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Abstract 

Lamellar gel networks based on mixtures of cetostearyl alcohol and a cationic surfactant, cetyl-

trimethylammonium chloride (CTAC), were studied using a combination of rheometry and optical 

coherence tomography (OCT) velocimetry. Experiments were conducted in a stress-controlled rheometer 

with a parallel plate geometry. Each formulation was found to exhibit a yield stress and thixotropy. The 

shear start-up behaviour in response to a constant stress was directly observed using OCT velocimetry. 

Close to the yield stress, the velocity had a power law behaviour with time after an initial period of 

transience. At larger stresses, the velocity undergoes two successive increases in power law scaling with 

time.  When sheared at low, constant, shear rates 1-5 s-1, the fluids exhibit plug flow with strong wall slip 

at both rheometer plates. At rates of 10-150 s-1, the fluids separate into a distinctive three shear band 

morphology while wall slip reduces. These rheological properties can be explained by a multilamellar 

vesicle (MLV) to planar lamellae transition. 

1 Introduction 

Lamellar gel networks (LGNs) are multiphase structures with at least three components. These are a 

lamellar gel, known as the Lβ phase, consisting of bilayers of surfactants and fatty alcohols separated by 

water, bulk water, and crystals of hydrated fatty alcohol, sometimes accompanied by oil stabilised by a 

surfactant monolayer [1–3]. Surfactants are said to be amphiphilic, in that they have distinct lyophilic and 

hydrophilic regions of the molecule. These typically take the form of a lyophilic long carbon chain attached 

to a hydrophilic head group [4]. In the Lβ phase, the surfactants pack in a hexagonal structure, with a high 

degree of order in the carbon chain. The Lβ phase can exist either as large, effectively infinite sheets of 

planar lamellae or as spherical multilamellar vesicles (MLVs) [1]. If the Lβ phase is heated past a critical 

melting point, this order will disappear leading to the lamellar liquid crystal, or Lα, phase. In this phase, 

most of the interlamellar water is expelled to the bulk, reducing the bilayer thickness which, along with 

the reduced rigidity due to its newfound disorder, results in the solution being able to move as a liquid 

[1,5,6]. A property of LGNs is that they usually behave like elastic solids when at rest. This applies up to a 

yield stress, above which the material will readily flow [1]. This gel-like behaviour doesn’t hold true for all 

lamellar structures. If a material consisted of aligned lamellae, the layers would easily flow over each other 

when sheared and it would act as a viscous fluid [7]. If instead, the fluid has domains of connected lamellae 

oriented in random directions or the lamellar bilayers can curve, forming MLVs, the rigidity of the bilayers 

will allow the fluid to resist small stresses and form a gel-like substance [1,7,8]. 
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LGNs have become ubiquitous in the cosmetics industry for a variety of reasons. They have favourable 

stability to phase separation when compared with emulsions and other colloidal systems and a creamy 

texture. The stability comes from their interconnected structure and the yield stress behaviour makes 

them perfect for tubes or tubs of product [1]. As yield stress is such a useful property for consumer 

products, fluids exhibiting this behaviour are exceedingly common [9]. There has been some debate as to 

whether yield stress fluids exist or whether the transition is just one from a very large, but not infinite, 

viscosity to another, smaller, viscosity, beginning with Barnes and Walters’ 1985 paper ‘The Yield Stress 

Myth’ [10]. Whether this is the case or not is somewhat immaterial in the context of an experiment where 

flows below the yield stress are unobservable. Yield stress fluids are often thixotropic, that is their viscosity 

decreases with time in response to a constant stress. As a result, the yield stress is dependent on the 

fluid’s shear history [9,11]. This history dependence means that the yield stress can’t be understood as a 

material constant and the fluid can even undergo delayed yielding where it takes a certain amount of time 

at a constant stress before the fluid yields [12]. The time-dependent nature of the yield stress led Coussot 

et al. (2002) [11] to link it to the underlying mechanisms of thixotropy. Thixotropy is often modelled based 

on a local structural parameter to quantify how interconnected a fluid is [13–15]. Møller, et al. (2006) [9] 

introduced a model linking the yield stress to thixotropy using a similar approach where the local 

parameters decrease in response to a stress, resulting in microscopic deformations and eventual yielding. 

Positive as these properties may be for consumer satisfaction, they throw up certain difficulties in studying 

the rheology of gel networks through standard rheometry. For example, the fragility of the structures 

makes the linear viscoelastic regime very small. Even loading a sample into the rheometer can break 

structures in a way that is hard to control, making repeatability difficult to achieve [16–18]. Lamellar gel 

networks also exhibit nonlinear flows, including wall slip and shear banding, [19] at a large range of shear 

rates. Shear banding is another phenomenon that occurs in a wide range of complex fluids. It has been 

observed in wormlike micelles [20–22], polymers [23–25], lamellar structures [26–29] and soft glassy 

materials [30]. The classic understanding of shear bands is as a transitional regime when the 

microstructure of the fluid is reorganised by flow [20]. This is often evidenced by a stress plateau in the 

flow curve bounded by two critical shear rates, 𝛾̇1 and 𝛾̇2. Between those critical values, there will be two 

bands in the fluid separated in the direction of the velocity gradient, one sheared at 𝛾̇1 and the other at 

𝛾̇2. In such situations, a simple lever rule is often applied to link the applied shear rate to the real rates in 

the fluid: 

𝛾̇ = 𝑓𝛾̇1 + (1 − 𝑓)𝛾̇2. (1) 

The relative proportions of the fluid at each shear rate are given by 𝑓 and 1 − 𝑓, the values of which 

change as the imposed shear rate moves from 𝛾̇1 to 𝛾̇2. This rule is dependent on the no slip condition 

[20] and is often found to be broken, especially in wormlike micelles [31–33]. 

The shear-dependent microstructural transition responsible for shear banding in lamellar fluids is from 

lamellae to MLVs [28,34]. At low shear rates, the layers will align with their normal parallel to the direction 

of the velocity gradient. This stage is typified by the presence of many defects in the structure. At 

intermediate rates, the bilayers form MLVs, the size of which varies as the inverse square of the shear rate 

and exists in the range <10 μm. The final stage is again aligned with very few defects  [35,36]. The MLVs 

are then resistant to gentle deformation and often stable on the time scale of days to months [35,37,38]. 

A regime intermediate between MLVs and the high-rate aligned phase also exists where the MLVs form a 

hexagonal lattice and flow by sliding over each other in layers [39]. The presence of MLVs is also associated 

with strong wall slip, a feature not present in the aligned regimes [26]. 
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Nonlinear effects like slip and shear banding make standard rheometry measurements unreliable as they 

record the average response of a fluid assuming homogeneity of flow. Additional techniques to measure 

the local velocity can be used to help fully characterise the rheological behaviour of this class of fluid. Such 

techniques include particle imaging velocimetry [19,23], ultrasound [27,33,40,41], rheo-NMR 

[26,30,32,33,42,43], dynamic light scattering [22,28,34], and optical coherence tomography (OCT) 

velocimetry [25,44,45]. In this paper, we combine rheometry and OCT velocimetry to characterise the 

rheology of a lamellar gel network based on a cationic surfactant, cetyl-trimethylammonium chloride 

(CTAC). OCT is used in a shear rheometer to make time-averaged velocity profiles and transient velocity 

measurements at a fixed position in the rheometer gap. To our knowledge, this is the first time the latter 

measurements have been performed.   

2 Methods 

2.1 Samples 

The LGNs used in this paper are made from CTAC, deminearlised water, ceto-stearyl alcohol, a salt in the 

form of versene Na2 crystals and a preservative, Kathon CG. These occur in various quantities depending 

on the specific formulation. The three formulations studied in this paper have a 2:1, 3:1 and 6:1 molar 

ratio of CTAC to ceto-stearyl alcohol and a solid content of 5%. The samples were provided by Unilever 

and produced according to methods generally disclosed by Casugbo et al. (2014) in a patent [46] and also 

by Cunningham et al. (2021) [47]. 

2.2 Rheometry 

In all rheometry experiments, a Bohlin Gemini rheometer was used in a parallel plate geometry.  The 

upper plate is made from clear Perspex, while the lower plate is glass. These facilitate the use of the 

rheometer with an OCT velocimetry apparatus. The lower plate is held at a temperature of 20.5°C by a 

water-cooling system that supplies water to the plate via pipes, while a cover is placed over the fluid to 

reduce the impact of evaporation from the edge. The gap was held at 500 µm in every run. Several 

experiments where then performed, the first of which records how the instantaneous viscosity changes 

with time in response to a steady shear rate. This was followed by a step down in shear rate, where a 

constant rate was applied to the fluid for 500 s before being removed entirely. The shear stress was 

recorded throughout the initial 500 s and then for 500 s more after the removal of the driving force. 

Finally, a creep-recovery test was performed where a constant stress was applied for 1000 s before being 

removed for 600 s while the strain response was recorded. 

To ensure that each sample had as close to an identical shear history as possible to reduce the effects of 

thixotropic memory on the results, a pre-shearing protocol was followed. The stress in the sample 

plateaus when it is sheared at a constant rate. The initial value for pre-shearing was taken to be 

approximately three times this value when the samples were sheared at 1 s-1. In the case of the 2:1 sample, 

this was 16.5 Pa and in the cases of the 3:1 and 6:1 samples, this was 15 Pa. This stress was applied for 

100 s followed by 300 s of rest. 

2.3 OCT velocimetry 

OCT is an optical imaging technique first developed by Huang et al. in 1991 [48]. It uses near infrared light 

from a source with a broad bandwidth and short coherence length, 𝑙𝑐, in an interferometer [49]. The light 

is split between a sample and a reference mirror, scattered from each and is then recombined on a 
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detector. If the two beams remain coherent and interfere, they will create a signal from which depth 

information about the sample can be extracted. This will only be the case if the optical paths travelled by 

each are within 𝑙𝑐 of each other. Precise depths within the sample can therefore be chosen for analysis by 

moving the position of the reference mirror. This reduces the impact of multiple scattering as light from 

other paths will not contribute to the signal, allowing opaque materials to be studied [49]. OCT has found 

most of its applications in medical settings and is widely used by ophthalmologists as a non-invasive 

technique for imaging the eye [49]. OCT devices can be adapted to measure the Doppler shift in the 

frequency of the light in the sample arm due to sample movement [50,51]. This has more recently led to 

the use of OCT velocimetry as a valuable tool to probe the rheology of complex fluids e.g. for opaque fluids 

in which particle imaging velocimetry is impossible. A further advantage is that opaque fluids normally 

have sufficient speckle contrast that they do not need to be seeded with probe spheres. OCT velocimetry 

has been used to identify phenomena such as shear banding, [25] wall slip, [44] and elastic turbulence 

[52] and allows the velocities of 3.4 pL volumes within opaque lamellar gels to be measured under shear 

[45]. 

The OCT apparatus we use is a fibre-based Mach-Zehnder interferometer as described by Malm et al. 

(2014) [44]. A schematic diagram is shown in figure 1. The light source is a Covega superluminescent diode 

(SLD), centred at 1310 nm with a bandwidth of 65 nm and longitudinal coherence length of 9 µm. The light 

Figure 1. Schematic diagram of the OCT setup used in this study. The lines connecting each optical 
component represent single-mode optical fibres. The three-port optical circulators direct light that 
enters port 1 to exit at port 2 and light that enters port 2 to exit port 3. The EOM is driven by a signal 
generator connected to a high-voltage (HV) amplifier. A close-up of the rheometer is shown in the 
inset. The objective lens is held at an angle, 𝜃𝑎 = 13°, to the normal of the rheometer plate to prevent 
backscatter and the gap between the rheometer plates is 𝑥 = 500 𝜇𝑚. 
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is split by a 90:10 optical coupler, sending 10% to the reference mirror and Thorlabs electro-optic phase 

modulator (EOM). The reference mirror is mounted on a motorised stage that can be controlled manually 

or remotely via a LabVIEW program. The EOM is required to probe small velocities as it allows the Doppler 

signal to be moved by a carrier modulation signal, in these experiments chosen to be either 10 kHz or 20 

kHz depending on the Doppler frequency, out of a region of low frequency noise. The modulated signal is 

then filtered and demodulated to retrieve the Doppler peak in its original position. The other 90% of the 

source is directed to a specially adapted Bohlin Gemini Mini rheometer with a glass lower plate. The lens 

at the rheometer is angled at 13° to the normal to the plate and a flat, clear Perspex upper plate with a 

diameter of 40 mm is used to prevent unwanted back reflection. Light from each arm in then recombined 

in the coupler before being sent to a photodiode detector.  

The majority of medical applications use Fourier domain OCT (FDOCT), rather than the time domain 

system used in our apparatus. This is because its improved SNR and the lack of a need for a depth scan 

make it more suited to high resolution imaging [49,53–55]. In this study, time domain OCT (TDOCT) is 

preferred due to its robustness to low SNR conditions and sensitivity to faster dynamics (set by the data 

acquisition card) [44].  

Two types of measurement were made using OCT velocimetry. The first involved shearing the fluids at 

constant stresses to investigate the shear start-up behaviour. Measurements of how the velocity varied 

with time at a constant position in the centre of the rheometer gap were made. This was repeated three 

times to produce an average result. The second method was shearing the fluid at constant rates ranging 

from 1 s-1 to 150 s-1. The reference mirror was then shifted in 20 micron increments to measure the 

velocity throughout the fluid and produce a velocity profile. It takes approximately two minutes for a full 

velocity profile to be produced and three profiles were made from a single sample over periods of 

approximately 600 s. This procedure was repeated with three samples of each fluid. Each time a set of 

data was recorded, the rheometer plates were cleared, and the fluid was replaced to reduce the impact 

of the thixotropic memory of the fluid on results and the same pre-shear routine as described for the 

rheometry experiments was followed to aid repeatability.  

3 Results and discussion 

3.1 Rheometry 

Figures 2(a-c) show how the viscosity changes with time at various constant shear rates for each of the 

formulations studied. Shear thinning is an exceedingly common response to shear in complex fluids and 

can have many different origins [17,56,57]. In this case it is likely to represent a transition from a state of 

MLVs to aligned lamellar sheets as found by Oliviero et al. (2003) [38]. In all cases, the viscosity follows 

power law relationships in time of the form 𝜂 ∝ 𝑡𝛽, where 𝜂 is the viscosity, 𝑡 is the time and 𝛽 is the 

exponent. This suggests the processes responsible for the time-dependent viscosity behaviour exhibit a 

broad range of relaxation times following power law probability distributions[58–60]. In the case of the 

2:1 formulation, this is best formulated by two power laws, one each for short (t ≲ 100 s) and long times. 

Looking at the exponent for the long-time power laws, the magnitude increases with shear rate to a 

plateau and decreases with increasing surfactant ratio, as can be seen in figure 2(d). At 1 s-1 and 5 s-1 the 

power law exponents show a small plateau. The minimum magnitude is with the 1 s-1 case in the 6:1 

formulation with  = -0.036 ± 0.004 and the maximum is the 1 s-1 case in the 2:1 formulation with  

 = -0.075 ± 0.003. The high-rate plateau comes at  = -0.21  0.03,  = -0.136  0.009 and  = -0.120  

0.005 for the 2:1, 3:1 and 6:1 formulations respectively. 
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Imposing a step down in shear rate can help to determine whether a fluid is thixotropic, viscoelastic or a 

combination of the two [57]. The stress response of a purely viscoelastic fluid would be to monotonically 

decrease from an upper value. A purely thixotropic fluid would instantaneously drop to a lower stress 

before increasing slowly to a steady state level. A fluid showing both viscoelasticity and thixotropy takes 

time to reach its stress minimum before increasing slowly as in the thixotropic case [57]. The stress 

responses of our fluids to a step down from a shear rate of 1 s-1, 10 s-1 or 100 s-1 to a rate of 0.1 s-1 are 

shown in figures 3 (a) - (c). In each figure, the decrease to a stress minimum after the step occurs after a 

very short time, most closely resembling a purely thixotropic response. The pre-step behaviour can also 

help us understand the nature of the fluid, as described by Larson and Wei (2019) [17]. The stress response 

of a purely viscoelastic fluid to a sudden increase in shear rate is to increase to an asymptotic value, while 

Figure 2. Plots of viscosity vs time for formulations of a lamellar gel network with ratios of CTAC:ceto-

stearyl alcohol of (a) 2:1, (b) 3:1 and (c) 6:1 at constant shear rates. At all rates, the fluid shows shear 

thinning behaviour without reaching the steady state in the timeframe of the experiment. The dashed 

lines show power law fittings of the form 𝜂 ∝ 𝑡𝛽. How the exponent, , varies with the shear rate for 

each formulation is shown in (d). 
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one that exhibits viscoelastic aging will increase to a maximum before decreasing somewhat. A thixotropic 

fluid will instead start at a maximum stress value, corresponding to the shear rate imposed, before 

gradually decreasing. This final category describes the behaviour of our fluids, again pointing to 

thixotropy.  

Creep-recovery experiments can show whether, and to what extent, the working fluid exhibits elasticity. 

On removal of the stress, if strain is recovered, then the fluid must have elasticity as it moves back to some 

earlier position. Figure 4 shows the creep-recovery data for our fluids. In each case, there is a clear 

bifurcation in the strain response that occurs between 0.5 Pa and 7 Pa in the case of the 2:1 formulation, 

3 Pa and 5 Pa for 3:1 and 1 Pa and 4 Pa for 6:1. Before this transition, some of the strain is recovered once 

the stress has been removed showing that the fluid exhibits elasticity. After the transition, the fluid loses 

Figure 3. Plots of shear stress against time in response to a step down in shear rate from 100 s-1, 10 s-1 
and 1 s-1 to 0.1 s-1 for (a), the 2:1 sample, (b), the 3:1 sample and (c), the 6:1 sample. In all cases, the 
fluid appears to be thixotropic. 
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any strain recovery, appearing to act as a viscous fluid. When viewed with OCT, as seen in figure 5, this 

transition is associated with the onset of motion in the bulk of the fluid and is an expression of a static 

yield stress in the fluid. In the region between each type of behaviour, the fluids are so sensitive to their 

shear history that they may fall on either side of the bifurcation on a given experiment. They might even 

experience delayed yielding after a stress has been applied for a period of time, making reproducibility 

impossible. On either side of the bifurcation, the creep behaviour can be modelled by a power law. Such 

fits are included as dashed lines in figure 4. In the pre-yield region, the power laws followed vary between 

Figure 4. Plots of strain vs time in a creep-recovery test in the (a): 2:1, (b): 3:1 and (c): 6:1 formulations. 

A constant stress is applied to the fluid for 1000 s before being removed for another 600 s. A transition 

between elastic behaviour, where some of the strain is recovered, to inelastic behaviour can be seen 

between 0.5 Pa and 7 Pa in (a), between 3 Pa and 5 Pa in (b) and between 1 Pa and 4 Pa in (c). The 

power law behaviour of the strain response on either side of the transition in (a), (b) and (c) are 

approximately the same.  The differences in the exact stresses depicted stem from the differences in 

the yield region in each of the fluids.  
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𝑡0.329±0.005 for the 1 Pa case in the 6:1 formulation and 𝑡0.437±0.003 for the 3 Pa case in the 3:1 

formulation. Above the bifurcation, this range is 𝑡1.035±0.002 for the 6 Pa case in the 6:1 formulation and 

𝑡1.125±0.004 in the 5 Pa case in the 3:1 formulation.  

It is unclear what accounts for the strain below the transition point. It is unlikely to be slippage as the plate 

angular velocity remains below ~10-4 rads-1 until yielding occurs, similar to the behaviour when there is no 

torque applied. Additionally, the presence of a lubricating layer would be unlikely to allow recovery of the 

strain.  Behaviour similar to that below the bifurcation was seen by Panizza et al. (1996) in a pure MLV 

phase sheared at a stress of 0.03 Pa [37]. This, along with the shear thinning data in figure 2 discussed 

previously, suggests that the fluids are initially in a state dominated by MLVs and that the yield stress can 

be interpreted as the force required to start moving the MLVs over each other.  

3.2 OCT velocimetry 

Figure 5 shows how the velocities of the fluids vary with time at a position halfway in the rheometer gap 

after the onset of shear at a constant stress.  The data for the 2:1, 3:1 and 6:1 formulations are shown in 

figures 5 (a), (b) and (c) respectively. As mentioned previously, the onset of flow is unpredictable in the 

yield region. However, once flow has begun, the response is repeatable, meaning that velocities at 

stresses within the yield region can be measured. In all cases, the velocities follow a power law in time of 

the form 𝑡𝛽 after a period of transient behaviour during which the velocity can fluctuate. This region is 

markedly larger for the 2:1 formulation, lasting 50-140 s compared with ~10 s for the 3:1 and 6:1 

formulations. It is clear that none of the fluids reach the steady state at the stresses measured and in the 

time frame of this experiment. Excluding the 15 Pa data and focussing on the data close to the yield region, 

 < 0.1, there was no clear pattern relating stress to the exponent. In the case of the 15 Pa data in each 

formulation, each fluid begins by following a power law with  ≈ 0.2 before transitioning to  = 0.439 ± 

0.004,  = 0.389 ± 0.002, and  = 0.4135 ± 0.0004 for (a), (b) and (c) respectively. The 2:1 and 3:1 samples 

then show an additional change increase in power law to  = 0.702 ± 0.001 and  = 0.739 ± 0.003 

respectively. The time at which each transition occurs increases with the proportion of CTAC in the 

formulation so it is possible that the 6:1 formulation would undergo the second transition to a power law 

of t0.7 if left for some additional time. Increasing the proportion of CTAC also increases the viscosity 

measured by the rheometer. For example, the final shear rate recorded in the 2:1 case is  ∼560 s-1, a figure 

that drops to ∼17 s-1 for the 6:1 case. Roux et al. (1993) found that the MLV phase is shear thinning while 

lamellar phases are Newtonian[36]. If the fluids in this study were Newtonian, that is flowing with a 

constant viscosity, we would expect the velocity at a specific point in the sample to be constant in time. 

What we see instead is that the velocity and the shear rate increase with time. This suggests that, if a 

microstructural change is responsible for the observed transitional behaviour, it is unlikely to be MLVs to 

lamellae. Another microstructural  candidate for this behaviour is the layering transition first described by 

Diat et al. (1995) where the MLVs are changed from disordered close-packed spherulites to ordered 

hexagonally-packed layers by shear [39]. The layers slide over each other and Manneville et al. (2004) 

associate their presence with a reduction in the fluid viscosity [27]. A reduction in the wall slip, as was 

found to accompany an increased shear rate in figure 7, could also lead to an increased scaling of the 

velocity.  A combination of these factors could be responsible for the two changes in power law seen in 

the 2:1 and 3:1 cases.  

Figure 6 shows velocity profiles collected at constant shear rates between 1 s-1 and 150 s-1 for each 

formulation. Figures 6 (a), (c) and (e) show the profiles for 1-20 s-1 for the 2:1, 3:1 and 6:1 formulations 
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respectively, while (b), (d) and (f) show the profiles for 50-150 s-1. In each case, the fluids exhibit plug flow 

at 1 s-1 and 5 s-1, in line with the results observed from 0.01-1 s-1 by Datta et al. using particle imaging 

velocimetry in a lamellar gel network based on BTMS, another cationic surfactant [19]. At rates from  

10 s-1 to 150 s-1, the fluid appears to show shear banding with three linear regimes indicating constant 

shear rates, while there is also often a plateau close to the upper plate. In all cases, a slow middle section 

Figure 5. Plots of velocity at a position halfway into the rheometer gap vs time showing the start-up 
response of the (a) 2:1 sample , (b) 3:1 sample and (c) 6:1 sample to consant stresses. Power law fits 
are included as dashed lines. At stresses close to the yield region, each plot shows a power law 
dependence of approximately t<0.1 after an initial period of transient fluctuations. In contrast, the plots 

at 15 Pa show time-dependent transitions from 𝑡0.24±0.02 to 𝑡0.439±0.004, 𝑡0.2094±0.0006 to 
𝑡0.3886±0.002 and 𝑡0.2044±0.0006 to 𝑡0.4135±0.0004 in (a), (b) and (c) respectively. There is an additional 
transition in (a) and (b) from  𝑡∼0.4 to 𝑡0.702±0.001and 𝑡0.739±0.004 respectively.  
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is bounded by two regions with much steeper shear rates. In some cases, the rate in the middle section is 

so slow it resembles plug flow. This three-band flow structure is seen occasionally in the literature, namely 

in Bécu et al. (2004) [41] in wormlike micelles, Ravindranath et al. (2008) [23] in entangled polymers, and 

Medronho et al. (2012) [26] and Manneville et al. (2004) [27] in lamellar phases. In the case of Bécu et al., 

the three-band structure is a temporary state in response to a fluctuating slip condition at the boundary 

that causes the third band to nucleate into existence before destructing sporadically. Manneville et al. 

report a third band in the velocity profile when their fluid is sheared at a constant stress that nucleates 

near the stator before moving towards the moving side of their Couette geometry. The presence of three 

bands described by Ravindranath et al. and Medronho et al. are similarly transient, though appear to be 

distinct stages in a time evolution rather than a result of fluctuations. The results displayed in figure 6 are 

different to these examples in that they exist consistently over a period of approximately 600 s of shear 

at a constant rate. This is equivalent to strain values in the tens of thousands for the higher imposed shear 

rates. In general, the shear rates in the different regions do not follow a pattern based on the ratio of 

CTAC to fatty alcohol. However, the slow, middle band of the 2:1 formulation appears to be flatter than 

the other two.  

Figure 7 shows how the slip velocity at the upper plate as a fraction of the plate velocity, 
VPlate−VFluid

VPlate
, 

varies with shear rate in each fluid. In the plug flow regime between 1s-1 and 5 s-1, the fractional slip 

velocity shows a plateau at approximately 0.5. Once in the banding regime, from 10 s-1 upwards, this 

decreases significantly with shear rate. Since the bands are stable, it could follow that they would adhere 

to a variation of the lever rule in equation 1 with three bands. However, a crucial assumption for the 

application of the lever rule is that the velocity should be continuous at the interfaces. In line with this, a 

plot of the difference between the applied rate and lever rule sum as a fraction of the applied rate against 

shear rate follows a similar pattern to figure 7. That is, the lever rule becomes more accurate as the slip 

decreases. Medronho et al. (2012) associate wall slip in lamellar phases with the presence of MLVs and 

the absence of slip with aligned layers [26]. This understanding of the microstructural changes occurring 

in the fluids suggests that the plug flow regime represents a pure MLV state which is replaced by a mixed 

regime where MLVs and aligned layers coexist once shear banding begins. However, at a given shear rate, 

the presence of a stable onion phase is typified by an approximately constant viscosity [38]. The data in 

figure 2 suggests that a transition from MLVs to lamellar sheets is occurring at every measured shear rate. 

What we see in figure 7 could be understood as the balance shifting from MLVs to lamellar sheets with 

increasing rate. The formation of MLVs from the initially aligned state is known to be associated with shear 

thickening, while the pure MLV state is associated with shear thinning [36,61]. The second aligned regime 

should therefore have a smaller viscosity than the MLV phase, so in a combined state, where shear 

banding is present, regions of larger shear rate should be associated with aligned lamellae and regions of 

smaller rate with MLVs [26,28,38]. Applying this logic to the data in figure 6 indicates the presence of two 

aligned regimes close to either rheometer plate surrounding a central region consisting of mainly MLVs.  

A diagram showing such a morphology can be seen in figure 8, which shows the MLVs in a hexagonally 

packed formation.  It is impossible to tell whether they are hexagonally packed or close-packed MLVs 

without additional use of SALS or SANS measurements as performed by Diat et al. (1995) [39]. These 

measurements aren’t possible with the current apparatus, so this figure is purely illustrative rather than 

definitive.  
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Figure 6. Plots of velocity throughout the rheometer gap at constant shear rates.  Plots (a) and (b) 

show the low and high-rate behaviour for the 2:1 formulation, (c) and (d) show the same thing for the 

3:1 formulation and (e) and (f) for the 6:1 formulation. In all cases, at 1 s-1 and 5 s-1 the fluids show 

plug flow. At 10 s-1 and above, the fluids appear to split into three shear bands, with steep linear 

gradients close to both surfaces and a shallower region in the middle.  
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When using OCT velocimetry, the signal originates from within the sample at the point where the optical 

path length travelled by the light is the same as that in the reference arm of the interferometer. The light 

in each arm travels through different media, air in the reference arm and the fluid in the sample arm. In 

our study, the refractive index in the fluid is larger than that of air, so the optical path length is relatively 

larger, even if the absolute distance it travels is the same. With this knowledge and the assumption that 

the refractive index is homogeneous throughout the fluid, an estimate for the refractive index can be 

made from the measured distance the light travels in the sample. Following the method in the 

supplementary information for Harvey and Waigh (2011) [45], the refractive index of the working fluid in 

a Michelson OCT apparatus used with a rheometer is given by, 

 

𝑛𝑠 =
𝑠𝑖𝑛𝜃𝑎

𝑠𝑖𝑛 (
𝑠𝑖𝑛−1(

2𝑥 𝑠𝑖𝑛 𝜃𝑎 
𝐿𝑎

) 

2
 ) 

, (2)

 

where 𝑛𝑠 is the sample index, 𝜃𝑎 is the angle between the normal of the rheometer plates and the lens, 

𝑥 is the size of the rheometer gap and 𝐿𝑎 is the path length in air that corresponds to the path length 

travelled through the entirety of the sample. See figure 1 for a visual aid for 𝜃𝑎 and 𝑥. Using this formula 

gives an estimate for the refractive index of the gel network of 1.54 < 𝑛𝑠 < 1.66 for the 2:1 and 3:1 

formulations and 1.50 < 𝑛𝑠 < 1.79 for 6:1. In the worst case scenario of a completely oriented sample in 

the case of the 6:1 formulation, the associated birefringence could thus lead to a 19% error in the position 

of the bands. However, separate static OCT polarised imaging data implies that the oriented birefringent 

domain structure is 1-2 orders of magnitude smaller than the rheometer gap size and thus birefringence 

effects on OCT velocimetry measurements will be substantially smaller due to averaging.  

Figure 7. Plot of fractional slip velocity, 
𝑉𝑃𝑙𝑎𝑡𝑒−𝑉𝐹𝑙𝑢𝑖𝑑

𝑉𝑃𝑙𝑎𝑡𝑒
, as 

a function of shear rate for each formulation. In each 
case, a plateau exists at rates up to 10 s-1 before the 
slip decreases.  
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As a relatively new technology, OCT rheometry has never before been used to study opaque lamellar gels 

and it performs well with both commercial and model formulations. The technique can measure much 

faster, commercially relevant, shear rates than comparable particle tracking techniques, which is probably 

why the distinctive 3 banded steady state behaviour has been observed for the first time. An additional 

advantage of OCT velocimetry over techniques with similar resolution is the relative ease and cheapness 

of its implementation. This makes it a good candidate for making in-line measurements in an industrial 

setting. This serves as a key motivation for our investigations into OCT and we are currently working 

towards directly measuring effects such as wall slip and shear banding on a pipeline. With this motivation 

in mind, we decided not to use roughened plates to reduce the effects of wall slip as the phenomena is of 

particular interest.  

The use of OCT to measure velocity transients during start up shear has not been previously presented in 

the literature and provides a new technique to probe phenomena associated with yield stresses.  Lamellar 

gel networks are some of the most challenging rheological materials that exist, since they demonstrate a 

range of sophisticated non-linear rheological phenomena including thixotropy, shear banding, soft-glassy 

behaviour, wall slip, and shear thinning. Models of soft glassy rheology show some promise to qualitatively 

describe some of the phenomena observed [19,62]. It is expected that OCT rheology will find further 

applications in quantifying the flow behaviour of a wide range of soft glassy materials.  

4 Conclusions 

Lamellar gel networks display a rich variety of robust rheological signatures. Namely, thixotropy and yield 

stress highlighted in the rheometry data. Through OCT velocimetry, we have directly observed nonlinear 

flow in our gel network in the form of wall slip and plug flow at rates of ≤5 s-1 and shear banding at rates 

of ≥10 s-1. The three-band structure of the fluids at these rates has been seen previously as a transient 

Figure 8. Schematic diagram showing two regions of 
planar lamellae bounding a centre of hexagonally 
packed MLVs. The red arrow at the top of the diagram 
indicates the direction of flow as imposed by the 
moving upper rheometer plate. The smaller red 
arrows on the diagram show the MLVs sliding over one 
another in layers.  
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behaviour in complex fluids, but never in the steady state [23,26,27,41]. The form of the rheometry data 

is characteristic of the type of fluid and, along with the transition from wall slip to shear banding seen via 

OCT, seems to be indicative of a transition from MLVs to planar lamellae. In addition, the onset of motion 

associated with the fluid’s yield stress was observed directly. The velocity start-up of the fluids was found 

to follow a power law dependence in time after an initial period of transience. The power law behaviour 

is weak when the stress is close to the yield region. When the stress is increased, the fluid undergoes two 

time-dependent transitions to steeper power laws. The origin of this behaviour is unclear but could be 

related to a transition from disordered to ordered MLVs and the reduction in wall slip at high shear rates. 
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