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Formation and flow behavior of micellar
membranes in a T-shaped microchannel†

Joshua J. Cardiel,a Daisuke Takagi,‡b Hsieh-Fu Tsaia and Amy Q. Shen*a

Understanding the formation and instability behavior of membranes is of fundamental interest and

practical relevance to various biotechnological applications and self-assembly systems. Surfactant

micellar membranes serve as a simple model system when surfactant molecules self-assemble into

micellar structures under flow, but observing such process in real time is a major challenge due to

limitations in spatiotemporal resolutions. We use a simple T-shaped microchannel to capture the

formation and flow behavior of an ionic surfactant micro-micellar-membrane (mMM) when an aqueous

stream of organic salt sodium salicylate (NaSal) meets a stream of cationic surfactant cetyltrimethylammonium

bromide (CTAB). The mMM is shown to grow and become unstable depending on the flow rate, as

characterized using micro-particle image velocimetry, fluorescence microscopy, flow birefringence, and

bulk rheometry. We propose a simple model that accounts for the flow, elasticity and inertia of the mMM

to analyze its flow behavior. Our experimental protocol can be easily replicated in conventional

laboratories without the need of utilizing sophisticated equipment such as synchrotron small angle X-ray

scattering and micro-electronics circuits. Our combined experimental and modeling results can be

extrapolated to provide new insights to study the flow behavior and thermodynamic phases of lipid

membranes, membrane proteins, and biological membranes.

1 Introduction
Surfactants are amphiphilic molecules that consist of a hydro-
phobic tail and a bulky hydrophilic head group. When the
surfactant concentration exceeds a threshold known as the
critical micelle concentration, surfactant monomers will spon-
taneously self-assemble into micellar structures with a wide
variety of possible morphologies, depending on factors such as
temperature, pH, concentration, salinity, and flow conditions.1–6

An important feature of micellar solutions is their striking
structural and rheological responses to sufficient shear, forming
shear-induced structures (SIS) as first reported using ionic
surfactants and the organic salt sodium salicylate (NaSal)7 and
extensively studied over the past three decades.3,7–18 The organic
salt containing salicylate or alkylbenzoate counter-ions can alter
the structural and rheological responses in micellar solutions.
These salts screen electrostatic repulsion of neighboring charged
hydrophilic headgroups in the aqueous solution and result in a
steep increase of the shear viscosity, which can be correlated with

the transition from spherical to wormlike micelles in the
surfactant solution.3,4 Salt ions can penetrate in the interface
of the cetyltrimethylammonium bromide (CTAB) micellar
cores, decreasing the preferred packing parameter of CTAB
molecules and reducing the mean curvature of CTAB micelles,
promoting linear growth of the CTAB micelles, and eventually
leading to microscopic micellar structures.3,4 Micellar structures
have been commonly observed by shearing homogeneous micellar
solutions,3,4 and more recently at a driven interface in a Hele-Shaw
cell,19 but observing their formation and resultant dynamics at
microscopic scales is a challenge due to limitations in spatio-
temporal resolution. Direct observations in real time would
offer important insight into the behavior of micellar structures
and other self-assembly systems such as lipid bilayers, block
copolymers, and nanocrystals.

Here, we report the spontaneous formation and resultant
flow of micellar structures in the form of a membrane (defined
as a thin pliable sheet of material forming a barrier or lining),
hereafter referred to as micro-micellar membrane (mMM). The
membrane is formed by allowing aqueous streams of salt
(NaSal) and cationic surfactant (CTAB) to meet in a T-shaped
microchannel (Fig. 1(a) illustrates a schematic of the experi-
mental set up; more details appear in Methods section). Micro-
fluidics provides an ideal platform for varying the deformation
rates and visualizing the resultant flow in real time.5,6,20–30

Using complementary imaging techniques of micro particle
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image velocimetry (m-PIV), fluorescence microscopy, and flow
birefringence, we demonstrate that the stability and structural
evolution of mMM depend on the flow condition applied. The
onset of the instability of mMM can be captured by a simplified
model that represents the mMM as an elastic beam coupled
with the fluid flow. Our results on the formation and flow
behavior of micellar membranes are expected to extrapolate to
other self-assembled structures including biomembranes,
which are fundamental to various biomedical, pharmaceutical,
and bioengineering applications.31–34 For example, biomembranes
control cellular functions by forming soft and porous barriers
that regulate trans-membrane solute gradients for energy
productions,31–33 while biocompatible membranes are regularly
used for drug delivery and blood purification processes.31,34 Thus
our findings provide new insights into the in situ formation and flow
behavior of a variety of membranes in micro-confined environments.

2 Experimental methods
2.1 Sample preparation

The precursor consists of CTAB, purchased from Sigma-Aldrich
(Saint Louis, MO), and NaSal (Sigma Aldrich Co.). CTAB, NaSal
and CTAB:NaSal solutions were prepared by adding the appro-
priate amounts of CTAB and NaSal to de-ionized (DI) water and
mixing for at least 4 hours using a magnetic stir bar, and then
left at rest for 2 days to equilibrate, under room temperature.
Chemicals were used as received, with high purity grade. We
mixed Nile Red with the CTAB solution as Nile Red molecules
bound to the CTAB micelles. The molar ratio of the Nile Red to
CTAB was held fixed at Rd = 1.6 ! 10"4. Once the aqueous CTAB
solution was prepared, the Nile Red was then added in the appro-
priate amount, mixed for 1 hour and left to equilibrate for 1 day.

2.2 Rheological characterizations

The rheological properties of aqueous CTAB solution (50 mM),
NaSal solution (50 mM), and CTAB:NaSal mixture ([CTAB] =
[NaSal] = 50 mM) were characterized by steady-shear rheology
using a stress controlled shear rheometer (Anton Paar MCR
502). The temperature was fixed at 25 1C by using a solvent trap
and shear rates were varied from 10"2–103 s"1. A stainless-steel
cone-plate geometry (50 mm in diameter and 11 of truncation
angle) was used for all measurements.

Both aqueous CTAB and NaSal solutions displayed Newtonian
behavior with shear viscosity B10"3 Pa s, see Fig. 2(a). However,
the shear viscosity of the equimolar CTAB:NaSal mixture drasti-
cally changed due to the presence of wormlike micelles,3–6

exhibiting zero shear viscosity values three orders of magnitude
larger than the individual CTAB and NaSal solutions (see red
arrow in Fig. 2(a)). The shear thinning behavior of the CTAB:NaSal
mixture is a characteristic fingerprint of the existence of flexible
wormlike micelles.3–6 We also observed shear banding in the
CTAB:NaSal mixture represented by the plateau region in the shear
stress versus shear rate plot (see dashed black line in Fig. 2(b)). The
stress plateau corresponds to a shear-banding transition from
homogenous flow towards stationary flow where two layers
of fluids with different shear rates coexist.3,6,12–16 The inset
in Fig. 2(b) displays the linear viscoelastic response of the
CTAB:NaSal micellar solution, showing the elastic modulus (G0)
and viscous modulus (G00) variation with increasing frequencies.
The plateau modulus (G) is the value corresponding to the
minimum of tan d = tan(G00/G0).

2.3 Microfluidic fabrication

The microfluidic devices were fabricated by using standard soft
lithography techniques.35 Briefly, a thin layer of SU-8 2050

Fig. 1 Design and operation of the T-shaped microfluidics device. (a) Schematics of the T-shaped microchannel used to form micro-micellar membrane
(mMM). The mMM emerges after CTAB (green) and NaSal (orange) streams meet. Arrows indicate the parabolic velocity profiles in each stream and the near-
stagnant membrane. The mMM anchors at the stagnation region (red trapezoid) by forming a trapezoidal tip. (b) SEM image of the T-shaped microchannel. (c)
Fluorescence microscopy images of the mMM formed at 200 mL h"1. The bright and dark regions respectively denote the CTAB and NaSal flows.
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photoresist (MicroChem Corp., Newton, MA) was spun onto a
silicon wafer and cured. A mask aligner (ABM-USA Inc., ABM-
aligner) with a 365 mm wavelength UV light was used to write
the mold of microchannel onto the photoresist. The wafer was
subsequently cured, developed, and surface treated to render it
hydrophobic. A 10 : 1 mixture of Sylgard 184-PDMS elastomer
was poured onto the wafer, desiccated, and cured at 60 1C for
B1 hour. The resulting PDMS cast was peeled off from the
wafer and plasma bonded onto a glass slide using a Femto
plasma cleaner (Diener Electronic). A Harvard apparatus was
used to pump the precursor solution into the device through
the inserted polyethylene tubing (Intramedic). The PDMS-glass
microfluidic device has a channel height of B80 mm, width of
B300 mm and total channel length of B2 cm (see Fig. 1).

2.4 l-PIV

The velocity field associated with the flow was visualized with
micro-particle image velocimetry (m-PIV, TSI Instruments). The
experimental setup consists of a CCD camera (mvBlueFOX-
120a, Matrix Vision GmbH), an inverted microscope (Nikon,
Eclipse TE 2000-S) equipped with a G-2A filter cube (exciter,
535–550 nm; dichroic, 565 nm; long-pass emitter, 590 nm) and
an external continuous light source (mercury lamp, illumination
wavelength: 532 nm). Monodispersed fluorescence polystyrene
microspheres with dp = 0.56 mm in diameter (Life Technology)
were added to the solution at a concentration of 0.02 wt%. Laser
light was emitted from a double pulsed 532 nm Nd:YAG laser.
The particle images were acquired through a 4! (NA = 0.1)
objective lens, for which the correlation depth is around 55 mm. The
images were captured at the center plane of the channel. Sequence
of images was recorded with a high frame rate CMOS camera and
processed by a conventional cross-correlation PIV algorithm.

2.5 Birefringence imaging

We used the birefringence imaging microscope (EXICORs

MICROIMAGERt, Hinds Instruments, Inc.) to observe the
orientation of mMM during flow, based on PhotoElastic Modulator
(PEM) technology, with a digital resolution of 0.01 nm and a
detection limit (noise floor) of 0.1 nm. A 5! objective and a

green light source with measurement range of 532 nm wave-
length were used for all the images shown in this work.

3 Results and discussion
3.1 Formation of the lMM

We first injected aqueous CTAB and NaSal solutions (both at
50 mM) at the same flow rate of Q = 4000 mL h"1 through the
lateral arms of a T-shaped microchannel of width w B 300 mm,
depth d B 80 mm, and length l B 2 cm (see Fig. 1(b) and
Methods section). At such high flow rate, there was no evident
formation of the mMM: CTAB and NaSal solutions flowed in
parallel with a thin Newtonian-like interface formed in between
(Fig. 3(a) at 0 seconds and Movie 1, ESI†). There is little time for
salt ions to diffuse across the interface as they are quickly
advected with the flow along the channel, which would explain
why the membrane does not form at high flow rates. It is also
possible that an unobservable mMM is formed at Q 4 4000 mL h"1,
however our spatial and time resolution in the experimental setup
was not able to detect such development.

Once the thin interface was fully equilibrated, we lowered Q
of both CTAB and NaSal solutions to a specific target flow rate.
We then observed the formation and growth of mMM along the
center of the main channel for a range of target flow rates (50 r
Q r 2000 mL h"1). Fig. 1(a) illustrates the definition of mMM
when it is fully developed and equilibrated. We measured its
thickness (Hm) along the axial x direction, performing all the
measurements starting at B400 mm (shown in vertical purple
line) from the start of the main channel. Note that the formation
of the mMM is not affected if both CTAB and NaSal solutions
were initially injected at the respective target flow rate. However,
tracking the growth of the mMM was challenging due to the
equilibration of the flow in the T-shaped microchannel. Fig. 1(c)
shows the mesoscopic structure of mMM under fluorescence
microscopy. The mMM seems to be attached to the top and
bottom parts of the T-shaped microchannel, as evidenced by the
high speed movies captured during flow (see more details in
ESI†, Movies 1 and 2). Note that the mMM is not a permanent
structure: once the flow was stopped, the mMM would disinte-
grate in a few seconds, implying that the structure of the mMM is
similar to the structure observed in SIS.3,7–17

Fig. 3(a) (also see Movie 1, ESI†) records the real-time structural
transition from spherical micelles (present in the CTAB stream)
into a mesoscopic mMM structure on the order of 2 minutes. The
real-time transition from spherical micelles into wormlike micelles
in a surfactant solution has been investigated under synchrotron
small-angle X-ray scattering (SAXS) and micro-electronics circuits
techniques.37–40 For example, Jensen et al.38 studied the inter-
action between sodium dodecyl sulfate (SDS) and NaCl by using
SAXS in a fast stopped-flow mixing process, observing a linear
growth from spherical micelles into wormlike micelles as a
function of salt concentration and mixing times. However, they
did not report the formation of mesoscopic micellar structures.
Lutz-Bueno et al. investigated the dilute and semi-dilute equimolar
solutions of CTAB and NaSal in a contraction slit-channel by

Fig. 2 Rheological characterizations of steady shear flows. (a) Steady
shear rheology of aqueous CTAB, NaSal and CTAB:NaSal solutions.
(b) Steady shear rheology of the CTAB:NaSal mixture displays a stress
plateau (see black dash line) that is indicative of shear banding. Inset in (b):
Dynamic oscillatory shear rheology (0.1–100 Hz) of the CTAB–NaSal
mixture, showing both elastic (G0) and viscous (G00) moduli.
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using SANS (Small-Angle Neutron Scattering), however they used
the premixed CTAB and NaSal solution before probing the flow
dynamics in the contraction flow.41 Here, we provide information
on the structural transition from spherical micelles into meso-
scopic micellar networks in real time when the surfactant and
salt solutions meet and mix during flow, shedding insight into
the complex balance between reaction–diffusion processes and
shear flow.

We mixed CTAB solution with Nile Red dye, a fluorescent
dye whose intensity is related to the CTAB concentration42 (see
Methods), enabling to track the local micellar concentration of
the mMM in real time. Fig. 3(b) shows three regions in the pixel
intensity profiles corresponding to the CTAB stream (green
color), mMM (peach color) and NaSal stream (pink color). Under
fluorescence microscopy, we obtained the value of Hm by
plotting the pixel intensity profiles for 50 o Q o 600 mL h!1.
Interestingly, once the mMM was fully developed and equili-
brated, the Hm remained uniform in thickness in all experi-
ments performed at all the Q range explored. Fig. 3(c) shows the
temporal evolution of the Hm growth for 50 o Q o 600 mL h!1,
where the mMM was stable. In all Q-values the growth of Hm

reached a plateau region after B130 seconds, indicating that
Hm is independent of the position along x-axis of the T-shaped
microchannel. Moreover, Hm for each Q remained constant
after 24 hours of continuous flow of both CTAB and NaSal.

One may expect the mMM to continue thickening and
eventually occupying the entire width of T-shaped microchannel.
However, the formation of mMM is a diffusion-limited process:
the structure of the mMM reached a saturation state where its
growth was depleted (see Movie 1, ESI†). We suggest that this
depleted membrane is related to pore size (x) of the mMM. A
rough approximation of x can be obtained by using the elastic

modulus of the equimolar aqueous CTAB:NaSal solution through
x = (kBT/G)1/3, where G is the estimated elastic modulus of the
mMM and kBT is the thermal energy,43 yielding x B 88 nm based
on an estimated G = 6.0 Pa (see Fig. 2(b)). The value of x suggests
that the structure of the mMM entails a highly entangled micellar
network, restricting further growth and limiting the diffusion–
reaction process between CTAB micelles and Sal ions once mMM
is completely formed.

The long-term membrane thickness is a measure of the
thickness of the region where CTAB and NaSal mixed before
the membrane reached the saturation state. This thickness is
expected to grow with distance x along the main channel like
x1/2 or x1/3, depending on whether the velocity is locally uniform or
changes linearly with distance away from the interface.24,25,28,36

Ismagilov et al.36 showed that the thickness of a sheared interface
between two laminar miscible fluids scales as Hm p (xDm/_gl)

1/3"0.02,
where x is the distance along the interface, Dm is the diffusivity
constant at the interface, and _gl = (dV/dx) is the local shear rate. This
scaling is consistent with the measured mMM thickness decreasing
with the local shear rate ( _gl) at the NaSal–mMM interface with
_gl
!1/3 (Fig. 3(e)). Setting x = 400 mm as the characteristic length

yields a characteristic diffusivity of Dm B 2.2 # 10!6 m2 s!1.
This diffusivity coefficient should be taken as the lower limit of
the diffusion coefficient inside the mMM due to the coupling
between diffusion–reaction kinetics and the convective effects
at the NaSal–mMM interface.

3.2 Flow behavior of the lMM

To provide more details on the flow behavior of the mMM with
respect to flow rate variations, we used four complementary
flow visualization techniques (m-PIV, fluorescence microscopy,
birefringence, and conventional microscopy), and observed

Fig. 3 Formation and structural evolution of the mMM. (a) Representative snapshots of the formation of mMM at different instantaneous times at
50 mL h!1. The thickness of the mMM reaches a constant value after 130 s. The images in (a) were processed in ImageJ. (b) Pixel intensity profiles across the
channel show almost uniform intensity in the middle of the channel, corresponding to the presence of the mMM. (c) Temporal evolution of the mMM’s
growth showing a plateau region at 50–400 mL h!1. At 600 mL h!1 the mMM is disturbed due to flow instabilities. The green arrow in (c) points to the
instance when the instability occurs at 600 mL h!1. (d) Velocity profiles of the mMM obtained at B400 mm (purple bar at 350 s shown in (a)) from the
stagnation region. Red and green backgrounds respectively represent the NaSal and CTAB streams. (e) By following Ismagilov et al.,36 we fitted (see dash
blue line) the variation of the local shear rate at the NaSal–mMM interface, obtaining diffusivity value in the mMM of Dm 2.2 # 10!6 m2 s!1.
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consistent behavior of mMM formation, suggesting that mMM is
induced by the coupling of shear flow and diffusion–reaction
process in the CTAB and NaSal solutions (see Fig. 3). We mixed
monodispersed fluorescent particles of diameter dp = 0.56 mm
(Life Technology) in the CTAB and NaSal solution at a concen-
tration of 0.02 wt% to perform micro-particle image velocimetry
(m-PIV, TSI Instruments, see more details in Methods). Fig. 3(d)
illustrates the velocity profiles at 400 mm downstream of the

main channel (purple bar in Fig. 3(a)). We obtained similar
velocity profiles B1800 mm downstream of the main channel.
The mMM is almost stagnant (dark-blue region in Fig. 4(a) and
Movie 2, ESI†) and separates the CTAB and NaSal streams. The
near-stagnant mMM implies that it is anchored at the stagnation
region at the start of the main channel (red trapezoid in Fig. 1),
bottom (glass) and top (PDMS) parts of the T-shaped micro-
channel. More discussion on the stagnation region of the mMM

Fig. 4 Flow behavior of the mMM. Dependence of the mMM on the flow rate (rows) visualized with different imaging techniques (columns): (a) micro-PIV,
(b) fluorescence microscopy, (c) flow birefringence, and (d) conventional white-light microscopy. (a) First column shows contour maps of the velocity
magnitude in the T-shaped channel. The formation of the mMM creates three different characteristic velocity profiles inside the T-shaped channel. Both
CTAB–mMM and NaSal–mMM regimes exhibit higher velocity magnitudes in comparison to the velocity magnitude in the mMM region. At the center of
the mMM the velocity magnitude is almost zero for flow rates ranging between 50 mL h!1 to 1000 mL h!1 (Re = 0.07–1.4). Whereas at 2000–4000 mL h!1

(Re = 2.9–5.8) the center region of the mMM barely moves. At 50–400 mL h!1 (Re = 0.07–0.58) the mMM is stable. For flow rates between 400–2000 mL h!1

(Re = 0.58–2.9), the mMM becomes unstable, forming non-periodic wave and vortex-like structures (see second and fourth columns). For flow rates above
2000 mL h!1 (Re = 2.9), the formation of mMM is not clear, suggesting that CTAB and NaSal streams flow in parallel along the T-shaped channel. In all the
flow rates the mMM shows flow birefringence at the NaSal–mMM interface (see red arrow in c).
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can be found in the ESI.† The NaSal stream has a slightly higher
peak velocity than the CTAB stream (Fig. 3(d)) possibly because
NaSal ions are able to diffuse through the mMM structure,
inducing the formation of longer micelles in the CTAB–mMM
region,37–40 hence slowing down the CTAB stream.

At Q Z 200 mL h!1 the velocity magnitude at the center part
of the mMM slowly increased (see light-green color in Fig. 4(a)),
suggesting that the internal structure of the mMM begins to
elongate, inducing fluidity of the mMM.3–6 The mMM became
unstable at 600 o Q o 4000 mL h!1, where traveling waves and
vortex-like structures were observed (see Movie 2 and the ESI†).
Fig. 4(a, b and d) display representative snap shots of the
unstable mMM for Q-values ranging from 600–2000 mL h!1. The
vortices observed in the mMM are similar to the vortex structures
reported in ionic surfactant solutions due to local concentration
gradients and shear banding instabilities.6,44–46 The green arrow
in Fig. 3(c) indicates the time at which such instabilities occurred.
At Q Z 4000 mL h!1 both CTAB and NaSal streams flow in parallel
with no clear formation of mMM nor instabilities.

Both Re and Pe were used to gain insights of the transition
from stable to unstable mMMs, where the coupling of viscous
stresses (Re) and diffusion-induced stresses (Pe) controls both
thickness (Hm) and stability of the mMM. The small dimensions
of the T-shaped microchannel yield low Reynolds numbers
(Re = inertia effects/viscous effects) and high Péclet numbers
(Pe = advective effects/diffusion effects). The Re number can be
approximated according to Re = rQDh/(wdZ0), where Dh = 2wd/
(w + d) is the hydraulic diameter, w and d are the width and
depth of the T-shaped microchannel respectively.29 Pe number
can be obtained through Pe = wV/D = Q/(dD), where V is the
average fluid velocity, and D is the diffusion coefficient of the
solution. We approximate the Pe number by using a value of
D B 0.2" 10!6 cm2 s!1 from Shukla and Rehage,47 with Re and Pe
numbers ranging between Re B 0.07–5.8 and Pe B (0.17–13)" 103.

As described earlier, we also complemented our m-PIV mea-
surements with fluorescence microscopy by staining the CTAB
solution with Nile Red dye. The bright color in Fig. 4(b) (also
see Movie 2, ESI†) shows the local concentration gradient of
micelles while forming mMM, exhibiting the evolution from
stable mMM (50 o Q o 600 mL h!1), to unstable mMM (600 r Q r
4000 mL h!1), and finally the formation of a thin Newtonian-like
interface between CTAB and NaSal streams at 4000 mL h!1.

Fig. 4(c and d) show the flow birefringence of the mMM and
flow behavior of the mMM under white light microscopy. To
visualize the flow birefringence and flow behavior under white
light microscopy we used pristine CTAB and NaSal solutions.
We noticed that the mMM exhibited birefringence bands (light-
gray bands in Fig. 4(c) and gray-scale clip in Movie 2, ESI†) at
the NaSal–mMM interface for all the Q values studied. The
birefringence behavior can be related to the formation of
flow-aligned wormlike micelles.3,17 The mMM also exhibited
turbidity enclosed shown in Fig. 4(d). The turbidity regions can
be related to the stretching of wormlike micellar network in the
mMM leading to local micellar concentration gradients between
oriented wormlike micelles, wormlike micellar networks, and
their surrounding media.9,13–16,44,45,48

To further understand the mMM formation, rheological
properties of aqueous CTAB solution (50 mM), NaSal solution
(50 mM), and CTAB:NaSal mixture ([CTAB]= [ NaSal] = 50 mM)
were characterized by steady-shear rheology, see details in
Section 2.2. Briefly, the shear thinning behavior of the CTAB:
NaSal mixture was observed and is consistent with the flow
birefringent behavior displayed in Fig. 4(c), shown in Movie 2
(ESI†). We also observed shear banding in the CTAB:NaSal
mixture represented by the plateau region in the shear stress
versus shear rate plot (confirmed by Movie 3, ESI† and Fig. 2(b)).
The plateau modulus of the CTAB:NaSal micellar solution could
be extracted from the small angle oscillatory shear measurements
and was estimated to be B10 Pa. By assuming that the mMM has
similar elastic properties to those of the equimolar CTAB:NaSal
solution, G B 6.0 Pa is used as an estimate of the elastic modulus
of the mMM in our model below.

3.3 Modeling the flow behavior of the lMM

We discuss several possible factors driving the instability of
the mMM. The resemblance to the previously observed vortex
structures suggests that the same concentration induced stresses
are ultimately at play here.28,44–46,48–55 The stresses may deform
and rupture the mMM, which would allow fresh ions to penetrate
the structure of the mMM, inducing local concentration gradients,
further triggering the instability. Another possible mechanism
is that sufficient shear on the membrane can destabilize the
system, if the membrane is a gel-like material that can be
stretched and sheared.56,57 At the onset of the instability,
however, there is minimal shear within the mMM so it does
not appear to flow like a gel (see Movie 2, ESI†). Instead the
mMM is almost stagnant and flat in shape (dark blue region in
Fig. 4(a)). Moreover, there is little diffusion of ions across the
membrane, as inferred from the slow growth of the membrane
(see Movie 1, ESI†). These observations suggest that the mMM
behaves initially like an impermeable elastic membrane. A
possible destabilizing factor at the onset is the inertia of the
membrane. To elucidate this possible effect, we model the
membrane as an impermeable elastic beam in 2D, focusing
on its response to perturbations once the membrane is fully
developed. Viscous shear within the membrane and the diffusion
and reaction of ions across it are neglected for simplicity. The key
ingredients in the model are the elasticity and inertia of the mMM
and the fluid flows enclosing it.

Specifically, we predicted the stability behavior of the mMM
by modeling it as an elastic beam of constant thickness Hm,
anchored at one end and extended along the center of a
channel confined by parallel walls (see Fig. 1 and ESI†). On
either side of the mMM is a Newtonian fluid (aqueous CTAB and
aqueous NaSal solution) with identical density r B 1000 kg
m!3 and dynamic viscosity m B 9 " 10!4 Pa s, driven by a
constant pressure gradient P̂ along the channel. Assuming the
fluid flows with negligible inertia and does not slip on the
channel walls and the mMM surface, we obtain the total flow
rate per unit depth of the channel q = !P̂H3/48m, where H is the
channel width minus the mMM thickness. To study the stability
of this steady solution to perturbations in mMM deflection,
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we performed a linear stability analysis of the governing equations.
The deflection in the transverse direction is modeled by the
Euler–Bernoulli equation

M
@2h

@t2
þ GI

@4h

@x4
¼ Dp; (1)

where G is the elastic modulus of the mMM (B6 Pa), I is the
second moment of area of the mMM’s cross section, M is the
mass per unit length, and Dp is the pressure difference across
the mMM. The model incorporates the inertia of the mMM but
neglects the inertia of the fluid. The deflection is subject to the
constraint that the mass of the fluid on either side is conserved.
This leads to a dispersion relation between the growth rate ŝ
and the wavenumber k̂. In dimensionless form the relation is
given by

s ¼ #1þ 2#1=2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1# k8 þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1# k8ð Þ2 þ P2k6

qr !,
k2; (2)

where

s ¼ M3H6

21032GIm2

" #1=4

ŝ (3)

is the dimensionless growth rate,

k ¼ GIMH6

32210m2

" #1=8

k̂ (4)

is the dimensionless wavenumber, and

P ¼ M5H22

23432m10G3I3

" #1=8

P̂ (5)

is the dimensionless pressure gradient. By considering the
imaginary part of s, we obtain the phase speed of the wave
along the channel

v̂ ¼ 2632m2G3I3

M5H6

" #1=8

v; (6)

where v is the dimensionless speed given by

v ¼ #P

, ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1# k8 þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1# k8ð Þ2 þ P2k6

qr

: (7)

The product of GI (elastic modulus and the second moment
of inertia of mMM respectively) in eqn (5) was obtained through
the definition of Gd3/12(1 # n2), with d and n being the
thickness (Hm) and Poisson’s ratio of the mMM. By assuming
that mMM is isotropic with n = 0.33, we used the value of the

Fig. 5 Stability behavior of the mMM, with comparisons between the model (no fitting parameters were used) and experiments. Panels a–c plot
characteristic time scale, wavelength, and speed against flow rate q. (a) Characteristic time scale shows the instability onset decreasing with flow rate q in
the mMM (the inset shows the onset of an instability at 600 mL h#1). (b) Characteristic wavelength of the instability (shown in the inset) decreases with flow
rate q. (c) Characteristic phase speed of the instability generally increases with flow rate q. (d) Phase diagram of the mMM in Reynolds (Re)–Péclet (Pe)
plane. The insets in (d) show three typical cases (stable, unstable, and no-membrane) of the mMM. The red arrows in (a, b and d) point out wave and
vortex-like structures in the unstable mMM.
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elastic modulus G B 6 Pa of the equimolar CTAB:NaSal
micellar solution as the mMM modulus. Mass per unit length
M was approximated as the product between water’s density
and the mMM’s thickness for each flow rate. These predictions
show that the real part of s is positive for any wavenumber in
the interval 0 o k o P/2, meaning that the mMM is always
unstable to perturbations with a sufficiently small wavenumber.
However, the instability needs enough time and channel length
to develop depending on the flow rate. To estimate the char-
acteristic length and time scales of the instability, we predicted
the most unstable wavenumber k̂ and the corresponding growth
rate ŝ for each experimental run. The characteristic wavelength
l̂ B 2p/k̂, the time scale 1/ŝ, and the propagation speed of the
disturbance v̂ were predicted and tested against experimental
data, which were measured independently by processing the
images and videos of the mMM for each q. We chose realistic
materials parameters of the mMM based on the assumption that
the mMM is isotropic; no fitting parameters were required to fit
the theory with experiments (see more details in the ESI†).

A comparison of the predictions and measurements is
shown in Fig. 5(a–c), see detailed data analysis in the ESI.†
The predicted and measured time scales of the instability are
in excellent agreement for flow rates in the range of 10!6 to
10!5 m2 s!1. No instability was observed at lower flow rates possibly
because lowering the flow rate increased the wavelength of the
instability beyond what could be detected within the field of
view of the experiments (1.8 mm). Nevertheless, the wavelength
decreases with higher flow rates in reasonable agreement with
the theory. Finally, the traveling speed of the disturbance
increases with flow rate, a trend that is again consistent with
the theory. The agreement between the experiments and the
linear stability analysis of the model, despite its simplicity,
suggests that the onset of the instability is governed by fluid
viscosity, membrane elasticity and inertia. However, the model
does not capture all details of the instability, such as the
variations in membrane thickness along the flow and with
time. Additional effects such as concentration induced stresses
and rupture of the membrane should be incorporated into the
study of the development of the instability in the nonlinear regime.

Summarizing our findings, we plotted the stability behavior
of the mMM in a phase diagram with Reynolds (Re) and Péclet
(Pe) numbers. Fig. 5 shows that the mMM is stable at low Re
(blue area), in a regime where viscous effects dominate over
inertia. At intermediate values of Re the mMM becomes unstable
(pink region), suggesting that the viscous effects and inertial
effects compete against each other and drive the instability
behavior of the mMM. Finally, at large values of Re, there is no
formation of mMM (purple region).

4 Conclusions
In summary, we showed that injecting aqueous surfactant and
salt solutions into a T-shaped channel forms a stable micro-
micellar-membrane (mMM) at low flow rates, an unstable mMM
at intermediate flow rates, and no visible mMM at high flow rates.

By using complementary imaging techniques of micro particle
image velocimetry (m-PIV), fluorescence microscopy, and flow
birefringence, we observed that the mMM underwent diffusion-
limited growth and ultimately developed a membrane of uniform
thickness downstream. This depleted membrane has highly
entangled micellar network structure with a constant mMM
thickness under continuous flows of both surfactant and salt
solutions. However, the mMM disintegrates in a few seconds
when the flow stops, implying that the structure of the mMM is
similar to the SIS structure. We also modeled the membrane as
an impermeable elastic beam deflecting in viscous flow. The
model predictions of the characteristic wavelength, time and
the propagation of the wave speed are in good agreement with
experimental measurements. Our findings suggest that T-shaped
microchannel and measurement methods can be employed to
perform real time studies of the structural evolution of anionic,
non-ionic and zwitterionic micelles into mesoscopic micelles and
investigate different thermodynamic phases of various self-
assembly fluids (e.g., liquid crystals or lipid bilayers). Our future
efforts will focus on forming mMM by systematically varying the
channel dimensions and surfactant and salt concentrations,
modifying the microchannel’s hydrophobicity, and developing a
model that incorporates local concentration gradient effects,
diffusivity and viscoelasticity properties of the mMM.28,44,45,49–55
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