in microfluidics. The detailed differences between Newtonian and non-Newtonian
flow system will be illustrated and compared. Emphasis will be placed on the advancement of
emulsions formed, i.e. encapsulation and fission from single emulsion. Finally, we conclude
with an outlook to the future of the field. This chapter is meant to familiarize readers who may
be new to the field of microdroplets formation in Newtonian and non-Newtonian fluid sys-
tems, as well as those readers who are new to the field of microdroplets formation via encapsu-
lation and fission approaches, and eventually bridge the knowledge gap between the two
correlations, disciplinary fields.

2. Two-phase flow in microchannels

In two-phase flow microfluidics, dispersed and continuous phase fluids generally were dis-
pensed separately into the microfluidic device. The continuous and dispersed phase channels
typically meet at a junction, depending on the specific geometry of a microfluidic device. Each
shape of the junction helps to define the local flow fields that deform the interface between
the two immiscible fluids [6, 7]. These configurations are also shown schematically in Table 1.
When the instabilities of free surface between phases are sufficiently large, drops in microscale
emerge and eventually pinch-off from the dispersed phase. There are many controlling parame-
ters that will affect the microdroplet generation regime such as, interfacial tension [8, 9], surface
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is dragged behind the droplet. This thread subsequently breaks up
into a group of tiny secondary droplets

Approaches Breakup  Flow regime description Diagrams
regimes
Co-flowing Dripping  Droplet forms at the exit of the capillary tube tip and propagates
streams downstream with the flow. —
—
Jetting Droplets pinch off from an extended thread downstream of the
capillary tube tip. —
EDe-eee
_—
Cross-flowing Squeezing Dispersed threads block the outlet channel leads to dramatic
streams increase in the dynamic pressure upstream of the droplet, thus ->
forcing the interface to neck and pinch off into a droplet.
Dripping  Dispersed thread does not touch the wall of the channel in the
entire droplet formation process. b (X )
Jetting Droplet breakup point moves progressively downstream of the
outlet channel. e °
Elongational Squeezing The tip of the droplet phase effectively blocks the cross-section of
strained flows the orifice. ‘ l'
Dripping  Droplets are periodically formed in the orifice.
Jetting The tip of the droplet phase extends downstream of the orifice and
small droplets are formed at its terminus. l
®
|1 —
Threading Each droplet is formed a long and thin thread of the inner liquid
| —
t

Reproduced from Ref. [7, 15-17] with permission from the Physics of Fluids, Physical Review Letter and Lab on Chip.

Table 1. Main approaches for droplet breakup in microchannel.
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wettability or wall adhesion [10], the volumetric flow rate [11, 12], viscosities of both immiscible
fluids [9, 11, 13] and channel geometry [14].

For microdroplet formation to be made possible in microfluidics, a defined flow conditions
must be fulfilled in order to achieve the dripping regime [16, 18-20]. In the case of Newtonian
fluids, the dripping regime occurs when the Weber number (We) of the dispersed phase and
the Capillary number (Ca) of the continuous phase are less than one. Under these conditions,
droplets formed are highly uniform and their uniformity is unaffected over a wide range of
flow rates. However, non-Newtonian fluids rarely fulfill these conditions and pose a challenge
in achieving monodispersed microdroplets due to their complex rheological characteristics. As
general thumb rule, non-Newtonian fluids can be further classified intro three groups, i.e.
purely viscous fluids, time-dependent fluids, and viscoelastic fluids. Each fluid group possess
distinct characteristic respectively; however, there is no single constitutive equation that has
been established to describe the rheogram for these fluids. For instance, the extensional viscos-
ity of the fluid can resist the pinching at the tip of the capillary that is required for a
microdroplet to form. This results in a long cylinder of fluid forming from the capillary tip to
a distance downstream from the tip before breaking into non-uniform sized or polydispersed
microdroplets formation due to the Rayleigh-Plateau instability [21]. Non-Newtonian fluids
also exhibit a variety of behaviors that are unique to their chemical compositions, mixture
combinations and many physical conditions that include flow rate, temperature, etc. Such
complexities in the characteristics of non-Newtonian fluids prevent a thorough understanding
of the dispersion stability and break-up of individual emulsions in microfluidics. Moreover, it
is also known that an emulsifying non-Newtonian solutions in microfluidics in a controllable
manner is a persistent problem [21] that prevents these techniques from being suitable for
industrial applications. Understanding the dynamical mechanisms of microdroplets formation
of non-Newtonian fluids in microfluidic channels is essential to ensure microdroplets can be
created based on the droplet size, patterns, and productivity.

In microfluidic systems, the length scales demands that all flow to be laminar. Based on the
Newtonian and non-Newtonian flow through the microchannel with rectangular cross-
section, the axial velocity in the fully developed region is a function of two independent
variables and the study of the hydrodynamic behavior in a rectangular microchannel requires
a two-dimensional or three-dimensional analyses. The non-linear partial differential momen-
tum Navier-Stokes equation with the associated boundary condition of zero velocity at the
wall for a pressure-driven, steady-state, incompressible, constant viscosity, known as Newto-
nian fluid and the flow without body forces in microchannel is being presented as follows:

oP du  du w w
O——a—l—n(a—yz—l—@)for—E<y<§and0<z<h (1)

where u is average velocity characteristic of the flow, dynamic viscosity is 1, and P is the
pressure, x is the coordinate axes along the channel length, y is the coordinate axes along the
channel width, z is the coordinate axes along the channel height, w is the channel width, and &
is the channel height, respectively. With no-slip boundary condition, the geometry of the cross-
section of the rectangular is fixed and an analytical solution solutions is possible [22, 23].
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In applying the Navier-Stokes equation, the analytical solutions of the Poiseuille flow for
rectangular cross-section are shown as follows:

4°AP 1
Uy(y,z) = ——- Z [1

nrel k:1,3,5...k_3 ~ cosh (k%) h

y
cosh (k) ] sin (kn E) (2)
where [, w and & are the length, width and height of the channel, respectively, AP is the driven
pressure drop, 7 is the viscosity of liquid. Most real fluids exhibit non-Newtonian behavior,
which means that the flow curve presents a nonlinear relationship between shear stress and
shear rate or does not pass through the origin. The laminar velocity profile of a power-law
fluid flowing through a rectangular duct to the governing equation is shown as below [24]:

u(ﬂ’Z) _ gAisin [am@ + 1} sin {81. (y/wz——i_l)} (3)

where constant ; and f; and A; is the constants selected to minimize an integral. Six constants
which are to be computed by the Ritz-Galerkin method are identical to the corresponding
Fourier coefficient and tabulated as a function of aspect ratio and fluid-behavior index (Figure 1).

2.1. Microdroplets translocation and breakup phenomena in microfluidics

An emulsion contains a mixture of two immiscible liquids as one phase being dispersed
throughout the other phase in small droplets. Most common emulsions include oil-in-water,
or direct emulsions, and water-in-oil, or inverted emulsions [19]. The characteristics of emul-
sion products, foremost the droplet size distribution is the most important parameters that
affect the stability, rheology, chemical reactivity, and physiological efficiency of any emulsion

d =735 pm
w=8% pm —% ﬁ ' 01§
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Figure 1. Velocity profile for laminar (a) Newtonian (n = 1) and (b) non-Newtonian shear-thinning (n < 1) and (c) shear-
thickening flow (1 > 1): Two-dimensional (2D) plot with velocity height expression and one-dimensional (1D) plot with
parabolic velocity profile in rectangular microchannel at different power-law index n. w denotes the channel width and d
denotes the depth of the microchannel.
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[25-27]. For most microfluidic applications, the Reynolds number is much smaller than 1,
indicating the effects of volume-based inertia and gravity are not as significant as that in
macroscale. The surface-based interfacial tension, flow rates, surface chemistry, and the viscos-
ity become more significant and play in controlling flow behavior of multiphase flow in
microscale. Moreover, the degree of confinement, channel aspect ratio, and geometrical struc-
ture also significantly induce the impact on capillary pressure, which promote the destabiliza-
tion of the interface and the drop formations.

2.1.1. Newtonian flow systems

Under this system, interfacial tension between two liquid phases becomes dominant above all
physical forces such as gravitational forces, viscous forces and inertia forces as the interest of
dimension gets smaller due to the existence of a high surface-to-volume ratio within a micro-
scale device. With that, an approximation of the magnitude of surface tension force, which has
the stabilizing effect on the emerging tip [13], arising from

AP, = a<l+l> @)

Yo Ty

where 7, and r, are the radii of axial and radial curvature across the interface in a squeezing
regime.

Much studies were conducted in particular on the predominance of interfacial tension on
characters of microfluidic Newtonian droplet formations [8, 9, 28, 29] and its changes in
presence of surfactants in microfluidic systems [30, 31]. Surface flows of surfactant can induce
variations in surface tension, i.e. Marangoni effect, which can substantially alter the interfacial
morphology and resulting droplets size [32]. Apart from the presence of surfactant, depending
on the fluid viscosity or concentration [12, 33], temperature [34] and the presence of micro- or
nanoparticles in the fluid [34, 35] can modify considerably the value of surface tension of the
fluid in nature and thus tailor the two-phase flow behavior within the microfluidic system. The
effect of aforementioned is summarized in Figure 2.

The interaction between the solid surface and fluid in a microchannel has also been a major
research focal point as the interaction impacts the dynamics of the droplet formation process.
Figure 2 (V) illustrates the flow patterns for different wetting conditions in a T-shaped
microchannel. Most studies of droplet generation in microfluidic devices involve the numerical
studies of the contact angle effect on the shape, size, the distance between two neighboring
droplets, detachment point and the generation frequency of droplets in microfluidic system
[12, 29], in which the channel wall surface plays significant role in generating larger droplets
with smaller contact angle provide longer contact time with the surface, especially for small
values of capillary number, in consistent with the numerical results.

The flows in a microscale or nanoscale device naturally emphasize phenomena associated with
interfacial tension and wetting properties. In addition, inertial and viscosity effects are two
important parameters in characterizing the role of the shear-stress exerted from the continuous
phase acts to deform the interface during the microdroplet breakup process, i.e. Figure 2 (I)
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Figure 2. Passive Newtonian droplet generation with microfluidics. (I). Oleic acid droplet production at aqueous glycerol
solution with varying flow rate ratios: (1) 0.16, (2) 0.8, (3) 0.667, (4) 0.11, (5) 0.1 (6) 0.2. (II) Drop images at different values
of continuous phase viscosity in Newtonian System. The images a—d are ucp = 0.00332, 0.008, 0.01 and 0.018 Pa.s,
respectively. (IIT) The effect of interfacial tension on droplet breakup dynamics with experimental and numerical justifi-
cation: (a) 8.2 mN/m, (b) 10 mN/m, (c) 15 mN/m, (d) 20 mN/m, (e) 25 mN/m and (f) 29.8 mN/m. (IV) The impact of
different inlet channel geometries and angle on microfluidic drop formation. (V) Droplet formation mode under various
contact angles. I is reproduced with permission from [36], Copyright 2015, Royal Society of Chemistry. II is reproduced
with permission from [37], Copyright 2009, Springer. III is reproduced with permission from [31], Copyright 2011,
Springer. IV is reproduced with permission from [21], Copyright 2009, American Physical Society. V is reproduced with
permission from [38], Copyright 2015, Elsevier.

and (II). The influence of two phase flow rates and viscosities on the size of water-in-oil
emulsion study at a T-shape microfluidics concluded that the relationship between shear stress
and flow rate of continuous phase, thus quantifies the magnitude of shear stress (7 o 1.Qoi1,
where 7). is the viscosity of continuous phase) acting on the interface [13]. As Qyater the
volumetric flow rate of dispersed phase increases, the shear stress exerted on the droplet is
increased due to the difference of the flow rate of the two fluids decreases with increasing
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Qwater- These numerical and experimental results imply that the flow rate of the both phases
considerably alter the microdroplet formation mechanisms under laminar flow in different
microfluidic configurations. Apart from the effect of two phase flow rates or flow rate ratio,
Q = Q4/Q. the length of the microdroplet formed is also depending on the viscosity ratio
(A = na/ne). Previous investigations reported that an increase of the viscosity of continuous
phase gives rise to the viscous stress added on the dispersed phase, and thus decreasing the
microdroplet size and alter the flow pattern [11, 20, 39]. This was further validated by a
numerical study on the microdroplet detachment mechanism for Newtonian fluids that
subjected to cross-flow drag, continuous phase inertia, interfacial tensions, and viscosity ratio,
which are shown by the following equations

2
Interfacial tension force, F, = nG;Ud (5)

Cross — Flow drag force, Fp = 37 (v* — vg)df (A,) (6)

where d is the droplet diameter, v is the continuous phase velocity at the height of the
microdroplet center, v; is the microdroplet velocity, A,_n,/n, is the viscosity ratio and
f(Ay) =G+A;)/(1+A,) captures the effect of the disperse phase viscosity on the
microdroplet drag. When A,>1, the disperse phase viscosity is sufficiently high that the
microdroplet is solid-like and the interfacial tension force reduces to the drag from Stokes flow
around a solid sphere. On the contrary, internal flow within the microdroplet becomes possible
and this acts to reduce the drag on the microdroplet from the continuous phase for smaller
values of A, [40]. Meanwhile, a detailed studies of droplet microfluidics performance as
function of flow conditions as it is crucial when designing the geometry of the microchannel,
particularly is one of the major parameter which can be very sensitive to flow conditions and
drop properties [41]. Specifically, the cross-sectional area of the main channel can influence the
volume of microdroplets detached significantly in both the squeezing regime as well as in the
dripping regime as presented here.

2.1.2. Non-Newtonian flow systems

Although there are many methods of producing monodispersed microdroplets, controlling the
size of the droplets within the range of 1-100 um remains to be a challenge that has yet to be
fully resolved. Non-Newtonian fluids have far more complex rheological properties that are
normally physical and chemical conditions dependent. It also exhibits more complex behav-
iors in terms of its dynamics in comparison to its Newtonian counterpart, particularly in the
field of microfluidics [17]. This is due to the non-linear relationship between the shear rate of
the fluid and its viscosity as compared to Newtonian fluids, whose viscosities remain constant
regardless of the shear rate. Generally, non-Newtonian fluid can be classified into three general
groups in shear flow, which are shown in Table 2.

In an attempt to develop an efficient and reliable drug delivery system, researches have been
carried out using various types of non-Newtonian fluids in order to determine which mate-
rials would yield the most desirable results. Of all, shear thinning fluids are the most
commonly encountered fluids in our everyday lives, many existing as ordinary fluids such
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Fluids Description Fluid type Model Constitutive equations
Purely The rate of shear at any Dilatant Ostwald p=m (7))”*1
viscous/Time- point is determined (Shear- Waele
Ind dent ly by the value of the = Thickeni
ndependent  only by the value of the ickening) Carreau- wi {14 Yo
shear stress at that point Yasud . 4
at that instant; can be asuda
known as time- Pseudoplastics Cross Kb HI:W
independent fluids/ (Shear- QB ’
generalized Newtonian  Thinning) Ellis p=—rte—s
fluids (GNF). L (t/12)
Viscoplastics ~ Bingham =18+ w(y) for |t| > |TB |
Plastics y =0 for |7| < |5
Herschel- =11+ m(y)" for |1 > ||
Bulkley y=0 for |7| < |7H]
c y 1/2 C
Casson (e = (ju )" + (uly])"”* for 1] > |
y =0 for || < |7°]
Time- The relation between Thixotropy Generalized 7= (1, + 71) + (m, + Emy) ()"
dependent shear stress and shear ~ Rheopexy Herschel-
rate further dependence Bulkley
on the duration of
shearing and their
kinematic history.
Viscoelastic'  Substances exhibit Viscoelastic Oldroyd-B v v
characteristics of both T+t =2 (D a /\2D> =0
viscous fluids and . ol o )
elastic solids and Giesekus- T+ Mt =T+ uy =0
showing partial elastic Leonov
recovery after Phan-Thien- ¥ | ED 71 DT) +Y.7=2GD
deformation. Tanner
T=T1 + T2
Ty = 2[.12D
White- T+ A)E = 2u()D
Metzner
3
K-BKZ = p(y) 241:’5(%) 11,25125jj
(g / 1
T = | kzl—:exp <—%)H(IE,1,HC,1)C; (t )dt
Upper- + Ayt =2uD
Convected D=1[(v v
Maxwell =z |(Vu) +(Vu) }

*Note: Most common models for viscoelastic fluids.u denotes the shear viscosity; y denotes the shear rate; f denotes the
fiber volume fraction; d and L are the diameter and fiber length; 1 is the number of the suspension; h is the average
distance from a given fiber to its nearest neighbor; 7, denotes the shear stress for the polymer; A denotes relaxation times
and Gy denotes relaxation moduli; N denotes the number of relation modes; C, ! denotes finger strain tensor; I jand II..

,denotes first and second invariants; H is the strain memory function; T denotes upper convected time derivative of the
stress tensor; D denotes the strain rate tensor; & denotes the adjustable parameters of the model.

Table 2. Comparison of non-Newtonian power-law model fluid behavior [18, 24, 42, 43].

as paints and blood. Due to the rheological property of the latter, the common rule of thumb
in designing and developing drug delivery system usually consider shear thinning approach
as working mechanism. A mathematical model to simulate the deformation of droplets
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through an axisymmetric contraction using shear thinning fluids. When the dispersed phase
was a shear thinning fluid and the continuous phase was a Newtonian fluid, the local
viscosity of the microdroplet decreased upon entering the contraction, remained at a low
viscosity within the contraction and increased upon exiting, resulting in a compact bullet-
shaped microdroplet at the exit. In contrast, when the continuous phase was shear thinning
and the dispersed phase was Newtonian, the microdroplet exited the contraction with a very
irregular shape [44, 45].

The influence of the dispersed phase viscosity between Newtonian and shear-thinning fluid on
generated droplet size in microfluidic Tjunctions are illustrated in Figure 3. The experimental
results indicate that the larger viscosity of dispersed phase fluid brings the significant effect on
reducing the size of generated microdroplet at each constant value of Q; Also, when the
concentration of dispersed fluid is increasing from 0 to 60 wt% at constant value of Q; of
0.6 mL/h; there will be a reduction in microdroplet size formed due to the change in the viscosity
from 0.928 to 8.406 cP. Nevertheless, the similar phenomenon is not found when Q; exceeds
1.2 mL/h in the condition of 60 wt%, viscosity of 8.406 cP for dispersed fluid. At Q; of 1.2 mL/h,
for the lower dispersed fluid viscosity ranging from 0.928 to 3.191 cP, the microdroplet volume is
decreased. However, it is increased for the higher viscosity dispersed fluid (8.406 cP) due to a
convectively unstable jetting regime that took place in which microdroplet formation lacks both
periodicity and size uniformity therefore highly polydispersed in size were produced. When Q,
is further increased to a high relatively flow rate, a transition between convectively unstable flow
and droplet breakup begins to prevail. This can be explained by the instabilities of microdroplets
due to the inertia effects at the T-junction, begin to dominate in the dispersed phase and then
evolve in the microchannel which is characterized by long instability wavelengths [46]. The
behavior of the perturbations propagates in the direction of the flow and the dispersed phase
does not break into microdroplet which is also defined as convective instability or unstable
stratified flow. In contrast, reduction in carboxymethylcellulose (CMC) microdroplet size relative
to drop volume was observed in larger power-law index; however, the size of droplet shrinks

0% (w/w) 20% (w/w) 40% (w/w) 60% (w/w) 0.02% CMC (w/w) 0.04% CMC (w/w)
Ha=0.928 cP Ha=1.585cP Ja=3.191 cP ta=8.409 cP K=1528 mPa.S" K=31.46 mPa.S"
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Figure 3. Representative outcomes for the effect of Newtonian (water-glycerol) and non-Newtonian CMC dispersed
phase viscosity on droplet generation frequency in microfluidics T-junction.



Microdroplets Advancement in Newtonian and Non-Newtonian Microfluidic Multiphase System
http://dx.doi.org/10.5772/intechopen.75358

when the viscosity of the power law fluid is increased with lower behavior index. In the case of
CMC, the frequency of microdroplet formation increased when viscosity of dispersed phase is
increased (0.02 wt% (w/w)) at each constant rate of Q,;; however, the reduction in frequency of
droplet formation was observed when the viscosity of CMC polymer fluid is further increased to
0.04% (w/w) where power-law index (n) is smaller than unity contributes to significant effect of
shear thinning behavior. This was explained by the other non-Newtonian fluid when the fluid
elasticity also plays a key role in resisting the drop pinch off contributes an increase in droplet
breakup time.

While shear thinning fluids are described as the most commonly encountered non-
Newtonian fluid, viscoelastic fluids take the center stage in the synthesis of microdroplets.
Such microdroplets are often produced using polymer solutions, such as alginate com-
pounds [47] and polyethylene glycol [48], which have viscoelastic characteristics. This
phenomenon was clearly observed in the multiple beads-on-a-string formation. It is deter-
mined that for polymer solutions that have high elasticity and extensibility, an extensional
response was obtained, even at very low viscosities [49]. An observation on viscoelastic
polymers that have larger molecular weight result in a higher elasticity number, El, which
consequently increases the pinch-off times of the microdroplets. It was found that the size
of the aperture affects the pinch-off times, whereby increasing the size of the apertures
increases the pinch-off times [50]. This was validated by a demonstration on the production
of monodisperse double emulsion microparticles from various non-Newtonian polymer
solutions, one of which exhibited viscoelastic characteristics [21]. It was determined that
when the viscoelastic solution was used as the inner fluid, the viscoelasticity of the fluid
prevented microdroplets from pinching off from the orifice. This resulted in oscillations that
are brought downstream by the continuous phase, which consequently brought about the
beads-on-a-string phenomenon [49].

3. Microdroplets formation

3.1. Microdroplets encapsulation

The development of emulsification via microfluidic in the past decades is embodied in various
fields. In the aspect of system design and fabrication, continuous reports with regards to new
material development coupled with creative, novel fabrication techniques, enable evolutional
microfluidic system from conventional two-dimensional (2D) straight microchannel to
multifunctional three-dimensional (3D) systems [51]. In the aspect of theory and applications,
in-depth understanding of the flow dynamic as mentioned in the previous section leads to
much unique systems design for generation and manipulation of droplets with diverse behav-
iors and surface morphologies in various applications being reported [52-54]. Although the
encapsulation process may seem straightforward, there are few considerations need to be
noted. One common technique used is the addition of surface active agent to either continuous
or dispersed phase. Such addition can create distinctive microdroplets formation, but not
always an ideal solution to the development of more complex microfluidic systems with
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multi-inputs. Various innovative proposals have been attempted to resolve this issue, both for
passive and active emulsion encapsulation system. An active encapsulation involves usage of
external forces such as electricity to encapsulate emulsion, which is not favorable when it is
deployed in biology-related application. While passive emulsion encapsulation method more
often carries low throughput as its main shortcoming, the simplicity in encapsulation mecha-
nism makes it a popular choice for microdroplet encapsulation.

There have been much microdroplet encapsulation attempts done in both Newtonian and non-
Newtonian fluids system. In recent years, focus on microdroplets encapsulation had been given
to non-Newtonian fluids especially in the medical field and in drug synthesis and released
related work. In the case of non-Newtonian fluid systems, an integrated comprehensive droplet
digital detection (IC 3D) was used to encapsulate bacteria such as E.coli in the blood content for
detection purpose [55]. The device is able to encapsulate bacterial into microdroplets that will
allow real time disease detection with high result accuracy. Such approach has shorten the
conventional detection method that requires longer time. Much of other developments on
microdroplet encapsulation can be found in various literatures.

3.2. Microdroplets fission

Generally, microdroplet splitting can be divided into two main approaches, i.e. active fission
and passive fission, while the latter one is more widely accepted due to advantages including
ease of implementation and low cost. Passive fission mainly depends on the fluid flow resis-
tance and geometries in respective channels of the microfluidic system. A variety of geometries
have been demonstrated in passive fission where microdroplet is split as it flows past T-
junction [56], arbitrary angle [57], obstacle [58] or through a narrow constriction [59]. It was
found that the microdroplet fission occurs at bifurcation if length of the droplet in the
microchannel is greater than the circumference on the edge of the microdroplet. The micro-
droplet splits evenly if the resistances of the two daughter channels have the same fluidic
resistance downstream of the bifurcation. Since fluidic resistance is proportional to micro-
channel length, changing the length of one of the two daughter channels allows microdroplets
to split unevenly. In this way, the volume ratio of the daughter droplets produced by the fission
can be changed. A large post can be employed near the middle of a microchannel to induce
microdroplet fission, the ratio of sizes of daughter droplets can be changed by adjusting the
position of the post in the microchannel [60]. A repeating bifurcation structure can be used to
split a single parent droplet into 8 or 16 daughter droplets of nanoliter volumes. Droplet
breakup occurs because of a high surface tension pressure relative to the pressure drop in the
microchannel [61]. Multiple monodisperse droplets can be generated using a side-branch
structure with varied resistance in the microchannel; the size of the daughter droplets was
controlled by the size of the original liquid plugs, thus providing a wide tuning range of
droplet size [62]. A hydrophobic valve was used to arrest the flow of fluid into each daughter
channel, while placed a waste channel at downstream of the daughter channels to drain excess
fluid. The series of daughter channels can split a single liquid sample plug into multiple
smaller plugs effectively [63]. This technology can allow for simultaneous screening for multi-
ple viruses [64].
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Despite of these latest advances, the relevant techniques to manipulate droplet fission by
constriction are commonly performed in a 2D single planar microchannel. For instance,
Rosenfeld et al. investigated splitting and deformations of a large number of drops in a
concentrated emulsion when it flows through a narrow constriction in 2D monolayer Poly
(dimethylsiloxane) (PDMS) microchannel [59]. There is no design employing 3D bilayer
microchannel consisting of constriction formed by bifurcated junction. Bifurcated junction
work should be focused because the flow of emulsions through porous media is important in
many industrial processes, while the porous media normally have small constrictions with
bifurcated junction [65]. For example, natural porous media such as oil reservoir features with
complex interior structure formed by a number of constrictions or pores with heterogeneity of
physiochemical characteristics. Industrial processes such as mobility control in enhanced oil
recovery requires prediction of the evolution of the microstructure of the injected fluids in
microstructure and their bulk rheological properties. However, there is still a lack of complete
understanding towards the stability and break-up of individual emulsions as they flow
through simple constrictions or pores, especially when the interactions among the emulsions
are important. Moreover, in some biomedical applications such as drug delivery, the encapsu-
lated drugs must go through media with complex 3D constrictions, such as blood capillaries or
the porous material of a tissue structure in the human body. These constrictions normally
feature with bifurcated junction. In some cases, these constrictions are the locations for drug
release, thus the emulsion droplets must burst to release its contents. In other cases, the
emulsion droplets must be transported through the constrictions to reach the targeted release
locations, thus breakup must not occur in the constrictions. Therefore, it demands a thorough
understanding of the physics of emulsion flow through constrictions to predict and manipu-
late the release of active ingredients from such emulsions (Figure 4).

{ A.] [B } Flow direction
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(1

splitting: (i) scheme of the splitting process; (ii — vi) microscopic images showing droplets entering the junction and split
into two daughter droplets. Reproduced with permission from [51]. Copyright 2017 American Chemistry Society.
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4. Outlook

Emulsions, such as microcapsules and colloids, are crucial in daily life as well as playing vital
role in different industrial applications such as pharmaceutical and food industry. Therefore, it
is of important to understand the fundamental concept of Newtonian and non-Newtonian
fluid behavior in the aspect of emulsification using microfluidic approach. Such understanding
will bridge the practical application of the approach which aimed to control structure and
monodispersed size in multiphase microsystem using emulsion as template. The two-phase
flow understanding will stir the continuous development of emulsion to other applications
such as microbeads for carbon capture and storage, wastewater treatment in environmental
application as well as pharmaceutical drugs control. In this chapter, we have reviewed the
fundamental two-phase multiphase model in emulsification process using microfluidic
approach by outlining the main difference between Newtonian and non-Newtonian fluids
and its corresponding pros and cons of each system. More effort should be given to non-
Newtonian multiphase system research as non-Newtonian has more impact in daily life such
as drug release kinetics in human blood, etc. Furthermore, more focus should also be given
in the advancement of droplet size distribution control when both Newtonian and non-
Newtonian fluids are used in a microfluidic multiphase system. This will eventually help to
achieve applications such as advanced drug control and release as well as development of new
food product that has better nutrient control.
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