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ABSTRACT

The intention of this study is to investigate the evolution and transition of lyotropic lamellar
phase and the formation of multi-lamellar vesicles (MLVs) under shear flow, since the shear
technology can be used to produce well defined multi-lamellar vesicles which are useful for
encapsulating drugs in medical or research fields. The system was designed to stabilize and
track one single multi-lamellar vesicle, which is being sheared under Couette shear flow

between two co-rotational disks, by using polarizing microscope and a LabView program.

For the whole system, most parts of the hardware instrument and all the software programs
were originally designed and homemade, which makes this a unique undertaking. Eighty
percent of the time was spent on designing, assembling, testing and improving the hardware
instrument and software programs to make sure the system can achieve our aim as accurately

as possible.

The lyotropic lamellar phase sample is made of pentanol, dodecane, SDS and water. Nine
different concentrations from 16% to 32% of SDS+Water were explored under five different
shear rates from 3.3s~! to 13.2s 1. Sodium dodecyl sulfate (SDS) is a kind of surfactant which
has an amphiphilic molecular structure, and a certain liquid crystal structure (such as a lamellar

phase) will be formed when it is dissolved in a water/oil mixture solvent.

It is a great achievement that one single multi-lamellar vesicle is able to be followed for over 20
minutes under shear, and it is found that the multi-lamellar vesicle does not exhibit any obvious
changes with time once it was already formed. Three different structural regions were found for
the dilute lamellar phase while evolving to the multi-lamellar vesicle orientation state under
shear. However, only two regions were found for the lamellar phase with higher concentrations
under low shear rate since the lamellar phase will not reach to the multi-lamellar vesicle state.
Besides, on the basis of the results of these experiments, it can be concluded that either higher
shear rate or higher concentration of SDS+Water will hasten the formation of multi-lamellar
vesicles. For the transition time of reaching a uniform multi-lamellar vesicle orientation state, it

can be reduced by increasing shear rate. In addition, the results show that the transition time is



decreasing more slowly for high concentrated lamellar phases than dilute lamellar phases with

increasing the shear rate.
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I. INTRODUCTION
1. Complex fluids and Rheology
1-1 Background

Fluids can be classified into Newtonian fluids or non-Newtonian fluids in terms of the
dependence of the viscosity on shear rate. A Newtonian fluid is recognized as a kind of fluid
whose viscosity is independent of shear rate, which means the ratio of shear stress to shear rate
is constant at a given temperature. For example: water, ethanol, benzene and all gases are
identified as Newtonian fluids [2]. All fluids that don’t follow the linear relation between shear
stress and shear rate are defined as non-Newtonian fluids. Fluids such as slurries, emulsions,

pastes and other mixtures are all typical non-Newtonian fluids.

Among the non-Newtonian fluids, some are called shear-thinning fluids (also known as
pseudo-plastic fluids) for which the viscosity decreases with the increase of shear rate. Others
are shear-thickening fluids, which are less common than shear-thinning fluids [17]. Fluids such

as nail polish, syrup and paint are common shear-thinning fluids.

One particular kind of non-Newtonian fluid that will flow only when the shear stress is greater
than a critical value known as the “yield stress’ is called a visco-plastic (or "yield stress’) fluid. To
give an example: toothpaste, mayonnaise and ketchup which will not flow out of containers
unless enough pressure is applied are commonly used in our daily life [1]. A Visco-plastic fluid

exhibits some characteristics of both an ideal fluid and an elastic solid [3].

To explore the rheological properties of a complex fluid as a function of shear rate, a technology

called “shearing flow” is introduced to achieve that goal.
1-2 Couette Shear Flow

Shear flow in fluid dynamics can be generally defined as the flow movement caused by shear
stress in gradient, where the shear stress is the unit of applied force over the cross sectional area.
There are different types of shear flow in rheology, and the fundamental type called simple

steady shear flow can be described as the flow of fluid between two infinite parallel planes with



one plane moving over another. The velocity profile for a Newtonian fluid is shown in Figure-

Al.

¥ 3
Moving Plane | Surface area A

Stationary Plane

Figure-Al: The velocity profile between two parallel planes with the upper one sliding over the bottom

one with a velocity of v,

For an incompressible Newtonian fluid flowing between two parallel infinite planes, the
velocity of a fluid element in the direction that is perpendicular to the plane is a linear function

with the distance to the moving plane, and we have,

v dv
y = 7= @ where y is the velocity gradient, or the shear rate.
and
) dv
T=ny = n@, where T is the shear stress and 1 is defined as

the viscosity at a given time.

For a general flowing fluid, the shear stress is,

, where F is the applied force,and A is the cross — section area.

LS
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The viscosity of a fluid measures its resistance to the relative movement between layers.

Depending on the viscosity, fluids can be commonly described as either thick or thin [12].

Couette flow is described as the kind of shear flow where one plane is moving relative to
another parallel plane [18], and it produces the velocity profile as shown in Figure-Al. In

Figure-A2, three geometries that can produce Couette shear flow are presented.

S NITY

Figure-A2: Three kinds of Couette Flow. a) The Plane Couette Flow occurs between two infinite parallel
planes; b) The Torsional Couette Flow occurs between two parallel disks; ¢) The Cylinder Couette Flow

occurs between two concentric cylinders.

Basically, we can set up simple equipment based on the Couette Flow of a fluid to achieve the
lamellar shearing flow, and then measure the shear rate corresponding to different shear stress.
Conversely, we can measure the resulting shear stress based on the shear rate to obtain the

viscosity for the fluid.
1-3 Fluid Mechanics and Rheology Equations

Since fluids show entirely different behaviors in motion when compared to solids, we cannot
use classical mechanics for solids to describe the motion of a complex fluid. The field of
rheology was born to explore complex fluids. To approach the problems related to flowing
fluids, rheology can be characterized by three principles: the Conservation of Mass, Newton’s
Law of Motion, and the Conservation of Energy in mechanics, which give us three

3



corresponding equations in fluid: the Continuity Equation, the Momentum equation, and the

Energy Equation [2].

For a general flowing fluid, the velocity will have three components ¥ = (v, vy, v,), and each
component is varying along three directions 7 = (x,y, z). To better describe the velocity, a four-
dimensional vector is introduced to describe the velocity variation of a fluid element in different

directions at an instant of time ¥ = v(x,y, z, t).
Continuity equation

The conservation of mass in mechanics implies that the decrease of mass in a certain volume is
equal to the outflow mass [27]. The mass flux per unit area in each direction is pv;, where p is
the density, and i can be x, y, z. Therefore, for an infinitesimal element with

dimensions dx, dy, dz in the fluid, we have,

d(pvx) | O(pvy) | d(pvz) _ _ dp
ax T dy T 9z ot 1)
or
S d
V- (pp) = -3¢ @)

at

and this is the general form of the continuity equation.

If the fluid is incompressible and under steady shear flow, the density p will be independent of

R . a a a
position and time, so L2220 0

ap _ .. .
ox =3y~ 32 and —= = 0. Then the continuity equation becomes,

5= Ove | 00y v
Vv_6x+6y+az_0 3)

Momentum equation
Based on the momentum formula in classical mechanics,
Ap=F:-At=m -a At

where Ap is the change of momentum, F is the external force, a is the acceleration and At is the

time interval.



Now consider an infinitesimal element of fluid, with mass pdxdydz, and velocity of

components v; = v;(x,y,z,t). We have,
dvi=—xdx+—dy+ —dz + _tdt' withi=x,y,z.
z

Taking the derivative of v; with respect to time t, we have,

dv; 0v; dx Odv; dy = 0v; dz+ av;

dt  9x dt 9y dt 9z dt ot

with
dx dy dz
Ux=E, Uy=a, UZ=E
We finally get,
dvi _ avi n avi n avi n avi
dt - Xox oy TV ez T ot
or
dv; v )+avi ith i =
pre v v; Fra with i = x,y, z.

Therefore, the inertial force Fy; is

F,izmd—iz[v-(V-vi)+a—i]-p-dxdydz

Reconsidering the fluid element, the external forces come from the gravitational field and the

(4)

stress [2]. If the fluid element has a gravitational potential function Vreferenced to a zero plane,

then the force due to gravity G; is

G; = —p% dxdydz, withi = x,y,z.

The stress is a combination of two parts, the normal stress due to the pressure and the shear

()

stress because of the viscosity. Figure-A3 shows the stress diagram of a fluid element in a three-

dimensional flow [3] (totaling 9 components), with 3 components of normal stress and 6 com-

ponents of shear stress.



The indices of the 6 shear stresses Ty,, Tyx, Txz Tzx) Tyz Tz indicate the plane where the stress is
acting on and the direction in which the stress is pointing [2]. For example, 7, is the shear
stress acting on the plane that is perpendicular to the x axis and pointing in the y direction. The

shear stresses are not totally independent with each other because Ty, = Tyx, Txz = Tzx Tyz =

T,y [2]

According to the mechanics equation F = pressure - area, we can get the stress force in x

direction,

_ O0Pxx aTxJ’ 0Tyxz .
Fx - ( 0x + dy + az) dxdydz ©)

Under this circumstance, inertial force = gravity force + stress force, and combining

equations (4), (5) and (6), for x component, we can get,

Pz

7z / Flow
Figure-A3: Nine components of stress in three-dimensional flow.

p2x. dxdydz = —pS-- dxdydz + (22 + a;;y +222) - dxdydz @)

and this becomes the momentum equation containing stress for the x component,



dvy av 1 (6pxx n 0Tyy n a‘rxz) (8)

dac ax P ox dy 0z

Since the normal stress is related to the strain and the shear stress is related to the velocity,

— — o (Ovx  Ovy
(T = 1x =1 (52 +32)
vy . 0vy
!sz=sz=77(g+g) ©)
I v d
— — y Vz
\Tyz = Tzy =1 (E + E)

Also, Hooke’s law [2] gives us the formula of isotropic stress p in the fluid,
2 ov, Ov v,
Pax = —p+on (25222 - 2%) (10)

Substitute the stress formulas (9) and (10) back into equation (8), we can get the general

expression of the momentum equation in terms of pressure, velocity and viscosity,

dvy _ 100 OV  mip2, 10 (Ov  Ovy , Ov,
at p Ox ax+p[v vx+36x <8x + vy +6vz>] (1)
or a general form for the x, y, z components,

o 100 1[p2y 12 7)) wich i =

il ai+p % vl+3ai(|7v) , Withi =x,y,2z. (12)

Then for an incompressible fluid (% = 0) under steady shear (V- ¥ = 0), the momentum

equation becomes,

dv 10p av N 52 =
Z 2 _ 402,
dt p 0i di +p v (13)

Equation (13) is known as the Navier-Stokes equation [25].
Energy equation

For an incompressible fluid in steady and friction flow, the energy equation is given as the

Bernoulli equation [29],

p v?
—+V +—=E = constant (14)
pg 2g



where E is the total mechanical energy for every infinitesimal element in the fluid.
1-4 Couette Shear Flow between Two Co-rotational Disks

Consider a Couette shear flow with two co-rotational parallel disks with the same angular
speed but opposite directions. If the speed of the rotating disks is very slow and the radius is
big enough compared to the gap, we can assume that there is no movement in the radial #
direction. Also the infinitesimal fluid element will be under steady shear flow between two

horizontal infinite parallel planes with a separation d.
Then we have a few conditions:

1) Steady flow in % direction gives,

617_0& B
—=0 & v=0v(

2) Boundary conditions at the top and bottom disks are,

{aty =0, v(y) = —wr
aty=d, v(y)=+owr

where 7 is the distance to the center of the disk, and w is the angular velocity of each disk.

3) No change of momentum in £ direction implies,
F,=0

For an infinitesimal element in the flow, if we suppose that the pressure at the left is p, the shear

stress at the top is . We can get the stress diagram in Figure-A4.
Then we have,

E=0= FTop + Fpottom + FRight + FLeft

Jdt d
=dedr—(r—@dy) dxdr+pdydr—(p+£dx)dydr
= % yaxdr — 2P dxdydr = 0
=% ydxdr — ——dxdydr =



lnftmrmuuaf
Element

b)

dr

dy

A
L ]

(p %dx)dwa

\
Ry

dx

5

Figure-A4: a) Diagram of Couette shear flow between two co-rotational disks. Both disks have the same

angular speed but opposite directions. b) The stress diagram for the element of the fluid between the co-

rotational disks.

Therefore,
Jdr _dp
dy ox
dp
= 1= 9%

Recalling the relation between shear stress and viscosity T = g—;, we have,

ov _ 10p +Cl

dy n o0x n

v(y) =22 (2y?

n o0x 2

Applying the boundary conditions,

v(y =0)

)+— y+ G

vy =d) =5 Ly2+2

2n 0x

(15)

(16)

=C, = —wr

"y + Cz = Wwr (17)



_ 2wrn d 6_p
= {Cl ~ a4 2 (ax) (18)
C, =—wr

Combining (16) and (18), we have,

_ 19 2, (20r _dOpY\, . _
v(y)_Znax y +( d Znax) y—wr (19)

Since the zero pressure gradient is obtained g—z = 0 from the Couette shear flow, we can derive

the velocity profile:

v(y) =2y —wr (20)

Il

A

2——00T

Figure-A5: The velocity profile of the Couette shear flow between two co-rotational parallel disks with

the same angular speed but opposite directions for a Newtonian Fluid.

As shown in Figure-A5, this velocity profile is only for Newtonian fluid under steady shear

flow, but even for non-Newtonian fluid, there is also one layer where the velocity is zero.

2. Lyotropic Liquid Crystal and Lamellar Phase

2-1 Introduction to Liquid Crystal

In 1888, a transition to a cloudy liquid was discovered by Friedrich Reinitzer, a botanist, when

10



he was melting cholesterol at 145.5°C [11]. This new matter was observed to have the property
of birefringence, and was named “liquid crystal” to differentiate it from being neither a pure
solid nor liquid [1]. Since the liquid crystal resides in an intermediate phase between liquid and
crystalline, it possesses flow properties from liquids; and uncompleted positional or

orientational characteristics from solids.

Among the different types of liquid crystals, Nematic and Smectic A are the two most basic
phases, as shown in Figure-A6, in which the arrow 7 is the preferred direction of orientation for

the rod-like molecules, and it is called the ‘director” [10].

\/\ \WARWAVA
| RYARRYY.
\ [IVINTI
/ IWRAAYANY

Nematic Smectic A
Figure-A6: Structures of Nematic and Smectic A liquid crystals constructed by rod-like molecules.

Notation 7 represents the director.

For the Nematic phase, the rod-like molecular structure only has orientational order, which
means the molecules are constrained to orient themselves towards a certain direction, but no
positional order. As to the Smectic A phase, the rod-like molecules possess both orientational
order and one-dimensional (or layered) positional order. In pure solids, molecules are

constrained to occupy certain positions in three dimensions.

It was discovered that disk-like molecules can also form liquid crystals, and they are called
discotic liquid crystals, among which the columnar phase has a two-dimensional ordered
positional structure like a set of stacked coins [10]. The Chiral liquid crystal, which presents

some spectacular optical properties, also exists in discotic liquid crystalline form.
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2-2 Birefringence in Liquid Crystals

In general optics, if we send a beam of light with x and y polarizations to an anisotropic
material, two polarized rays will travel along two different paths because of their unequal
refraction indexes of each polarization. This phenomenon is known as birefringence [10], and

Figure-A7 demonstrates the light path.

The birefringence property of liquid crystals is the consequence of the optical anisotropy of the
rod-like molecule, which causes the velocity difference and phase difference between two light
beams whose polarizations are perpendicular and parallel to the director respectively [14]. This

special characteristic can be easily observed and explained by using two crossed polarizers.

Reflect beam
E,, Ey

Refract beam

Figure-A7: Demonstration of birefringence for an anisotropic material.

If we put an isotropic material between two crossed polarizers, all light transmitted through the
first polarizer will be completely blocked by the second polarizer since the isotropic material
will not change the polarization of light, and we will see darkness after the second polarizer.
However, when a liquid crystal is placed between two crossed polarizers, if the linear polarized
light passing through the first polarizer has an angle between 0° to 90° with respect to the
director of the liquid crystal, it will be separated into two polarized beams after transmitting
through the material. One polarization will be in the same direction of the director and the other
will be perpendicular to the director. Also, these two beams will have a phase difference

because the velocities in the liquid crystal are different. Both beams will emerge from the

12



second polarizer, and we can see brightness after. A demonstration is shown in Figure-AS8.

Phase Difference  Analyzery
if yee

- Polarizer P

*---p 2 -

|
; . '

|

|

| - - /‘//'/

Figure-A8: Demonstration of the birefringence property of liquid crystal. Notation y, 71, X represents: the

polarization of the first polarizer, the direction of the director, and the polarization of the second analyzer,
respectively. Double arrows represent the polarization of lights. Two linear polarized lights are produced

after the liquid crystal. Light 1 and light 2 are perpendicular and parallel to the director respectively. Both
light 1 and light 2 will partly emerge from the analyzer, and we will see brightness.

Two particular circumstances that should be noted are: the linear polarized beam that comes
from the first polarizer is either perpendicular or parallel to the director. Under these
circumstances, the liquid crystal will not rotate the polarization and no light will emerge from
the latter polarizer [10]. Some visual observations for the liquid crystal between crossed

polarizers under the microscope will be discussed later.
2-3 Lyotropic Lamellar Phase System

One special class of liquid crystal is a mixture that is made of two or more components,
especially surfactants and solvents, where the phase or structure are dependent on the
concentration of components [1]. These mixtures are called lyotropic liquid crystals. Like other
liquid crystals, lyotropic liquid crystals are also very important to scientific and technological

fields.

A typical material called surfactant is a kind of substance where the molecules are amphiphilic
and always have ‘heads’ and ‘tails’, which are hydrophilic and hydrophobic groups,
respectively [26]. The consequence of the combination of water-loving heads and oil-loving tails
is that these amphiphilic molecules will self-assemble into aggregates with various size and

structures.
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A very small amount of surfactant can totally dissolve into water or oil without forming a
certain structure, since it is possible for all molecules to mix into the solvent evenly [1]. Then
with the increase of concentration of amphiphilic molecules, the mixture reaches the critical
micelle concentration, with two fundamental constructions forming called micelles and vesicles

[26], as shown in Figure-A9.

These structures are stable since hydrophilic groups are in contact with water molecules outside
of the micelles or vesicles, while the hydrophobic groups are pointing inside and stacking onto
each other. Reversed structures that can also be assembled when amphiphilic materials
dissolves into oil, since water-loving heads are pointing inside and oil-loving tails are in contact
with the outside oil. Then, for a higher concentration of amphiphilic material, different liquid

crystalline phases will be aggregated.
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Figure-A9: The molecular structures of micelle and vesicles that are formed when amphiphilic materials

are dissolving in water at a low concentration.

Two main structures that formed are called the lamellar phase and hexagonal phase. The
lamellar phase is made of planar bilayers formed by amphiphilic molecules and separated by
water from each layer. This structure will be discussed later. The d-spacing of the lamellar
phase is defined as the summation of the thickness of one bilayer and the separation between

two bilayers.

This lyotropic lamellar phase is a undoubtable liquid crystal structure with the property of
rotational order and layered positional order from crystal; and the property of viscosity from

fluids [4].
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In the past years, many membrane systems have been studied and it has been found that the
orientation of lamellar phase, as well as the formation and evolution of multi-lamellar vesicles
can be influenced by shear rate [9]. In different regimes of shear rate, the original lamellar phase

solution will show us a transition among several different orientation states.

3. Lyotropic Lamellar Phase under Shear
3-1 Water-Pentanol-Dodecane-SDS system

One lamellar system which was made of water, sodium dodecyl sulfate (SDS), pentanol and
dodecane was studied in the past by using different techniques, such as: light scattering [4],
neutron scattering [16], microscopic observation [5], and dielectric measurements [15]. The

chemical molecular structures of the components are briefly shown in Figure-A10.

In Water-Pentanol-Dodecane-SDS systems, the lyotropic lamellar phase can remain stable in a
solution with very low and very high concentration of surfactant, which will produce various d-
spacing from tens to hundreds of Angstroms between two membranes [4]. This is the reason

why we chose this special system to prepare lamellar phase. The phase diagram is shown in

Figure-All.
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Figure-A10: Molecular formula and structural formula of SDS (CH3(CH;),,0505Na), pentanol
(CsHy10H), and dodecane (CH3(CH,)1oCHs).

Based on the percentage of each component, multiple phases L2, D, L: and E are discovered to
be either Isotropic, Lamellar, Sponge or Hexagonal phases [21]. According to the phase diagram

for the above solution, we can prepare a lamellar phase dilute solution or concentrated solution
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depending on the percentage of dodecane solvent.

100

0 Dodecane L

Figure-All: Ternary phase diagram of Water-Pentanol-Dodecane-SDS system for fixed ratio SDS:
Water = 1: 1.55 at 21 °C [Redrawn from Diat O., Roux D., J. Phys. Il France 3, 1428 (1993)], and region

D represents the lamellar phase.

For the lamellar phase in Water-Pentanol-Dodecane-SDS solution, the membrane is constructed
by pentanol, SDS and water, and the solvent is dodecane, as shown in Figure-A12. The

membranes are ordered among layers but disordered within each layer.

\-f\ u\ ~ A —_— B
porervy ol (= o ol = SIS T —water

dspa[”g????????????????????%pem i —

P i e T o e
A AT T A AT TR P~ e

R TR TR —dodecane

b)

Figure-Al12: a) The molecular structure of lamellar phase of Water-Pentanol-Dodecane-SDS system on
carrying glass; b) Perfect lamellar phase with one dimensional positional ordered structure. The d-spacing

is related to the concentration of solvent which is dodecane in this case.
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Considering the ideal situation, there is no defect in this lamellar phase. The simplest
circumstance is that the director is perpendicular to the layer surface and forms a perfect
membrane structure as presented in Figure-A12 b). If we put the material without defect
between analyzer and polarizer, and the membranes are parallel to the polarizers, then all the
directors will also be perpendicular to both of the polarizers, so no light will come through the

second polarizer.
3-2 Defects in the Lamellar Phase

In a real sample of liquid crystal, defects are often present where the director does not always
point in the same direction from place to place. There are locations where the director changes
its direction abruptly, and this phenomenon is referred to defects in liquid crystals [10]. Two
main classes of defects, line defects and point defects, exist in Nematic liquid crystals. The line

defect is named “disclination” which indicates “discontinuity” in the “inclination” of the molecules

[6].

The defects occurring in the lamellar phase are different from the Nematic liquid crystals due to
its layered structure. Elementary defects are dislocations that contain two basic types, edge
dislocation and screw dislocation [7]. The edge dislocation is more common in lyotropic
lamellar systems, and it happens at the location where a membrane layer suddenly stops, as

presented in Figure-A13.

Edge dislocation
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Figure-A13: An edge dislocation defect in the lamellar phase.

If a lamellar phase is observed between two crossed polarizers in an optical microscope, and the
polarizers are oriented in the x and y direction respectively, then for a dislocation defect whose

edge is oriented along the y direction (as pictured in Figure-A14), no light will emerge from the
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second polarizer and we can only see darkness under a microscope. However, the defect edge
can be easily observed if the material is rotated, because the director is no longer perpendicular

to the polarizers. This is used to identify the orientation of the defect.
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Figure-Al14: Molecular structure of the edge dislocation in the lamellar phase. The defect surface is
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simply along the y direction, and the axes of two polarizers are pointing in the x and y directions,

respectively.

Nevertheless, in this particular lamellar phase material, the edge dislocation defects are not

straight and appear to be undulate as can be seen in Figure-A15 [20].
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a) b)
Figure-A15: a) A general defect in the lamellar phase with an unstrainght and curved defect surface. b)
Molecular visual observation from the top. The x and y directions are the axes of polarizer and analyzer,

respectively.

Because the molecular chain’s direction can represent the director, several situations will occur

between the chains’ directions and the polarizers’ polarizations:
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1) If the chain direction coincides with either of the polarizer, no light will transmit.
2) If the chain direction has a non-zero angle with the polarizers, some light will transmit.

3) If the chain direction has a 45 degree angle with both polarizers, the maximum light can

transmit, and it is the maximum bright spot in the field of view.

Therefore, along the defect surface, we can get an alternative dark-bright pattern. However, it

does not have a certain shape and the darkness and brightness are transmitting gently, as

shown in Figure-Al6.
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Figure-Al16: A few dislocations in lamellar phase are observed between two crossed polarizers under an
optical microscope. The dimension of the image is about 0.22mmx0.22mm.

3-3 Multi-lamellar Vesicle (MLV)

The Multi-lamellar vesicle (MLV) is called ‘onion” because of its onion-like structure, where

bilayers which are made of surfactants are arranged in a concentric manner, as presented in
Figure-Al7.

Observed between crossed polarizer under a microscope, the multi-lamellar vesicle has a fancy

appearance as shown in Figure-A18.

It is found that MLVs can be produced from a lyotropic lamellar phase by applying a certain
shear rate, as well as by some other methods such as electrode method [15] and dry liquid
hydration [8]. As discovered by Roux and co-workers, the characteristic size of the spherical

particles has a linear relation to the inverse of the square root of the shear rate, 1/ \/)7 [5].
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Figure-A17: Molecular structure of a multi-lamellar vesicle in a lyotropic solution. It is different from

vesicles that are only one bilayer molecularly constructed.

b) c)

Figure-A18: a) Molecular structure for the cross section of one multi-lamellar vesicle observed from the

top. b) Simulation observation of multi-lamellar vesicle between two crossed polarizers. c) Real patterns

for multi-lamellar vesicles observed under microscope (they are not in the same scale and size).

3-4 Orientation States of Lamellar Phase under Shear

The Water-Pentanol-Dodecane-SDS lyotropic system has been extensively studied in the past,
for a lamellar phase with various ratios of components, it was shown that the orientation and

the structure of the material are strongly influenced by shear.

Roux and his group have done magnificent work on this special lamellar phase, and three
different states of orientation as a function of shear rate and d-spacing have been well studied.

This is summarized in Figure-A19 [9].
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State I: happens at very low shear rates. Membranes are oriented in the shear plane, and a lot of

defects are in the shear flow direction.

State II: appears at medium shear rates. The intermediate state shows that mono-disperse multi-
lamellar vesicles are formed from membrane layers, and the size is well controlled by the shear

rate.

State III: occurs at high shear rates. The membranes are basically pointing in the direction of

shearing, and no defects in the flow direction are observed.
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Figure-A19: Functional representation of orientation phase diagram for the Water-Pentanol-Dodecane-
SDS lamellar system under shear [Derived from Diat O., Roux D., J. Phys. 1l France 3, 1431 (1993)],
where detailed information and data can be obtained]. The y-axis represents the applied shear rate and the
X-axis represents the concentration percentage of Water and SDS. This is a logarithmic scale of the

orientation states versus concentration and shear rate.

The transition among these several orientation states can be continuous or discontinuous. For

example, from State II to State III, there is a region where both states can coexist.

In addition, the multi-lamellar vesicle state can remain stable even after the shear stops.
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Therefore, in some specific ways, for medical or research purpose, shear technology can be used

to encapsulate drugs in well-defined multi-lamellar vesicles [9].
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II. INSTRUMENT AND PROGRAM
1. Shear Machine

Based on the idea of Couette shear flow between two co-rotational disks, we are able to design a
shear machine to observe the evolution of lamellar phase under different shear rates through a
custom built polarizing microscope. AutoCAD is powerful software to help us design the shear

machine and preview its functions.
1-1 AutoCAD Design of Shear Machine
The AutoCAD design is shown in Figure-B1, with the following description of each part:

Part 1: The outer frame, made of aluminum, is used to support the whole shear machine. There
are two pieces, the upper piece and lower piece of the frame, and they are initially separated but
can be joined together by screws. Also, we can control the distance between the two pieces by
adding metal shims at the edges. Based on the shims which have various thicknesses (such as
0.13 millimeter and 0.25 millimeter), we can get different sizes of spacing between the two
pieces of frames as well as the two pieces of disks. It was made in the machine shop located in

the Department of Physics and Astronomy at the University of Waterloo.

Part 2: Two pieces of very flat round glass with a diameter of 125 millimeters and thickness of 6
millimeters were bought from Edmund Optics. The part number is A45-685. Each glass and
each shaft are perfectly centered and were glued together in the machine shop. The shafts are
fitted on the frames using bearings. The two pieces of glass are flat, transparent, and are set to
be parallel to each other with minor tolerance. There is also a rim which is higher than the edge
of the lower disk to prevent the fluid from spinning out while being sheared between the two
disks. The distance between the two disks can be adjusted by changing the shims between the

two pieces of frame.

Part 3: The two servo motors’ model is Light Industrial Servo Motor LIS234-F-0804 with a
NEMAZ23 standard frame size. They are controlled through a controller which is connected to a

computer to allow for a smooth motion from 60 RPM to 4000RPM. By sending commands to
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the motors, we can change the speed immediately.

Part 4: The home made gear boxes or speed reducers were made to get a very low speed from
the motors and connect to the shaft of the disks. Each gear box is made of two worm screws,
two worm gears and shafts inside of two 3"x 3" cubes. The structure of the gear box is shown in
Figure-B2; part 1) and 3) are worm screws and part 2) and 4) are the corresponding gears with
the ratio of the gear to worm screw being 40:1. Part 1) is connected to the servo motor, and part
5) is another pulley associated with part 6) — the belt is connected to the disk. We can get a
speed reduction of 1600:1 because of the two pairs of worm screws and worm gears. The reason
we did this was to get a very low shear rate in steady motion without jerking so that the

microscope can observe the lamellar phase in motion very clearly.

Part 5: The translation stage with two axes is holding the microscope, and one of the stages can
move in the horizontal direction (or x axis) while the other can move in the vertical direction (or
z axis). By moving the two stages, we can control the microscope to be in focus and in radius

direction to get different distance to the center of the glass disks.

Part 6: Two stepper motors (model No. VEXTA C6944-9012) are linked to each stage separately
and can be controlled by the computer through a stepper motor controller. Since the amount of
displacement that the layers can move is limited to a maximum of 15 millimeter, we have two
mechanical limits that the stepper motor can’t exceed when moving to follow the particles in the

shear cell.

Part 7: A homemade microscope with its objective lens and tube assembly is located here. To
observe the multi-lamellar vesicles with sizes of only a few micrometers, we chose some
objectives with a high magnification, long working distance and proper depth of focus. The
objectives we choose to use are Nikon M Plan 10 and the Mitutoyo M Plan Apo 20 with infinity
correction. In addition, there is a polarizer in the middle of the tube, and another linear
polarizer is placed just after the light source. Two linear polarizers have axes crossed so that we
can see the birefringence property of the lamellar phase. The optical light path will be discussed

later.
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Part 8: A CCD camera connected to the computer is used to capture the images from the
microscope. The first camera model is the Sony XC-75 which gives us a 640x480 pixel resolution
image, and the second camera model is the Qimaging Retiga EXi Fast 1394 which gives us a

1392x1040 pixel resolution image.

Part 9: There are two pulleys sitting on the shafts which are attached to the disks. Depending on
the size of the pulley on the shaft and the pulley in the gear box, we can have more options for
getting the total speed ratio of the motor speed to the disk speed. For example, to get a ratio of
1000:1, we use a 20 tooth pulley on the shaft of disk, and a 32 tooth pulley in the gear box to get

a speed increase ratio of 1.6:1, and thus, the total speed ratio becomes g . i =1000:1.

Besides, the pulley in the gear box is at the same height with the pulley on the shaft so that the

belt will give us a smooth motion.

Figure-B2: The internal mechanics structure of the speed reducer for the servo motor. The drawing does
not represent the actual appearance of the real objects. 1) and 3) are worm screws, 2) and 4) are the
corresponding worm gears, the ratio is 40:1.

According to the AutoCAD design of the shear machine, we can know its basic function and
how to use it from the beginning, and then make modifications based on what we need. There

are also some other small mechanical parts on the shear machine that are not mentioned above,
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such as the screws for holding shafts, the adapters between motors and shafts, the mounts for
motors and gear boxes and so on, but they are also very important in building a perfect shear
machine. The shear machine and motor speed reducer are fixed on a metal plate which is
located on a vibration table, so all the components are at the right position and they can be

connected to each other properly.
1-2 the Field of View

When doing an experiment, we need to put the rim around the lower disk and then add the
fluid samples between the two parallel disks so that the fluid will not flow out of the disk. Then,
we can put the shims with proper thickness between the lower frame and upper frame and
screw them together tightly. After preparing the sample between the two disks, we can observe
the sample under shear between two crossed polarizers with the microscope. The relationship

between the image we get and the real situation is shown in Figure-B3.

Field of View
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Figure-B3: The field of view for the microscope. The image that the CCD Camera (Sony XC-75) gives us
has a resolution of 640x480 by using the objective Nikon M Plan 10. Horizontal direction % is along the

radius and pointing from the microscope to the center of the disk; vertical direction y is perpendicular to X

direction and pointing upwards, along the surface of the disk.

The upper disk and lower disk are the same size. The microscope gets the top view for an area

of only about 0.65x0.5mm. Observed from the top view, the upper disk is rotating in a counter-
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clockwise direction and the lower disk is rotating in a clockwise direction. Because the field of
view is so small, we can say that the upper disk is moving in —y direction, and the lower disk
has a velocity in +J direction, so the motion in ¥ direction motion is given by the velocities of
both disks. Also, the microscope can move in the direction along the radius, which is

the X direction.

Considering a particle in the field of view, we need it to always be in the center area of the field
of view so that it can be observed well. Therefore, we need to adjust the speed of the disks and
the position of the microscope to keep it in the center area if the particle moves out of the center
area. There are two situations for the particle if it is not in the proper position: drift

in y direction, and drift in X direction, which are demonstrated in Figure-B4.

@ Servo Motor Control Stepper Motor Control
Center Center
Area Area ‘
X
a) b)

Figure-B4: The relationship between the position of particle and the control of the Servo motor or Stepper
motor. a) Particle is out of the center area in ¥ direction can be re-centered by Servo motor control; b)

Particle is out of the center area in X direction can be re-centered by Stepper motor control.

For example, if the particle moves to the top of the center area, we can bring it back if we
increase the speed of the servo motor which is connected to the upper disk, since the upper disk
has a velocity in —¥ direction. The relative speed for the particle to the ground is increased

in —y direction, and it will move down back to the center. For the situation that the particle is
off to the right or left, we can control the horizontal stepper motor which moves forward and
backward to produce the same amount of position offset. By this approach, we are actually

moving the position of the microscope and changing the area of field of view. The reason why
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we change the position of the microscope is that we cannot control the particle’s motion in the

radial direction.
1-3 Shear Rate Derivation

According to the design of the shear machine, we can calculate the shear rate between the disks

in terms of the speed of the servo motors, as follows,

For each servo motor, suppose the angular speed is F (revolution/min);
the gap between the two disks is d (mm);

the gear box ratiois a: 1;

the distance from the view to the center of the disk is R (mm).

For each disk, the angular speed is

w=— (revolution/min) = 0 (revolution/sec) = c (radian/sec)

‘a 0«

At the view point, the linear speed is,

Since the two disks are moving at the same angular speed but in opposite directions, the shear

rate becomes

. _Wtvy, 2v 2 2nF-R  wF-R

y = -1

d d _d 60-a 15a-d°

In the shear rate formula, F, R, a, d are the adjustable variables. To have a smooth motion for the
servo motor, F is in the range of 60 to 4000 (revolution/min); R can be any value between 30 to
45 (mm) so that the microscope can observe it. Based on the design, « is picked from 20, 1000,
1600, 2500; we use @ = 1000 in the experiment generally. Theoretically, d could be any value in
mm scale depends on the shim we use; we use d = 0.254 mm to obtain a proper depth of focus

plane and enough gap for the liquid to flow.

If we choose some typical values for the variables, R = 40 mm, @ = 1000, d = 0.254 mm, the
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shear rate becomes,

_ F - 40
~15-1000-0.254

Y =0.033F

Therefore, in this situation, since F is in the range of 60 to 4000 RPM, a shear rate can be
obtained as low as 2 s~!, which is slow enough to observe the motion under the microscope,
and as high as 130 s™*. Besides, other variables can also be changed with the aim of getting a

lower and higher shear rate.
1-4 Actual Equipment

Based on the AutoCAD design, we have the practical equipment which is shown in Figure-B5

and Figure-B6. There are some minor modifications from the original design.

Figure-B5: Bird’s eye view of the whole equipment for the shear machine and the controllers by eye.

In Figure-B5, a) is the controller for the servo motors which has a PID control to give a better
teedback from the motors and aid in minimization of errors; b) is the image processor which
receives images from the camera and does some processing such as adjustment of brightness,
contrast, subtraction of background and so on, to obtain better image quality; c) is a VCR that
records the video from the image processor for data storage and later analysis; d) is a screen for

watching the live video, whose output is connected to the computer; e) is the stepper motor
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control; f) is the power supply and controller for the light source; g) is a vibration isolation table
which reduces noise and vibration from the background. The servo motor controller and
stepper motor controller are connected to the computer and commanded through the LabView

program.

Figure-B6: The actual shear machine we have for the experiments. Some modifications have been made

to make it perform better from the AutoCAD design.

Part 5) is the ring connected to the outside of the lower disk to prevent fluid splashing out; part
1) is the light source which produces uniform parallel light with high intensity; part 2) is the
polarizer; part 3) is the analyzer and part 4) is a mirror to reflect the light to the sample and

microscope.
1-5 Simple Polarizing Microscopes

A simple polarizing microscope is built for observing the evolution of lamellar phase and the
light path is drawn on Figure-B7. The polarizations of the two linear polarizers are
perpendicular to each other. The glass diffuser is used to obtain a uniform parallel light from

the light source while the condenser is used to focus light on the sample.

If the sample is put between these two crossed polarizers, we can observe the birefringence

property of the fluid sample.
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Figure-B7: The components and light path of the simple polarizing microscope from the shear machine.

The two linear polarizers have their axes perpendicular to each other.

2. LabView Program Interface
2-1 Front Panel of the LabView Program

To control the motion of both servo motors and stepper motors, as well as video recording and
image analysis, we use LabView which is very convenient for building a connection between
the computer and instruments to achieve this goal. We need an interface that is very easy for us
to perform and accomplish what we want to do. The graphical design of the interface is

displayed in Figure-B8.

On the user interface, the ‘ICI Image Control’ is the live video coming from the camera. ‘Image’
is to get images from the video every few milliseconds, to detect particles in the fluid, and to get
information of the detected particle such as position, area and so on, after image processing,
enhancement and analysis. For a monochromatic image, the pixel value has a linear function

with the level of brightness, and we have,

{pixel value = 0, total black
pixel value = 255, total white
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Therefore, we can set a threshold value to separate the particles since the pixel value is different
from the background, and we can continually set a pixel range to make the image have only
two pixel values, 0 or 255. By doing this, we can have an image with black particles in a totally

white background or white particles in a totally dark background.

‘Setting” helps us identifying the particle that has a particular size, and getting rid of
undesirable particles and unwanted impurities. It can also label the particles with numbers so

we can know the density of particles in the field of view.

‘Stepper Motor Control” allows us to control both stepper motors in one panel and also allows

us to follow one particle automatically or manually.

‘Servo Motor Control” gives us a direct view of both motors’ statuses. We can start and stop
both motors at the same time to make sure they are synchronous. Manual control is used to find
the proper particles to follow, while automatic control is designed to follow particle without
having to make individual operation. By inputting the value of the distance between two disks,

and the radius to the center, the shear rate can be determined and seen on the panel.
2-2 Stepper Motor Following Particle

As was mentioned before, we can control the horizontal stepper motor to move the particle

back to the center; the logic is shown in Appendix I:

Because the image has a width of 640 pixels and 0.65mm scale in X direction, the distance from

the particle to the center is Ad = Ax - % = (x(t) — 320) -

0.65 . .
%m)f according to the pixel

coordinate.

For the manual control, we need to watch the video and make frequency operation on the
image to make sure the particle would not move out of the field of view. Using manual control
can avoid sending too many unnecessary commands to the motor, which allows us to follow the

particle that the automaic control can not follow properly.
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2-3 Servo Motor Following Particle

Speaking of following the particle in the flow direction, the idea is not the same with the stepper

motor. The simple idea was explained before in Figure-B4 a).

For manual control, at the beginning of shearing, both the servo motors’ speeds are set to the
same value, for example, 200RPM, and the value range for the slide control is —200 to 200.
During the shearing, by changing the value on the slide for a value of +AF, the speed of the
upper motor will change +AF too. The lower speed motor will change +AF at the same time as
well. We use manual control to change the position of the steady layer with the aim of bringing
some particle to the center area. Even though both motors’ speeds are changed, the shear rate is
kept to the original value all the time. For the situation where too many particles are in the field
of view, we may not be able to follow one particular particle, but we can use manual control to

lock onto one particle and keep it in the center such as playing a video game.

For automatic control, as shown in Figure-B9, suppose the upper disk has a velocity of v;, and
lower disk has a velocity of v,. Initially, v;and v, have the same value of v, so the velocity is
zero at the center of the two disks. For an arbitrary time t;, one particle is at the position p, and
after At time, it moves to position p’. If we want to keep the particle in the field of view, the

layer where the particle is located should have zero velocity.
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Figure-B9: a) The velocity profile at an arbitrary time t, for co-rotational disks, and a particle is at the

position p. b) The velocity profile after At time and particle moves to position p'.

In a time interval of At, the particle moves a distance of Ay in y direction which can be obtained
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. . s A
through the image analysis, so the speed for the particle is Av = A—jt}. Then the speed v; and v,

need to be adjusted by Av to stop the particle from moving.

Ay v

A =, - _

v At @ r
.A_Av_Ay (Ay is in pixels; 7 is i )
shw=——= y is in pixels; r is inmm

The image has a 640x480 resolution, and in shear flow direction, 480 pixels represent 0.5mm in

distance.
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A
@ r.At 480 (pixel)
r _ ZTAF _ by 05
“T60-a r.At 480
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TOAteT

Therefore, by applying a small adjustment of AF = % to the speed of the servo motors, we

can make that layer have a relatively velocity of zero.
According to the above analysis, we have the flow chart attached as Appendix II.

Because the particle could move between different layers, when following the particle, the
speeds of two servo motors are changing every cycle, depending on how far and how fast the
particle moves. By doing this, we can lock the particle in the field of view to observe its

evolution.

3. Modification of Instrument and Program

Based on the previous design and set-ups, we made some modifications on the instrument and
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program to get images with higher quality and higher magnification. Firstly, the camera was
changed to the Qimaging Retiga EXi Fast 1394 which has much higher resolution and higher
shutter speed to capture particles in motion. Also, it gives us a 1392x1040 resolution image, and
the exposure time and gain can be adjusted manually so we have the option of changing the
grey scale for the image if the field of view changed. Secondly, the objective was changed to an
infinity-corrected one with higher magnification and lower depth of focus to get a better
illumination for the image and a better view for the structure of the lamellar phase under shear.
The model for the objective is the Mitutoyo M Plan Apo 20 with 0.42 numerical aperture and

20mm working distance.

The LabView program was also modified; the front panel of the program is shown in Figure-

B10.

Ee Edt View Project Qpete Jooks Window Hlp ,j|
[D]®] @] [1spt Appcetion ont - 2o [ [ [ ]
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Figure-B10: The front panel of modified LabView Program. There are still sections for video, servo

motor control, stepper motor control and image grabbing control.

The program is designed to grab images from the camera every few seconds. The servo motor

control and stepper motor control parts are basically the same from the last program. A new
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image grabbing control was added to control the exposure time, gain, and time interval for
acquiring images. Therefore, we can store the images on a hard drive and analyze them over

time.

4. Sample Preparation Procedure

The preparation of a lyotropic lamellar phase sample made by SDS, pentanol, dodecane and

water is simple and easy.

Firstly, we need to choose the proper samples from the ternary phase diagram of Water-
Pentanol-Dodecane-Water system to make sure they are lamellar phase. According to the
previous work of Roux’s group, we can make a series of lamellar phase solutions by mixing a
dilution (91% dodecane + 9% pentanol) and a concentrated lamellar phase (31% dodecane + 18%

pentanol + 51% SDS and water with ratio 1:1.55) [4].

Then, calculate the detailed composition of each component for all the samples we need from
the above mixture. For example, we need 6.27% of SDS, 9.73% of water, 72.18% of dodecane,

and 11.82% of pentanol to compose a lamellar phase SDS+Water at 16% concentration. We then
calculate the mass of each component from the total mass of the sample that we want to prepare,

and then put all the details into a table.

Use digital analytical balance to measure the accurate amount of each component and add into
a glass bottle in the following order: SDS, dodecane, pentanol, and water. Seal the bottle and use
vortex mixer and shaker to get a uniform mixture. Leave the samples for two days until all

bubbles disappear; the samples are then ready to use.

5. Overall

The combination of the shear machine, motors, controllers, LabView interface and so on

provides us with a whole system to track one single multi-lamellar vesicle, and to observe the
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evolution of different orientation states of lamellar phase of SDS-Dodecane-Pentanol-Water
solution under shear. One thing that needs to be mentioned is that the experiments were
performed at room temperature. When shearing the fluid, the situation is not that simple and
ideal; particles are either too crowded together or are not obvious from the background and
thus, one single multi-lamellar vesicle cannot be easily identified or followed by the automatic
control. However, we can always use manual control instead to achieve the purpose of one

single multi-lamellar vesicle.
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III. RESULTS
1. Sample Preparation

Based on the ternary phase diagram for the Water-Pentanol-Dodecane-SDS solution, we can
make a series of samples from a very low concentration of surfactant to a very high
concentration. The high concentration lyotropic lamellar phases will not transition to the MLV
orientation state at low shear rates [4]. We aimed to observe the movement of a single MLV
under microscope, so shearing a dilute sample at a lower rate is a good choice for us to achieve

our aim.

Therefore, various samples at different concentrations, from 16% to 32% of SDS+Water, are

prepared with the compositions shown in Table-D1.

Samples | (SDS+Water)% SDS% Water% Dodecane% Pentanol%
#0 12.00 4.70 7.29 76.90 11.12
#1 16.00 6.27 9.73 72.18 11.82
#2 18.00 7.06 10.94 69.82 12.18
#3 20.00 7.84 12.16 67.47 12.53
#4 22.00 8.63 13.37 65.12 12.88
#5 24.00 941 14.59 62.76 13.24
#6 26.00 10.20 15.80 60.41 13.59
#7 28.00 10.98 17.02 58.06 13.94
#8 30.00 11.76 18.24 55.71 14.29
#9 32.00 12.55 19.45 53.35 14.65

Table —D1: Prepared samples for the experiment according to the ternary phase diagram.

The ratio of SDS to Water remains constant at 1:1.55, and dodecane is taken as a solvent so the
d-spacing between lamellae will increase if more dodecane is added. Among the above samples,
in terms of (SDS+Water)% at 32% (sample #9) the smallest d-spacing occurs; while at 16%

(sample #1) larger spacing between two molecular membranes occurs.

The d-spacing for the lamellar phases can be quickly determined by using x-ray diffraction, and

the diffraction patterns for some samples are demonstrated in Figure-C1.
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X-ray Diffraction Pattern for Various Samples
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Figure-C1: X-ray diffraction patterns for samples with SDS+Water concentration of 16%, 20%, 24%, 28%
and 32%. The X-ray diffraction method is used to detect the molecular structure of crystalline. If the

crystal has a parallel membrane structure with a spacing of d, the x-ray diffraction pattern will give us an

intensity peak at the scattering vector g = % , which can be obtained from Bragg’s Law.

From the above diffraction pattern, we can obtain that the d-spacings for 20%, 24%, 28%, and 32%
samples are about 38A, 25A, 20A, and 18A, respectively. The d-spacing for the 16% sample is

not in the detectable range.

2. Following one Single MLV under Microscope

We want to observe the formation and evolution of one single multi-lamellar vesicle under
shear flow directly using a polarizing microscope. The field of view of the constructed
microscope is approximately half a millimeter. If the particle in the field of view is clear and
easily distinguished, we can automatically follow the particle using the designed Labview
program. However, it turns out that the size of the MLV is usually only a few micrometers and
they are all over the field of view, so it is hard to keep track of one single MLV automatically.

There are also some rare multi-lamellar vesicles of large size appearing when the lamellar phase
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is under shear. These can be stabilized in the center area of the field of view manually and

observed as time goes on.
2-1 MLV Observation by the Designed Equipment

As long as one good MLV appears under the microscope, we can manually control the speed of
two servo motors and the position of the microscope to achieve the goal of following the
particle as was discussed in Figure-B4. Below Figure-C2 shows one large MLV observed under
polarizing microscope when a 12% sample is under shear rate 6.6s~%, and Figure-C3

demonstrates the appearance of the MLV versus time.

15:34:05 2H
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Figure-C2: One large MLV with size of about 30 micrometers as seen under microscope. Once it moves

into the field of view, we can manually keep track of it.
There are also many MLVs with smaller sizes in the image, but they are moving fast and not in

focus, so it is difficult for the camera with a low shutter speed to catch them in motion. The

MLVs that are not at the stable layer will not be well monitored and shown in the image.

2-2 One MLV versus Time under shear

When the described MLV jumps into the field of view and is not moving rapidly, the speed of
the two driving motors is adjusted to stop the MLV from moving in the shear direction in the
image, and after that we can just focus on the MLV and record the video.
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Figure-C3: A series of images for the same MLV at different times. They are grabbed from a recorded

video that shows the entire process of following a MLV for 20 minutes.

By using the hardware equipment and a software program, a particle tracking system is built to
either follow a particle manually or automatically. Because the position of the microscope is
limited from 30mm to 45mm from the center of the disk, we were only able to track a single
MLYV for about 20 minutes. However, we can keep tracking the particle more than that as long

as the microscope can reach it.

As observed from Figure-C3, in 20 minutes, the MLV basically remains the same size and shape.
This is only one case, and there are more recorded videos obtained from the experiment, but no
obvious change is found for the large MLVs that we followed. Several experiments have been
performed but the results still could not tell us how the MLV is formed from the lamellar phase.
On the other hand, we can determine how long it takes to go from the lamellar phase transition

to the MLV orientation state after modifying the camera and program.

3. Lamellar Phase under Shear

3-1 Image Observations under Simple Polarization Microscope

After replacing the camera to one with a higher shutter speed and higher resolution, we can
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acquire better images even at a higher shear rate. Then by gathering hundreds of images that
are snapped every few seconds, we can observe the structural change from starting shear to the
formation of the MLV orientation state. A sample with 24% SDS+Water is put between two
disks with separation 0.25 millimeter under a shear rate of 5.0s~*; the images obtained at

different times are shown in Figure-C4.
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Figure-C4: Images obtained for a 24% lyotropic lamellar phase under shear rate 5.0s~? at different time
within an hour. These images are cropped from the original images with dimension 0.88x0.66mm, and the

brightness and contrast are adjusted to get a better view.

From the previous images, we can tell that the lamellar phase is changing with time. Firstly, the

very obvious change is the brightness, and there is a time point when the average pixel value
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reaches a maximum. Secondly, the structure or the orientation is changing. Because the sample
between two disks is thick compared to the depth of focus of the objective, the image may not

be sharp and clear. Consider the image at 50min, as shown in Figure-C5.

Figure-C5: The image is taken at time t =50 min, with a dimension of 0.44mm x 0.33mm. The brightness

and contrast is adjusted to have a better look on the structure.

In Figure-C5, we can see lots of small crossing patterns all over the image which are what MLVs
look like under crossed polarizers as we discussed before. Because the MLVs are really small
here, and some of them are not in focus, the patterns are not as good as we expected and it is
not easy to get the average size of MLVs. In this case, the lamellar phase under shear rate 5.0s 1

will eventually change to MLV orientation state, and we can acquire the transition time from

the series of images that are related to time.

Even though the change can be observed from the raw images, the position where the change
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happened cannot be easily determined unless we find a proper way of analyzing the images.
3-2 Average Intensity Analysis

Since the brightness and intensity of the images is changing, the simplest method is to analyze
the intensity change versus time. For each sample we have made, the shear rates we applied
are3.3s71, 5.0s71, 6.6s7%, 9.9s71, 13.2s7 L. The plot of average intensity of image versus time

for 24% sample is drawn in Figure-Cé.
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Figure-C6: Average Intensity of Images for 24% Sample at five increasing shear rate. The x-axis
represents the real time. Data pass 20 minutes are not plotted so can see the peaks more clearly.

At the maximum intensity position, the defects in the lamellar phase reach a maximum and
maximum brightness is observed under polarizing microscope because of the birefringence
property. Roughly speaking from the above plot, the higher the shear rate, the faster the peak
appears. The appearance of abrupt changes of the intensity (for example, the point at 7min
under 13.257! shear rate) is the consequence of the adjustment of exposure time or gain for the
camera. However, the intensity plot of an image cannot represent the structure change of the

lamellar phase, so the transition time cannot be derived from it.
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3-3 Fourier Transform Analysis

The Fourier transformation of an image is used to transfer the image from the spatial domain to
the frequency domain, or as we can say, from the grey scale distribution function to the

frequency distribution function [22].

-
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Figure-C7: Fourier transform images for the corresponding raw images in Figure-C4.

Therefore, if the orientation structures of the lamellar phase are not the same, then the Fourier
transform images should also be different. By applying the Fourier transformation to all the
images, we can analyze the change of frequency distribution with time, and then get the
transition time. Figure-C7 represents the Fourier transform images for the corresponding raw

images in Figure-C4.
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In previous works on lyotropic lamellar phase under shear, light scattering [4] and neutron
scattering [16] methods were used to explore the structure in the lamellar phase. The scattering
patterns are typically shown in Fourier space [16], and they have some certain intensity
distribution along a ring at the center. Besides, the Fourier transformation of an image will not
be affected by the brightness of the raw image as long as the grey scale gradient remains the
same. The brightness of the raw images can be influenced by the concentration of the surfactant
and the exposure time of the camera. We also cannot tell the exact transition time from the raw
images. Thus, taking the Fourier transformation of the raw images will give us a better and
consistent view of the structure and the transition for all lamellar phases with various
concentrations and should quantitative permit a description of the transition time. These are the
reasons why we chose Fourier transform analysis for the raw images.
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Figure-C8: Average pixel value along the same size circle as a function of azimuthal angle for all the
Fourier transform images. The two rectangles which represent lines with certain width are used to draw
the average intensity distribution according to the image number.

The Fourier transform images are much easier to analyze because the images in the frequency
domain have particular intensity distributions in the center area. Then if we calculate the

average pixel value along a circle, centered at the origin, as a function of azimuthal angle, which
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is shown on the center image in Figure-C7 for hundreds of images, we will determine where the
transition happens and how it changes. For hundreds of Fourier transform images, the plot of
average intensity from angle 0 to 27t rad versus image number and time is shown in Figure-C8.
As an image, the image number is along the x-axis while the intensity (given as a grayscale) is

present at along the y-axis.

We stored each image according to the real date and time, so the image number is
fundamentally chronological, but not linear in time. For example, as presented in the above
figure, images are saved for every 7 seconds in the first 26 minutes, then 10 seconds between 26
to 29 minutes, then 14 seconds between 29 to 39 minutes, and then 20 seconds from 39 minute to
the end. We can see that there are some white lines or dark lines, and these come from
unwanted images which contain impurities. For later analysis, these images will be discarded in
case that they affect our results. As long as we can get the relation between the transition point

and correct image number, we can know the transition time.
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Figure-C9: Average intensity distribution along the lines of constant azimuthal angle versus image

number for 24% sample at shear rate 5.0s 1. These are extracted at an angle of 0.57x and 1.47x radians,

and are averaged over a width of 9 pixels for each line.
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It is apparent that there are two transitions, and to get the transition time, a grey scale profile
along wide lines is obtained, as shown in Figure-C9. The reason we use the ring and the lines

with some width is to get the average intensity and to get more accurate values and results.

The process of the two transitions is slow and not sharp, so after acquiring the start and end
transition points by using the intersection of two fitted straight lines, we can calculate the
middle point as the relative transition point. For example, the two transition points here are
image number 69 and 240, then we can get the transition times as 470 seconds and 1727 seconds

after finding the real time according to the image numbers.

Two transitions give us three regions, in which typical images are shown in Figure-C10.

Figure-C10: Typical images represent the lamellar phase in three different regions. They are cropped

from the original images to get a better view.

Region III is the final state after shearing for over 30 minutes, and this is the MLV structural state.
Region I is the state where lots of defects are along the direction of shear flow. Region I is a
mixture of Region I and Region III. Region II is an intermediate state for the lamellar phase

transition from Region I to Region III.

For the 24% SDS+Water sample under different shear rates, the intensity distributions for the

ring and the lines from Fourier transform images are shown in Figure-C11.

We can also obtain the average intensity distribution along the lines versus real time as shown

in Figure-C12.

50



Y= 665" y=99s7" y=13.2s"1
Figure-C11: The Average pixel value along the ring for all Fourier transform images for 24% sample at

various shear rates.

Average intensity distribution along the lines for 24% sample at various shear rate
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Figure-C12: Average intensity distribution along the lines versus time for 24% sample at various

shear rates, obtained from Figure-C11.
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For samples under 24% of SDS+Water, the original images, Fourier transform images, plots of
intensity distribution for the ring and the lines are all similar at the same shear rate. However,
for samples over 24%, the above patterns are different at lower shear rate because the higher
concentrated lyotropic lamellar phase will not transition to MLV orientation state at lower shear
rates. To give an example, the results for the 30% sample at shear rate 3.3s™* are shown in
Figure-C13. The image for the sample between crossed polarizers shows that the final state is
not a uniform multi-lamellar vesicle structure, and it contains lots of defects in the flow
direction. Because the sample has a large thickness when compared to the depth of focus of the

camera, it is not easy for us to analyze what the actual structure of the liquid is.

Average intensity distribution along the lines for 30% sample at shear rate 3.3s™

250

200

=
(52}
o

2 b

Average Intensity
2

50

0 500 1000 1500 2000 2500 3000 3500 4000
Time (second)

Figure-C13: Average intensity distribution along the lines plot for 30% sample at shear rate 3.3s~1 and
one typical image at Region II.

For thick samples at low shear rate, the lamellar phase cannot reach to the uniform MLV

orientation state, so there is no second transition during shearing.
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3-4 Transition Time for Different Samples under Various Shear Rates

Based on the procedure of Fourier transform analysis for images, we are able to get the

transition time for all the samples at different shear rates.

From Figure-C14 and Figure-C15, the qualitative relation between the first transition time and
concentration of surfactant or shear rate will be obtained. For the same shear rate: the higher the
concentration, the faster the lamellar phase transits from Region I to Region II. On the other hand,
for the same concentration of surfactants, the higher the shear rate, the faster the lamellar phase
transits from Region I to Region II. Besides, during the first transition time, dilute lyotropic
lamellar phases show abrupt changes, and concentrated solutions show us smooth and slight

changes.
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Figure-C14: The first transition time versus concentration of SDS+Water for different shear rates.

53



Transition time (s)

2000

1800

1600

1400

1200

1000

800

600

400

200

The first transition time for various samples

......................

.........................

.....................

—5— 16% SDS+Water
—B— 18% sDs+water

20% SDS+Water
—— 229 sDs+Water
—F— 24% SDS+Water
—— 26% SDS+Water
—E— 28% sn3+Water

—P— 30% sDswater
—Br— 32% SDS+Water

Shear rate (9'1)

10 12 14

Figure-C15: The first transition time versus shear rate for different concentrated samples.

We have the same plot for the second transition time, as shown in Figure-C16.
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Figure-C16: The plots of the second transition time against both: concentration of SDS+Water, and shear

rates.

For the second transition time, the rule that the increase of shear rate will hasten the transition

from Region II to Region III is also followed. However, it does not quite follow the rule that

higher concentration of surfactant will speed up the transition, especially for the dilute solution.
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As observed in Figure-C16, the second transition does not exist for samples over 26%. This
phenomenon is consistent with the orientation diagram for Water-Pentanol-Dodecane-SDS
system, where higher concentrated lamellar phase cannot reach the multi-lamellar vesicle state

at a lower shear rate [4].

Region II is a mixture of Region I and Region III, and the time interval of Region II is plotted in
Figure-C17.
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Figure-C17: The plots of the time interval for Region Il against both: concentration of SDS+Water, and
shear rate.

Therefore, the Region II time interval basically follows the rules for the second transition time.
3-5 Uncertainty of the Results

All results were obtained under the same conditions, such as room temperature and fixed disk
separation, to maintain the consistency. To ensure the results we obtained were valid and
reasonable, we needed to test the uncertainty and error. Therefore, more experiments on two
different samples with concentration of 16% and 24% of SDS+Water under the same five shear

rates were executed and the transition times are shown in Table-D2.
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shear Sample with 16% SDS+Water Sample with 24% SDS+Water
rate t1-#1 | t1-#2 [avg(tl)| Atl [(At])% || t1-#1 | t1-#2 |avg(tl)| Atl |(At])%
3.3 1602 | 1972 | 1787 370 20.7 595 736 666 141 21.2

5 1683 | 1684 | 1684 1 0.1 397 470 434 73 16.8
6.6 1394 | 1572 | 1483 178 12.0 285 403 344 118 34.3
9.9 1261 1281 | 1271 20 1.6 205 315 260 110 42.3

13.2 1352 1368 | 1360 16 1.2 176 270 223 94 42.2

2-#1 | ©2-#2 |avg(t2)| A2 | (A)%|]| t2-#1 | 2-#2 |avg(t2)| A2 [(A2)%
3.3 2874 | 3173 | 3024 299 9.9 2535 | 2947 | 2741 412 15.0
5 2712 2559 2636 -153 -5.8 1215 1727 1471 512 34.8
6.6 2407 | 2177 | 2292 -230 | -10.0 782 769 776 -13 -1.7
9.9 2181 | 1923 | 2052 -258 | -12.6 528 649 589 121 20.6
13.2 2673 2135 2404 -538 -22.4 369 450 410 81 19.8
Table-D2: Transition times for samples with 16% and 24% of SDS+Water in two trials. Here, t1, t2

represents the first transition time and the second transition time in seconds respectively. #1 & #2

represents the first trial and second trial respectively.

From the repeat experiments, we can get some ideas about the reproducibility of the results that
have been obtained. As for the first transition time and the second transition time for the 16%
sample, the maximum tolerance is +11%, and most of them are under +6%, which is very
convincing. However, for the 24% sample, there are two points which are far away from the
average value, and the tolerances are about +20% at shear rate of 9.9s5s7 ! and 13.2s7 ! for the first
transition time, and two more points have a +17% error. The results for the 16% sample are

more believable than the results for the 24% sample.

The uncertainty may come from the following reasons: the samples are not totally uniform, the
background environment may produce random influences, two disks are not totally flat and
parallel, and the method of getting transition time is a little subjective. For the accepted
tolerances, most of the uncertainties do not exceed +15% which is a reasonable tolerance for our

results.

All original data and results are stored on the hard drive and can be traced and tested.
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IV. DISCUSSION
1. Formation and Evolution of Multi-lamellar Vesicle

Many videos are recorded to show how one single multi-lamellar vesicle is being followed over
the course of several minutes, and the purpose is to see how the structure is formed from the

lamellar phase and how it changes over time.

Theoretically, if one particle is captured in the field of view, we can adjust the relative speed of
two disks properly, and then the particle will be stabilized in both radius direction and
tangential direction. However, the particle will still be moving slowly and randomly. The
reason for this situation is that the two transparent glass disks are not perfectly parallel to each

other and their thickness has some minor tolerance.

Even though one multi-lamellar vesicle can be observed and followed for more than twenty
minutes, the process of formation of one single multi-lamellar vesicle from lamellar phase still
remains unknown. We cannot predict where the multi-lamellar vesicle will appear, so it is not
possible to observe and determine the molecular structure before it forms into a multi-lamellar
vesicle. The evolution of one single multi-lamellar vesicle over time still remains as a mystery
since the shape and size of the followed multi-lamellar vesicle remains the same over the course

of 20 minutes.

Previous work from Roux and co-workers shows that the size of multi-lamellar vesicles is
proportional to the reciprocal of the square root of the shear rate, so the size or shape for one
single multi-lamellar vesicle may be related to the shear rate. If we could keep tracking one
multi-lamellar vesicle while changing the shear rate at the same time, the dependence of the

multi-lamellar vesicle on shear rate can be acquired.
2. Transition Time for Lamellar Phase under Shear

Although the development of one single multi-lamellar vesicle cannot be determined, we are
able to observe the transition progress from the real images and obtain the transition time
between different orientation states when the lamellar phase is under shear.
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It will take some time for the lamellar phase to transition from the original orientation state to
the multi-lamellar vesicle state, and the duration varies for different shear rates. As we have
discovered, there are three main regions from the initial lamellar phase to the final uniform
multi-lamellar vesicle state when it is under shear. Region I shows lots of defects in the flow
direction, while Region Il is the uniform state that only contains multi-lamellar vesicles, and
tinally Region II is a mixture of both Region I and Region III. The process of transition from
lamella to vesicle is slow and smooth, and Region II is the transition interval between the two

structures.

By applying the Fourier transformation analysis on the images, the transition time for lyotropic
lamellar phase with different concentration of surfactant under various shear rates can be
calculated. The results show us that the transition time between Region I and Region II will be
reduced by increasing either concentration of surfactant or shear rate, but the second transition

time does not follow these rules.

During the shearing process, the brightness and observability of the image may change because
the lamellar phase structure is changing, so we adjusted the exposure time and gain for the
camera to get a better view. In spite of changing the parameters of the camera, the spatial
frequency information contained in the images will remain the same, which will also remain the
same for the Fourier transformation images. This is the reason why we can chose this new

method to analyse the images and the transition time.

It is unavoidable that small dust or impurities are mixed into our Water-Pentanol-Dodecane-
SDS lamellar solutions since the glass disks are not super clean, and the sample preparation
procedure is not perfectly pollution-immune. Some unwanted foreign substances have come
into the field of view and were captured by the camera. It is necessary to note that these images
containing impurities or air bubbles were discarded and not included in our analysis. The
number of these images is no more than 5% of the total number of images. However, the images
are recorded according to the real date and time, so discarding a reasonable quantity of

unwanted images will neither change the time difference between images, nor affect our results.
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As shown in Figure-G8 and Figure-G11, the intensity plot along a ring on the Fourier
transformed images has a bright line at angle /2 and 3m/2 rad. This line is due to the algorithm
of the Fast Fourier Transform in Matlab, but it does not influence the main part of the Fourier
transform image. Therefore we chose the wide lines at the angle smaller than 7/2 and larger

than 3m/2 to get the average pixel value.

When looking for the transition points from the intensity plot of the lines, we draw two basic
titting lines to obtain the intersection and middle point. This is more or less subjective because
the fitted lines are based on the points that we choose, and this increases the uncertainty of the
final transition time. In addition, the transition time is not the absolute point that separates the
two different regions abruptly, but the relative time when the structure of lamellar phase is
changing gently. For example, from the first transition time, more multi-lamellar vesicles show

up as time goes forward, but more defects along flow direction appear as time travels backward.

We have determined the transition time for nine samples with different concentrations under
five low shear rates, and the results have revealed some qualitative relations between the
transition time and the concentration of SDS+Water for each shear rate. The data is not sufficient
to get the quantitative relationship unless we use a larger variation of concentrated samples and
more shear rates. As to the uncertainty of the transition time, we did two trials for the 16% and
the 24% sample under the same five shear rates, and found that the error was less than +15%,

which is a reasonable tolerance.

Moreover, as we discussed before, all the experiments were performed at room temperature
(about 21°C) which is a very important parameter for chemical substances. If the temperature
could be controlled, we could explore the transition time or other properties over time. The
distance between the two disks has been kept as 0.254 millimeter, and this is also an important

variable which needs to be tested.
3. Further Study

Samples with higher concentration of surfactant, as well as higher shear rates, should be

introduced into the experiment to explore whether there could be a qualitative relationship
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between transition time and concentration or shear rate. Also, more trials on the samples that

we already used should be tried again to obtain the data with higher accuracy.

Changing the gap between the two disks but keeping the same shear rates could be a further
study on whether the separation may have an influence on the transition time. As well, a
temperature control could be added to the system to maintain the experiment in a thermostatic

environment.

Limited by the current set-up, we were unable to acquire the size of the multi-lamellar vesicle

on the image unless it was very big, but the dimensional information is essential if we want to
verify the influence made by shear rate. Thus, an approach of obtaining the size of the multi-
lamellar vesicle could be helpful for us to obtain a more detailed relationship between shear rate,
transition time, concentration of SDS+Water, and the size of multi-lamellar vesicle when a

lyotropic lamellar phase is under shear.
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V. CONCLUSION

In this exploration of Water-Pentanol-Dodecane-Water lyotropic lamellar phase under shear

flow, some interesting discoveries have been acknowledged.

Firstly, we can follow one particle for a long time in a Couette shear flow between two
transparent co-rotational disks through microscope, camera, motor controls and LabView
software. In this case, the followed particle is a multi-lamellar vesicle under simple polarizing
microscope, and we found that one single multi-lamellar vesicle does not have any obvious
change as time goes on. In multi-lamellar vesicle orientation state, not only vesicles with small
size less than 10 micrometers were observed, but also large multi-lamellar vesicles that were

easily to be followed.

Then, when a moderate shear rate is applied to a lamellar phase, three regions are discovered to
take the lamellar phase from the original state to the multi-lamellar vesicle orientation state.
Region I is the state where lots of defects are exist in the shear direction, Region III is the uniform

multi-lamellar vesicle orientation state, and Region II is a mixture of Region I and Region III.

In addition, the relation among transition time, different regions, shear rate, and concentration
of surfactant is qualitative obtained. Both the first transition between Region I to Region 1I and
the second transition between Region II to Region III can be accelerated by increasing the shear
rate. However, only the first transition time decreases if the concentration of SDS+Water is
increasing, and the more dilute the lamellar phase is, the more abruptly first transition happens
between adjacent concentrations. Furthermore, for higher concentrated lamellar phases at low
shear rate, the second transition does not exist since they cannot reach to the multi-lamellar

vesicle orientation state.
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