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We investigate the effect of microfluidic flow on the microstructure and dynamics of a model surfactant mixture, combining
synchrotron Small Angle X-ray Scattering (SAXS), microscopy and rheology. A system comprising a single-chain cationic
surfactant, hexadecyl trimethyl ammonium chloride (C16TAC), a short-chain alcohol (1-pentanol) and water was selected for
the study due to its flow responsiveness and industrial relevance. Model flow fields, including sequential contraction-expansion
(extensional) and rotational flows, were investigated and the fluid response in terms of the lamellar d-spacing, orientation and
birefringence was monitored in situ, as well as the recovery processes after cessation of flow. Extensional flows are found to
result in considerable d-spacing increase (from approx 59 Å to 65 Å). However, under continuous flow, swelling decreases with
increasing flow velocity, eventually approaching the equilibrium values at velocities '2 cms−1. Through individual constric-
tions we observe the alignment of lamellae along the flow velocity, accompanied by increasing birefringence, followed by an
orientation flip whereby lamellae exit perpendicularly to the flow direction. The resulting microstructures are mapped quantita-
tively onto the flow field in 2D with 200 µm spatial resolution. Rotational flows alone do not result in appreciable changes in
lamellar spacing and flow type and magnitude evidently impact the fluid microstructure under flow, as well as upon relaxation.
The findings are correlated with rheological properties measured ex-situ to provide a mechanistic understanding of the effect of
flow imposed by tubular processing units in the phase behavior and performance of a model surfactant system with ubiquitous
applications in personal care and coatings industries.

1 Introduction

Surfactant molecules in solution self-assemble to form ther-
modynamically stable microstructures, often referred to as ly-
otropic liquid crystalline phases.1–3 The morphology and sta-
bility of the phases formed depend highly on the shear flow
history experienced during processing, and generally com-
bines various degrees of extension and rotation. The mag-
nitude and type of shear applied largely determines the char-
acteristic phases formed by the surfactant systems during and
after processing, reaching a pseudo-equilibrium state upon re-
laxation.4–6 The effect of shear on surfactant mixtures has
therefore been the focus of numerous studies aimed at under-
standing the dynamics and nonequilibrium behaviour of self-
assembled amphiphilic molecules, of great interest to appli-
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cations ranging from personal care, foods, paints and other
coating products.2,3

Surfactant mixtures, containing surface active agents such
as the ubiquitous cationic surfactant hexadecyl trimethyl am-
monium bromide (C16TAB) or sodium dodecyl sulfate (SDS),
are known to exhibit remarkable response under flow, asso-
ciated to their equilibrium and non-equilibrium microstruc-
tural behaviour.5–10 In the present work, we study the in-
fluence of model flow fields on the microstructure and re-
laxation of a surfactant mixture in microdevices. The mi-
crofluidic environment offers precise control of the magni-
tude and geometry of the flow fields11–16 and may be com-
bined with online synchrotron Small Angle X-ray Scatter-
ing (SAXS) to follow changes in the lyotropic phases un-
der flow. Despite the challenges of coupling X-ray scat-
tering with microdevices, due to material compatiblity and
scattering background,17,18 successful experiments have been
carried out, including the resolution of ms-conformational
changes in proteins and RNA,19–21 alignment of anisotropic
particles and liquid crystals,22,23 phase transitions in block
copolymer solutions24 The structural changes in the spatially
varying flows, analogous to the processing and manufactur-
ing routes in a tubular reactor, can be correlated with the vis-
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coelastic properties of the complex fluid to elucidate the in-
terplay of flow history and rheological properties of polymer
solutions19,20,25 and surfactant mixtures.26–31 This microflu-
idic approach is thus complementary to well-established rheo-
SAXS and stopped-flow techniques,4,32 providing unprece-
dented spatio-temporal insight into the flow response of com-
plex fluids.

2 Materials and methods

2.1 Materials

The system studied comprises a single-chain cationic surfac-
tant, a short-chain alcohol and water. Hexadecyl trimethyl
ammonium chloride (C16TAC, viz. C19H42ClN) and 1-
pentanol (C5OH, viz. C5H12O), were obtained from
Sigma-Aldrich and the continuous phase was deionised,
membrane-purified water (Elga Option 4 water purifier). Pen-
tanol exhibits low water solubility, at approximately 22g/L.
Ternary systems of CTAB (hexadecyl-trimethyl-ammonium
bromide)/alcohol/water have been studied extensively and
the phase diagrams mapped in detail,33,34 providing useful
analogs to CTAC phase behaviour. The ternary system of 17.4
wt% C16TAC, 20 wt% C5OH and 62.6% H2O, self-assembles
into a lamellar Lα mixed phase (with excess water) at equilib-
rium, as shown below (although wormlike micelles are well-
known to form in aqueous CTAC solutions in the presence of
salt35). The solution was mixed vigorously for 2 minutes at
room temperature and the sample was stored for 72 hours.

2.2 Methods

2.2.1 Microflow processing. Microdevice fabrication in-
volved the circuit design on a CAD programme, high resolu-
tion printing onto an acetate photomask and SU8 photolithog-
raphy to prepare a master. Figure 1 depicts selected mi-
crochannel geometries investigated. A modified rapid proto-
typing approach by soft lithography was employed to fabricate
the microfluidic chip, building upon well-established meth-
ods.16,36–39 A thin (1-2 mm) polydimethyl siloxane (PDMS)
replica membrane of the microchannel was reinforced by a
second PDMS block around the inlet, outlet and sides of the
device. This mm-thick PDMS membrane is required to keep
SAXS background relatively low,18 as shown in Fig 3b, while
retaining structural integrity of the device and reducing flow-
induced deformation of the microchannels.40 The PDMS rein-
forcing matrix was moulded around a plasma-glassified piece
of PDMS positioned over the microchannels, which is re-
moved once the walls are formed. After punching in- and
outlets, the PDMS stamp is irreversibly sealed to a glass slide
using plasma oxidation.

Microfluidic devices with channels of 70 µm in height,

Fig. 1 Microfluidic channel designs: reference MC1 comprises an
unpatterned ‘processing’ section, 3cm long and 1000 µm wide
channel, followed by remaining 13 cm of channel with a width of
2000 µm; the processing section of MC2 comprises a series of four
constrictions with minimum width of 100 µm and a length of 820
µm; MC3 comprises an array (5 x 4) of circular posts with diameter
of 150 µm and inter-post spacing of 50 µm; the processing section of
MC4 comprises 22 bends with outside diameter of 1750 µm,
forming a total average flow path length of 13.8 mm.

Fig. 2 Schematic of experimental online SAXS setup, depicting the
microdevice clamped on an temperature-controlled, XY-motorised
stage, and a typical 2-D SAXS pattern. A 150 µm× 150 µm X-ray
beam is scanned along the microchannels, within a thin (' 1mm)
PDMS window, mechanically reinforced by a cm-thick PDMS
frame. An array of absorption markers (lead-tape and copper wire)
was superposed onto the device to facilitate the establishment of an
XY frame of reference and permit accurate SAXS beam scanning
along the microchannels.

width varying from 100 to 2000 µm and 16 cm in overall
length were fabricated. The first section of the microchan-
nel, labeled ‘processing’ section (cf. Fig. 1), was designed to
confer selected flow field types over a total length of 3 cm and
maximum width 1000 µm. Four different types of flow fields
were investigated and are depicted in Fig. 1. A reference chip,
labelled MC1 was used as a basis for comparison, imposing
flow through a straight channel. The geometry labelled MC2
corresponds to a sequential extensional flow field imposed by
four constrictions of 100 µm width and 820 µm long with
angle approximately 60◦. The additional flow types studied
are a flow field combining both extension and rotation in mi-
crofluidic chip MC3 by means of circular posts in a hexag-
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onal array across the flow and a dominantly rotational flow
field in microfluidic chip MC4, through a sinusoidal channel.
The remaining channel length was designed to observe the re-
sponse and relaxation following the different flows imposed
by the various processing sections. The volumetric flow rates
were controlled from 0.1 to 5 mLh−1, corresponding to fluid
residence times of approximately 2 - 400 s in the processing
section depending also on the flow geometry and of 20 s to 21
min in the total length of the microchannel.

Fig. 3 (a) 2-D SAXS pattern of the system CTAC/Pentanol/Water in
microfluidic device with 4 quadrants of azimuthal angles
corresponding to parallel (90 and 270◦) and perpendicular
orientations to the flow direction (b); 1-D SAXS data analysis for
background subtraction of the sample (CTAC/Pentanol/Water)
measurements in the microfluidic chip: (◦) raw 1-D data for the
sample in microdevice, (•) 1-D data of PDMS microdevice
background, and (N) 1-D SAXS data of sample following
background subtraction; Inset: detail of 1-D SAXS data on
characteristic structural peak for the CTAC/Pentanol/Water sample.

2.2.2 Small Angle X ray Scattering. Synchrotron SAXS
measurements were carried out at beamline I22, Diamond
Light Source (Oxfordshire, UK), with a focused beam of
wavelength λ ≈ 1.4 Å (energy E ≈ 8.9 keV) providing a
measurement wavenumber range of q = 0.0008 - 0.2788 Å−1,
where q = 4π/λ sin(θ/2) and θ is the scattering angle. The
beam cross section was approximately 150 × 100 µm2, com-
mensurate with most device features. Both microdevices and
holder for the SAXS experiments were custom made as de-
picted by Fig. 2. The temperature was controlled at 20◦C
through cartridge heaters in direct contact with the chip holder.
Typical acquisition times were 10 s per 2D scattering frame.
In order to accurately develop a spatial frame of reference for
flow mapping, an array of absorption markers was superim-
posed onto the glass face of the microdevice, including lead
tape segments and thin copper wire. The initial stage of the
SAXS experiment required the precise XY mapping of mi-
crochannel layout, in order to carry out spatio-temporal flow
measurements over many cm, with 100-200 µm illuminated

area.
Two major features are obtained from the SAXS data: the

orientation of the lamellar sheets and the interlamellar spac-
ing. Figure 3a illustrates a typical 2-D SAXS pattern obtained
for the surfactant mixture under flow. The scattering pattern is,
in the first instance, subdivided into four symmetric quadrants
to quantify the order and orientation of structures according to
the azimuthal angle. For structures aligned with the flow, the
scattering intensity peaks at azimuthal angles of 90 and 270◦

and for those aligned perpendicularly to the flow, the intensity
peaks at azimuthal angles of 0 and 180 ◦. Centrosymmetric
scattering rings characterise isotropic lamellar sheets and de-
viations quantify their orientation along the flow (perpendic-
ular alignment to the flow is illustrated in Fig. 3a). The data
were reduced and analysed with Diamond software package
DREAM and a custom program.

2.2.3 Microscopy and Rheology. In-situ microscopy
measurements were carried out on a reflection optical mi-
croscope (Olympus BX41M), equipped with a custom made
temperature-controlled XY stage and CCD camera (AVT Mar-
lin). Velocity mapping was accomplished by fluorescent parti-
cles (2-15 µm diameter) tracking using an Olympus IX71 flu-
orescence microscope. Viscoelastic properties were measured
ex-situ using a cone and plate geometry with a TA Instru-
ments AR-2000 stress-controlled rheometer and a concentric
cylinder/couette geometry using either a Haake RS1 stress-
controlled rheometer or a Paar Physica UDS200 stress/shear
controlled rheometer.

3 Results and discussion

3.1 Contraction-expansion flows

We concentrate first on the structural orientation of the sur-
factant solution under flow. Figure 4 depicts the combined
experimental results obtained by polarised optical microscopy
and SAXS, as the system flows through the first of four ‘pro-
cessing’ constrictions in MC2 at a volumetric flow rate of 5
mLh−1, corresponding to a velocity of ≈ 20 cms−1 in the
constriction. The velocity flow profile of the system was de-
termined by particle tracking and found to be well described
by plug flow prior and within constrictions, shown in Fig. 5,
enabling simple extension rate computations. This behaviour
is expected from the highly shear thinning rheology discussed
below. Both wall slip and shear thinning render estimations
of wall shear rate rather inaccurate; nevertheless Son’s ap-
proach41 was followed to obtain relative estimates. At flow
rate of 5 mLh−1, the extension rate during contraction can be
geometrically estimated to be 4170 s−1 (with wall shear '
8330 s−1).

From the optical micrograph in Fig. 4, the degree of
alignment through the constriction and associated orientation
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Fig. 4 CTAC/Pentanol/Water system under flow through the first constriction of MC2 from width of 1000 µm to 100 µm at flow rate 5
mLh−1; a) crossed polarised optical micrograph; b) birefringence intensity along the channel from the constriction entrance; c) 2-D SAXS
map; d) azimuthal average of the intensity for 2-D SAXS for surfactant system (◦) and for background (•) at constriction entrance (left),
within the constriction (middle), and upon exit (right).
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Fig. 5 Cross-sectional flow velocity of CTAC/Pentanol/Water
obtained by particle tracking using 2 µm diameter fluorescent
particles at three representative flow rates 0.1, 1 and 5 mLh−1,
corresponding to an approximate plug flow profile.

changes can be qualitatively estimated. The birefringence is
shown to scale with the volumetric flow velocity, for three flow
rates (0.1, 1 and 5 mLh−1) shown in Fig. 4b, across the con-
striction. It increases shortly before the constriction and then
nearly vanishes within the narrow channel, before rapidly re-
covering upon exit. The birefringence intensity correlates with
the degree of alignment of the lamellar phase, which is quanti-
fied by SAXS at the molecular scale. Examination of the 2-D
SAXS patterns in Fig. 4c reveals that, before the constriction,
the lamellae structures align with the channel walls and remain
mostly isotropic along the channel centreline, separated by a
cross-over where multiple orientations coexist. Since the flow
is symmetric along the centreline, only half of the microchan-
nel is mapped by focussed SAXS. Evidently, the geometric
constriction forces the lamellar stacks to align with the flow
upon entrance, then orthogonally to it upon exit, as the fluid
decelerates. A quantitative representation of the orientational
order is obtained by plotting the scattering intensity around
the structural peak as a function of the azimuthal angle, as
shown in Fig. 4d. For comparison, the background scatter-
ing is superposed onto the surfactant data. At the constriction
entrance, an azimuthal scan reveals double scattering peaks
at angles 45 and 135◦, and 225 and 305◦ indicating cross-
lamellae alignment to constriction walls. Within the narrow
constriction, the lamellae peaks narrow around 90 and 270◦,
along the flow direction. Upon exiting the constriction, the
orientation peaks flip to azimuthal angles of 0 and 180◦. The
intensities of the scattering peaks indicate a significant orien-
tation degree within the narrow constriction, where simultane-
ously a lack of birefringence is observed under cross polarised
microscopy Fig. 4a. Indeed, within the constriction, the lamel-
lar structures are highly aligned parallel to the flow, exhibiting
effectively single crystalline order and thus very little birefrin-
gence. Upon expansion, the lamellae flip to a perpendicular

orientation to the flow and return to a less ordered, ‘polycrys-
talline’ arrangement.

Fig. 6 SAXS measurements for reference flow field (MC1) and
oscillatory extensional field (MC2) of CTAC/Pentanol/Water. All
measurements were taken at the same location on the microfluidic
chip for both MC1 and MC2 as indicated by a red cross on the
microchannel schematic. (a) 1-D SAXS data for oscillatory
extensional flow, imposed by 4 constrictions with widths
consecutively going from 1000 µm to 100 µm (MC2) as a function
of flow velocities; (b) Computed interlamellar d-spacing following
oscillatory extensional flow (4MC2) and in reference flow MC1
(N). (c) SAXS data for MC2 upon cessation of flow, following a
rate of 5 mLh−1 and (d) corresponding d-spacing for both
geometries compared MC1 and MC2.

The change in orientation of the lamellar sheets is accom-
panied by a variation in the lamellae d-spacing, although this
does not happen during transit through a constriction, but
rather throughout the ‘processing’ unit. For comparison, the
characteristic interlamellar distance for this system was mea-
sured ex-situ to be 58.8 Å in quiescent conditions, using a stan-
dard mica cell. Figure 6 summarises the kinetics observed for
the interlamellar distance upon flow through a straight channel
in MC1, as a reference for the previously described sequential
extensional flow field in MC2.

SAXS measurements were performed at the same location
within the two microfluidic devices: immediately after the
processing section of the microchannel (3 cm from injection),
indicated with a marker (×) on the microchannel schematic
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in Fig. 6. Both the effect of flow velocity, ranging from 0.04
to 2.0 cms−1 (Fig. 6a,b), and the subsequent relaxation be-
haviour (Fig. 6c,d) were studied. With increasing flow rate
in the straight microchannel MC1, the d-spacing (obtained
from the peak position d ≡ 2π/q∗) remained largely constant
throughout and in accord with the equilibrium value. There-
fore, any wall shear present in the straight channel does not
appear to affect the lamellar spacing, within measurement un-
certainty, at the flow rates investigated. However, significant
changes in the spacing were observed under extension with
MC2: the scattering peak moves from lower q, compared to
the quiescent value, and shifts to higher q, corresponding to a
decrease in d-spacing, with increasing flow velocity, shown in
Fig. 6a. Decreases in d spacing, from the equilibrium value,
in Lα systems (C16E6/D2O) under extensional flow have been
reported42 with increasing extension rate. In our system, how-
ever, at low flow rates (approx. 0.1 cms−1), the spacing ac-
tually increases up to ' 63.3 Å after ‘processing’. Further
increasing the flow rate drives the lamellar d-spacing to de-
crease, approaching the quiescent value of 58.8 Å for the
maximum velocity studied of 2 cms−1. The increase in in-
terlamellar distance is clearly associated with the extensional
flow, since it is absent in the ‘control’ microchannel MC1.
However, the d-spacing does not correlate simply with real-
time changes under flow and must be rationalised in terms of
the residence time and structural relaxation after extension.

3.2 Residence time and relaxation upon cessation of ex-
tensional flow

At higher flow rates, the fluid experiences larger extension
rates but for a shorter time, whereas at lower flow velocities
the ‘processing’ residence time increases. In order to inves-
tigate this recovery effect, the structural relaxation was moni-
tored for 1 hour after cessation of flow, following convection at
the maximum velocity of 2 cms−1 (corresponding to 5 mLh−1

rate). For both the simple flow field (MC1) and the oscilla-
tory extensional flow field (MC2), the spacing between lamel-
lar sheets increased with time, although with different magni-
tudes. Fig. 6c shows the structural peak shifting to lower q
with relaxation time and the corresponding d-spacing is plot-
ted in Fig. 6d for a selected flow rate 5 mLh−1. The ‘relax-
ation’ time on the graph is referenced to the moment of ces-
sation of flow and the first actual measurement was acquired
at approximately t = 20 s, the operating time plus the 10 s ac-
quisition time. Within this short time frame, a substantial part
of this relaxation following processing takes place for the os-
cillatory extensional flow field, resulting in a rapid d increase
from 58.9 to 62.6 Å, followed by a slower increase up to 65
Å during the subsequent hour. By contrast, the d values of
samples subjected to (MC1) remain unchanged for the first 20
min and then grow gradually to approximately 60 Å indicating

that wall shear eventually affects somewhat the microstructure
once flow ceases. Further, we note that no scattering peak is
detected after 40 minutes of relaxation time for the surfactant
mixture flown through the straight channel. This is accom-
panied by a loss of birefringence under optical microscopy;
however, if pressure is manually applied over the channel, cre-
ating local shear, birefringence reappears. This is rationalised
in terms of the lamellae sheets orientation being parallel to
the wider surface of the channel, and thus perpendicular to
the incoming X-rays and not detected on this xy plane. This
phenomenon also takes place for the fluid undergoing pulsed
extensional flow, but at considerably longer times (∼ hours),
in agreement with the observations above.

SAXS permits the characterisation of the lamellar geome-
try in terms of its d spacing, orientation and order; the ab-
sence of X-ray contrast between the sample constituents,43

however, does not allow further insight into how they are
partitioned within the lamellar structure. Neutron scatter-
ing42,44,45 with deuterium labelled compounds could provide
further insight into the microstructure and such work is un-
derway. The changes in lamellar d-spacing are tentatively ra-
tionalised in terms of the incorporation and expulsion of water
molecules caused by flow in this mixed CTAC/Pentanol/Water
system. Evidently, microflow is promoting an increase, or
swelling, of the lamellae spacing upon relaxation, i.e. ces-
sation of flow or substantial velocity reduction; this increase
in d-spacing is likely to be caused by the intercalation of wa-
ter molecules between lamellar sheets and increases of up to
6 Å (approximately 10%) corresponding to approximately 2
water molecules, assuming pure water O-O distances. Such
changes are of course averaged over the whole sample and are
thus gradual with flow rate and recovery time. A decrease in
d-spacing indicates water molecules being expelled from be-
tween lamellae under compression, caused by the strong ex-
tensional flow fields. Indeed, as the flow rate increases, d de-
creases as shown in Fig. 6b. Upon cessation of flow, the dis-
rupted lamellae structures reorganise over relatively long time
scales, of minutes and hours, accompanied by an increase in d.
This ‘ageing’ effect is well-known from industrial processing
and typically manifests itself macroscopically by an increase
in viscosity over time (corroborated below). The kinetics of
swelling and expulsion depend therefore highly on the flow
type and magnitude. Indeed, results in Fig. 6b correspond to
residence times of 400 s to 2 s (for the lowest and highest flow
velocities, respectively) and the fluid subjected to the latter in-
creases rapidly in d within less that 20 s, corresponding to the
first measurement in Fig. 6d.

The longer residence times afforded by the lower flow rates
permit an increase of the interlamellar distances upon relax-
ation whilst in the ‘processing’ region but yields a more mod-
est eventual increase of d upon relaxation. Higher flow rates,
in contrast, yield much larger lamellae swelling but only takes
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Fig. 7 Structural effect in flow fields with different combinations of
extension and rotation at a flow rate of 1mLh−1. Top: cross
polarised optical micrographs of CTAC/Pentanol/Water in
processing section for microflows in MC1, MC3, and MC4;
bottom: graph comparing the evolution of the lamellar d-spacing of
the CTAC/Pentanol/Water mixture with flow residence time
throughout microfluidic chips MC1, MC3, and MC4.

place upon ‘relaxation’, which occurs outside the processing
section. The fact that the d-spacing does not increase through
a constriction (travel time '5 ms), as shown in Fig. 4, es-
tablishes that the incorporation of the water molecules occurs
during the reorganisation of the lamellar structure following
the extensional flow field, over longer time scales (∼10-100s
and beyond).

Both wall shear and large extension rates can, in principle,
be responsible for the considerable inter-lamellae swelling ob-
served within MC2 compared to the straight channel MC1.
However, comparing the results at constant wall shear rate in
MC1 and MC2, obtained at different flow rates (cf. Fig. 6b),
we observe much lower swelling for MC1 and can there-
fore conclude that contraction/expansion flows, causing rapid
acceleration and deceleration, are largely responsible for

swelling. This result is in line with the near plug flow pro-
files observed (Fig. 5). However, wall shear also appears to be
able to cause some d increase, albeit at a more modest scale, as
shown in the flow relaxation/recovery experiments in Fig. 6d.
The interlamellar swelling evidently depends on the type and
magnitude of the previously applied shear flow, which deter-
mines the water molecule uptake within lamellar sheets upon
relaxation.

3.3 Flow type: extensional and rotational flows

To further investigate the effect of flow type, scattering from
representative flow geometries is compared in Fig. 7. In ad-
dition to the reference microchannel MC1, we investigated
the effect of combined extensional and rotational flow field
using microchannel MC3 and predominantly rotational field
in MC4. Geometry MC3 comprises four staggered rows of
5 cylindrical posts with a diameter of 150 µm positioned in
a hexagonal array along the flow path, depicted in the opti-
cal micrograph of Fig. 7(top). This pattern covers less than
1 mm of the 30 mm long ‘processing’ unit. Each row of
posts imposes contraction-expansion flows and the staggering
of consecutive rows further imposes a rotational field. With
a flow rate of 1 mLh−1, the fluid experiences a maximum
velocity of approximately 4 cms−1 and an extension rate of
4170 s−1 (estimated maximum wall shear rate of 670 s−1) in
contrast to respectively 0.6 cms−1 and no extension (approx.
wall shear of 170 s−1) in the post-free reference microchannel
MC1. Both birefringence and lamellar d-spacing results are
summarised in Fig 7. The cross polarised optical images show,
as expected, higher birefringence around the posts where the
flow changes direction and accelerates (or decelerates upon
exit), as well as birefringence extinction at the cylinder stag-
nation points (leading and trailing edges), where the fluid is
brought to rest, ensued by a downstream streak exhibiting
no birefringence and separating five co-flowing steams. The
most significant result from geometry MC3 is the large change
in the inter-lamellar distance over time. We compare the d-
spacing evolution when the CTAC/pentanol/water system is
convected through these representative microchannel geome-
tries, in steady state with flow rate 1 mLh−1. While the d-
spacing remains relatively constant throughout the microchan-
nel MC1 in the absence of cylindrical posts, the lamellae of
the system subjected to extension-rotational flow in MC3 in-
crease in d-spacing from approximately 59 Å to 65 Å over
130 mm of microchannel length, corresponding to a residence
time of nearly 100 s. We interpret this increase in terms of an
intake of water molecules, swelling the inter-lamellar spacing
and, as for MC2, we find that this increase does not happen
within the active ‘processing’ region (< 1mm long) but rather
over a much longer time (10’s of min). Further, according
to Fig 7 this increase is not linear in time, as two stages can
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be identified in the time-dependence of d. Additional work
would be necessary to extract quantitative kinetics and a pre-
cise mechanism for this swelling process.

The steady-state flow scan of microchannel MC1 reveals
a small increase ('0.3 Å) and decay of d-spacing within the
first 8 s residence time, likely caused by the inevitable velocity
gradient upon fluid injection into microdevices, depicted in
Fig. 1.

Fig. 8 Flow profile of CTAC/Pentanol/Water with increasing shear
rate from 0.1 to 1500 s−1 in 4 minutes (N) and with decreasing
shear rate back down to 0.1 s−1 in 8 minutes (4); Upper inset:
equilibrated cross polarised optical micrograph of
CTAC/Pentanol/Water at room temperature; Lower inset:
corresponding WAXS data, exhibiting a broad peak (≈1.5 Å),
expected for a lamellar Lα phase.

In order to investigate the effect of rotational flow in the
lamellar structure, we next report on microchannel geome-
try MC4. A purely rotational flow would require a geome-
try incompatible with a tubular reactor, like that of a four-roll
mill,12 so rotations (of alternating direction) are introduced by
a sinusoidal channel of constant cross-section. The geometry
naturally imposes some modest shear, due to the velocity gra-
dient around the channel bends. The crossed polarised optical
micrographs, shown in Fig. 7, indicate that birefringent streaks
follow the flow direction, accompanying the microchannel
contours, showing that the lamellae are oriented with the flow,
which is further confirmed by SAXS. We find that the lamel-
lar spacing does not change significantly over time, behaving
similarly to reference geometry MC1 (as both have constant
channel cross-section), as shown in Fig 7. These results in-
dicate that, for the flow types and magnitude investigated, the
rotational component alone does not cause the lamellae rear-
rangement associated with increases in d-spacing, corroborat-

ing that the latter is mainly caused by extensional flow.

3.4 Impact on rheology

The flow-induced changes of CTAC/pentanol/water system
microstructure, as probed by SAXS and microscopy, are ac-
companied by considerable macroscopic changes in rheology
of the solutions. Understanding the interplay between these
and the effects of flow is key to engineering and optimising
manufacturing processes. This surfactant mixture shear thins
and is thixotropic as shown in Fig. 8, measured using a cone
and plate geometry. The inset of the figure shows a typical
optical micrograph of the quiescent system, characteristic of
a lamellar phase. Shear recovery behaviour of the system is
shown in Fig. 9 and these studies were divided into three time
intervals. The first interval involved measuring the viscosity
of the system at very low and continuous shear rate (0.001
s−1) for 1000 s. Over this period of time, the viscosity de-
creased, indicating that microstructural reorganisation takes
place at very low shear rate. The second interval measured
the viscosity at comparatively high shear rates, namely 100,
1000, 1500 s−1, for 100s and showed a dramatic drop in vis-
cosity, as expected from the flow profile of the surfactant sys-
tem in Fig. 8. Finally, in the third interval, the shear recovery
is investigated by continuously monitoring the viscosity at low
shear rate of 0.001 s−1 (as in interval 3) for 1 hour immedi-
ately after high shear. The shear recovery profile corroborates
the thixotropy observed in Fig. 8: as soon as the shear rate de-
creases to 0.001 s−1 from interval 2, an immediate increase in
viscosity takes place. It reaches lower values, however, than
those of the end of interval 1. The magnitude of the viscos-
ity jump scales (non-linearly) to the shear rate applied in the
second interval and the higher the shear rate in interval 2, the
higher the recovery viscosity measured in interval 3.

We next compare the flow profile for the mixture follow-
ing shear in a Couette cell with that following extensional
flow. The results are shown in Figure 9. Given the relatively
low throughput of fluid processing in a microchannel, which
would require collecting the sample volume needed for a rhe-
ology measurement in a timescale comparable with the fluid
relaxation time, an alternative procedure was used. Exten-
sional flow was applied by injection of the mixture through
a needle of 0.5 mm diameter for 1.3 s, corresponding to an
extension rate of 100 s−1 (and estimated wall shear 1900 s−1).
A short time delay ('60 s) was necessary to setup and initiate
measurement. Note that residence times for the extensional
flow are approximately 1/100th of those experienced by the
sheared sample in the Couette geometry, in line with the pre-
viously reported short ‘processing’ extensional sections of the
microfluidic devices. Both ‘shear’ and ‘extension’ specimens
were measured under the same conditions, monitored at a low
shear rate of 0.001 s−1, as shown in Figure 9. Clearly, the vis-

8 | 1–10

Page 8 of 10Soft Matter

S
of

tM
at

te
r

A
cc

ep
te

d
M

an
us

cr
ip

t



Fig. 9 Viscosity profiles (inset: close-up) of CTAC/Pentanol/Water
measured in a Couette cell with three consecutive different intervals.
Interval 1: at continuous low shear rate of 0.001s−1 for 1000s;
Interval 2: at continuous high shear rate (100 (N), 1000 (�), 1500
(�) s−1) for 100s; Interval 3: at continuous low shear rate of
0.001s−1 for 1h for samples sheared in interval 2. In interval 3, the
recovered viscosity was also measured for a sample sheared into the
Couette cell with high extension (100s−1) through a needle for 1.3s
at continuous4 and discontinuous ♦ low shear rate of 0.001 s−1.

cosity of the ‘extensional’ sample is significantly higher than
that of the system sheared in the Couette cell at 1500 s−1.

Two types of measurements were conducted, namely under
continuous and discontinuous (very low) shear rate of 0.001
s−1 in order to investigate relaxation/recovery over time. By
measuring ‘discontinuously’ (Fig. 9), i.e. only interrogating
the viscosity every 500-1000 s, one obtains a more direct mea-
surement of the recovery viscosity, preserving the microstruc-
ture and flow alignment caused by extensional flow. Such
measurements clearly show that the viscosity remains constant
or even increases over time, in contrast with the ‘continuous’
measurement, as well as the (Couette) shear measurement,
where it decreases considerably.

Evidently, shear and extensional flow histories yield qual-
itatively different flow response and relaxation behaviour.
These results relate directly to the microfluidics experiments
MC1 and MC2/3 discussed above, which established that
both structural order and d-spacing increased pronouncedly
during extensional flow and again, subsequently, upon relax-
ation over 10’s min. Our tentative mechanistic interpretation
in terms of water molecules swelling the interlamellar spac-

ing is in agreement with the current observations, as lamellar
swelling (up to 10% in this case) and water removal from the
matrix is expected to significantly increase viscosity.

4 Conclusion

Microfluidic processing of flow-responsive complex fluids,
combined with online SAXS and microscopy, is shown to pro-
vide direct insight into their molecular and mesoscopic struc-
ture which can be further correlated with macroscopic perfor-
mance measurements, including rheology. The micro-SAXS
measurements require careful design and fabrication of com-
patible devices, in order to minimise background but ensure
mechanical integrity. Further, spatio-temporal flow mapping
over large distances (10’s cm), relevant for flow ‘processing’,
require the establishment of an accurate measurement grid
of positions, that must be reproducible and stable over many
hours. In this work, we have successfully implemented a sim-
ple PDMS-based approach that is suitable for a wide range
of aqueous systems with sharp scattering features (e.g. liquid
crystalline peaks). This approach is precise, low cost and al-
lows rapid prototyping that is key for interrogating a variety
of flow fields.

For the model system chosen of CTAC/pentanol/water, we
are able to correlate flow type and magnitude to the result-
ing molecular structure, including the interlamellar d-spacing
and orientation, as well as flow rheology. In summary, ex-
tensional flows result in highly oriented lamellar sheets that,
over time, increase in d-spacing, upon a recovery process that
is accompanied by a substantial viscosity increase. This is
rationalised in terms of the incorporation of water molecules
between lamellar sheets. Wall shear rate is also capable of
increasing d-spacing but the effects are slower and more mod-
est. The time scales of ‘processing’ are decoupled from those
of structural rearrangement (or ‘recovery’) and are typically
of ms-s and min-h timescales, respectively, depending on flow
rates and geometry. During flow processing, in particular dur-
ing a series of contraction-expansion flows MC2, an interplay
between lamellar compression and structural relaxation takes
place. Indeed, at sufficiently large flow velocity (≥2 cms−1),
the lamellar spacing d approaches the quiescent value ('59
Å) at the end of the ‘processing’ section. In this limit, water
molecules are expelled upon compression and the short resi-
dence times do not allow ‘swelling’ to take place; lower veloc-
ities allow relaxation to occur during the ‘processing’ region.
At high extensional rates, highly aligned lamellae structures
assemble within flow constrictions, exhibiting minimal bire-
fringence but sharp structural peaks. Following relaxation and
a transient d-spacing increase, over much longer timescales
(of the order of days), the d-spacing returns to the quiescent
value of 59 Å indicating that such flow-induced structures are
out-of-equilibrium but are relatively long-lived.

1–10 | 9

Page 9 of 10 Soft Matter

S
of

tM
at

te
r

A
cc

ep
te

d
M

an
us

cr
ip

t



This study demonstrates that valuable insight on the flow-
behaviour and thermodynamics of complex fluids can be
gained from combining microfluidic and spatio-temporal
SAXS, in addition to well-established microscopy and rheol-
ogy. These results are important for the optimisation and man-
ufacture of concentrated surfactant systems, with ubiquitous
applications in the consumer goods industry, in terms of their
rheological performance and metastability. From a fundamen-
tal perspective, this approach provides unprecedented oppor-
tunities to understanding non-equilibrium phenomena in non-
Newtonian fluids and quantifying the effects of flow type and
magnitude with the unique flexibility provided by microfluidic
rapid prototyping.
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