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We review experimental evidence and theoretical/modeling
approaches on Wormlike Micelles (WLMs) dynamics in linear
and nonlinear regimes. We focus on recent works regarding
the extraction of quantitative microscopic information from
linear rheology data and the possibility of quantifying the fast
relaxation processes. Models for WLMs undergoing reptation
and chain sequence rearrangement are discussed. Strong
shear and elongational flows that can cause interesting phe-
nomena, e.g. chain scission, structure formation, and elastic
instabilities in WLMs, are considered. More specifically, start-
up shear flow in the nonlinear regime, LAOS experiments, and
relative data treatment are discussed, together with shear-
banding phenomena and their dynamics, inertio-elastic in-
stabilities, and secondary flow. Different techniques for
measuring WLMs in extensional flow are compared, referring
in particular to the recent dripping-onto-substrate (DoS)
extensional rheometry, which is able to address some short-
comings of the CaBER technique. We finally deal with the
potential source of triggering flow profiles and secondary flows
with fluid properties and external conditions.
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Wormlike micelles are fascinating self-assembled
structures originating from the spontaneous grouping
of surfactant molecules in polar/apolar solutions, which
possess peculiar rheological properties that make them
attractive in a wide range of products. They are prone to
be used in oil fields for hydraulic fracturing, as drag-

reducing agents and thickeners for personal and home
care products, smart materials for nanobiotechnology,
and reservoirs for drugs and nanofillers [1,2]. The design
(via spontaneous molecular self-assembly) of materials
with final characteristics defined in advance has been
recognized as overriding to tune their final uses.

The first part of this review will be devoted to the
multiple ways to guide wormlike micelles self-
assemblies in surfactant solutions and their linear
rheological response. This will be linked to the under-
lying microstructure and worms’ mesoscopic length
scales. The final part deals with the response of worm-
like micelles to strong flows and the resulting mecha-
nisms induced by the flow, such as scission and
elastic instabilities.

The last twenty years have seen great advances in
techniques and methods for understanding and
describing the properties of wormlike micelles, partic-
ularly in linear and nonlinear rheology. Therefore, we
had to manage the scope of this review to be short and at
the same time to present the main advances, although
that surely involves our personal point of view. Hence,
we probably left many subjects without a proper and
deep description, and we apologize for those omissions.
Also, other reviews include points not addressed here
that would be important to the readers [3—5].

Wormlike micelles self-assemblies: zero
shear viscosity and cryo-EM imaging
Amphiphilic molecules (ionic surfactants, lipids, diblock
copolymers, etc.) contain two or more chemically distinct
moieties, covalently merged to form a single molecule.
The incompatibility between the different units and
solvents leads to local segregation and the consequent
self-assembly[6]. Aggregates’ morphology units can be
tuned from spheres, cylinders, giant cylindrical micelles
or wormlike micelles, vesicles, and bilayers by varying the
blocks’ chemical nature, molecular weight, temperature,
ionic strength, etc. [7,8] The preferred surface geometry
of the aggregates produces the so-called spontaneous
curvature, which optimizes the most energetically
adequate packing of the assembled aggregates, but it does
not account for the effects of entropy. The aggregates’
final shape also considers the effects of entropy on the
assemblies to stabilize some structures and defects.
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Beneath the critical micelle concentration (CMCQC)
[9—11], entropy privileges a uniform dissolution of the
building blocks in a solvent; aggregation is irrelevant.
Above CMC, energetic interaction dominates, and
translational entropy plays a minor role. Consequently,
the number of aggregates, usually sphere-shaped, in-
creases. In cylindrical micelles, the curvatures are mod-
erate, lower than in a spherical micelle but higher than in
bilayers. In cylindrical micelles, energy is improved when
the curvature is unvarying, forming extended linear
structures, ze. the WLMs. Nevertheless, entropy in-
troduces randomness by making curved cylindrical mi-
celles, which increases conformational entropy (i.e., like
in polymers) and through topological defects in the form
of end-caps and/or branch junction. These defects are
introduced by forming regions with different local cur-
vatures but incurring in different energetic drawbacks.
The entropic gain related to end-caps is greater than that
of branch junctions[12]. However, while topological de-
fects introduce an entropy gain, the dominating defect is
given by spontaneous curvature produced by the amphi-
philes. If the energy required to create two end-caps from
a long cylinder, ze. the scission energy of a cylindrical
micelle is big, cylindrical micelles may change into quite
long and intertwined at a relatively low total amphiphile
volume fraction[7,13]. Therefore, the end-caps increase
entropy by increasing the amount of micelles in the liquid
solution, and a drop in the scission energy shortens the
wormlike micellar length. Branch junctions expand the
configurations, permitting percolation to form extended
micellar networks, leading to a multi-connected net of
cylindrical micelles. An assessment of junctions and end-
caps can be found elsewhere[12].

Multiple ways exist to formulate aqueous solutions
containing WLMs. lonic surfactants with aliphatic
chains of ¢z. 16 carbons can spontaneously pack into
cylindrical micelles. Another chance to induce WLMs
is to work at low surfactant concentration (above the
CMC) and tune temperature or pH by encouraging
spherical micelles to self-assemble in a cylindrical
shape[14—16]. Additives have also been widely
explored in the last decades [17], particularly
concerning binding (also called penetrating) additives.
They are complex molecules characterized by at least
one aromatic ring in their molecular structure and by
the possible combined presence of a charge (binding
salts or hydrotropes)[5,18]. Binding salts combine two
actions, one related to the penetration of the molecule
into the micellar structure self-assembly (inducing an
effective change in the surfactant molecules’ apparent
size) and the other to the electrostatic screening ac-
tivity among micelles[19]. Incorporating these coso-
lutes, by tuning their molecular structure and
counterions allows to modulate intermolecular in-
teractions, consequently inducing morphological tran-
sitions in a controlled way [18,20—22], as shown
schematically in Figure 1.

Cryo-Transmission Electron Microscopy (Cryo-TEM) is
the most accomplished technique able to differentiate
between various architectures, such as linear and
branched WLMs, with similar rheological responses
[23—26]. Indeed, entangled linear and branched mi-
celles cannot be distinguished in neutron or light scat-
tering and flow-induced birefringence. Although cryo-
TEM imaging is needed for a detailed microstructural
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Possible interactions between the self-assembly of amphiphilic molecules dispersed in aqueous solutions and salts, adapted from Ref. [20].
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characterization of WLMs, it remains a tricky technique,
e¢.g. care should be taken during the blotting stage of the
sample preparation due to a strong flow possibly applied
to the WLMs, that can dramatically change their
microstructure [27].

The conversion from linear to branched WLMs is often
induced by a high salt content, accompanied by a
reduction in the solution’ zero shear viscosity, 1. Figure
2 shows two examples of the viscosity trend coupled
with very clear cryo-TEM images. The rheological and
microscopic measurements have been performed on a
surfactant solution at a fixed concentration of bis(hy-
droxyethyl)methylammonium chloride (EHAC) with a
variable simple salt content (potassium chloride), Figure
2a, and on a solution containing 16.7 mM of cetylpyr-
idinium chloride (CpyCl) and variable content of a
binding salt (diclofenac sodium - NaDi), Figure
2b [5,28].

The viscosity drop has been justified from one side with
an extra relaxation process (the low-cost-energy sliding
motion of branch points along the main wormlike chain)
[29] and on the other side with the wormlike micellar
lengths reduction[24]. On top of this, it has been shown
theoretically and experimentally [30,31] that an exces-
sive increase of salt determines a decrease in the scission
energy, which could cause a drop in average micelle
length and viscosity.

Linear viscoelastic response and
mesoscopic scales in WLMs

For most wormlike micellar solutions subject to small
shear deformations, 7, shear stress relaxes like in the

Figure 2
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Maxwell model, G(r) = Gy exp (-#/Tg) at long times,
which corresponds to the behavior of the complex
modulus G*(w) = /G’ (v) + i G" (w)] at low and inter-
mediate frequencies, , in the Fourier domain
[32,33,34]. This viscoelastic spectrum can be measured
by Small-Amplitude Oscillatory Shear (SAOS), and it
has been intensively used to quantify micellar systems’
viscoelastic features [35,34]. The elastic frequency in-
dependent plateaus modulus, Gy, can be directly eval-
uated from the experimental data; the relaxation time,
TR, can be obtained from the intersection of G’(w) and
G"(w) curves. When WLMs are long enough, they can
entangle. There is evidence of sticky contacts between
WLMs, which crosslink the WLMs and thus form a
three-dimensional network [36]. When the micellar
breaking and reforming process time is faster than the
reptation time, a mean chain length dominates the
relaxation process. It produces a decaying exponential
stress relaxation, whose relaxation time is identical to
the geometric mean of the mentioned characteristic
times. Both relaxation times follow an Arrhenius-like
dependence on temperature. A wide range of activa-
tion energies have been reported for WLMs (70—300 kJ/
mol), which do not differ much from those of polymers
in flow regimes (40—100 kJ/mol). For WLMs, the ratio
TRrR/Mo, 1s a strong function of temperature, in contrast
with unbreakable polymers, for which the ratio is a soft
function of temperature. This strong dependence orig-
inates from both the decrease in the average micellar
length and the increase of the scission rate constant
when temperature increases [37].

To better describe the linear rheology of entangled
WLMs, several improvements have been developed to
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Zero shear viscosity as a function of salt content for two solutions, along with cryo-TEM images (images refer to the circled concentrations). (a) For a
solution containing 1.5 % by weight of EHAC and different contents by weight of potassium chloride (readapted by Ref. [5]; (b) For a solution containing

16.7 mM of CPyCl and different content of NaDi (readapted by Ref. [28]).
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include high-frequencies where other relaxation modes
appear. Using the Poisson renewal approach, Granek and
Cates [38,39] widened the basic reptation-only frame-
work to include extra stress relaxation processes, such as
the contour of length fluctuations and intra-tube Rouse
modes. Other models have been developed to deal with
WLMs linear rheology; a recent survey can be found in
Ref. [40]. Lequeux [41] developed the concept of a
population balance equation considering WLMs as a
population of chains differing in length to produce a
balance equation on stress, where self-assembling
structures continuously exchange material. Both mass
and stress of the original structures are transferred to a
new segment of the wormlike micellar size distribution
through stress balance terms attached to an existing
stress relaxation differential constitutive equation
(without rearrangement). This model has been
improved by Peterson and Cates [42], using a simplified
approximation of the population balance approach
named shuffling.

The main ideas of Cates and the mentioned relaxation
mechanisms have been incorporated with greater preci-
sion into the so-called ’pointer algorithm”, a mesoscopic
simulation method, which gives an explanation of the
disentanglement dynamics, the micellar reactions con-
trolling the mean micellar length, and the structural
flexibility of branched and linear WLMs [43—45]. This
method developed by Larson’s group includes reptation,
micellar breakage/reforming, as well as fluctuations of
contour length, and Rouse modes that are already included
in Cates’ model. Besides, this method involves constraint
release, bending modes, and a cross-over to the tight
entanglement regime. The procedure uses “pointers” that
follow the ends of unrelaxed parts along each micelle,

thereby permitting efficient simulations of the relaxation
dynamics in a box containing abundant micelles in a way to
obtain reliable results without neglecting correlation
[44,46]. Very recently, the pointer algorithm’s predictions
were shown to match those of a microscopic slip-spring
model that was validated against rheological data from
polymers, too. This allows the estimation of mesoscopic
length scales, eliminating a significant gap in the charac-
terization of wormlike micellar solutions [47].

Mesoscopic scales play a crucial role in determining soft
matter properties. In WLMs, they are related to the
entangled micellar network, such as the average micelle
total contour length, L, both persistence, 1, and
entanglement, le, micellar lengths, and the mesh size of
the formed network, £. These parameters can be esti-
mated from G’(w) experimental data extended to high
frequencies (see Figure 3), and they are given as input
to mesoscopic simulations or theoretical models in a way
to refine mesoscopic information; reviews of experi-
mental methods can be found in [48]. The experimental
data must cover a wide range in frequency, often ob-
tained by combining rheological data with Diffusive
Wave Spectroscopy (DWS) [30]. Rheology can rarely be
used to evaluate all the characteristic micellar lengths by
itself, although very recently, in very dilute wormlike
micellar solutions, the whole relaxation spectra were
covered by linear rheology [28]. Figure 3 shows experi-
mental evidence of the high-frequency regime obtained
through DWS measurements at different temperatures
[30] or via rheological experiments in dilute solutions at
ambient temperature [28]. The experiments shown in
Figure 3 are performed on the same surfactant molecule
(CPyCl), but with a different concentration and
different salts.
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Dynamic shear moduli on surfactant solutions made of CpyCl. (a) DWS experiments at various temperatures were performed on 100 mM CpyCl/60 mM
sodium salicylate (NaSal) solutions. Readapted from Ref. [30] (b) Frequency sweep test at 25 °C performed on 5 mM CPyCl, 4 mM NaDi. Readapted from

Ref. [28].
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Mesoscopic scales, the formulae, and how to evaluate them from the viscoelastic spectra determined by SAOS and DWS. Comparison between
rheometry data (full symbols — red G, blue G’) and DWS (open symbols). The inset shows the complex modulus power laws at high frequencies.

Readapted from Ref. [49] for the TDPS/SDS system.

At time scales shorter than the micelles’ breaking time,
WLMs act as flexible polymer chains [50], where stress
relaxation is essentially governed by the Rouse-Zimm
modes at not-so-high frequencies and by internal
relaxation of Kuhn segments at higher frequencies.
G'(w) exhibits a power-law behavior, |G| ~ w", with v
~ 5/9 corresponding to the Rouse-Zimm regime that
changes to v ~ 3/4, when the internal bending modes of
Kuhn segments are dominant; the boundary happens at
a specific frequency wg (o= 1<]3T/8ng p> MNs is the vis-
cosity of the solvent) [51]. From this change of slope in |
G'(w)|, I, can be evaluated, as well as other character-
istic lengths.

The wormlike micellar network mesh size can be esti-
mated in the loose entanglement regime usmg E=(A
kBT/Go)l/ where the coefficient A = 9.75 is a dimen-
sionless prefactor, which includes correlations for loosely
entangled polymers [45,37]. I can be estimated with I
£/ l23 [39]. Through incorporating breathing and
hlgh—frequeney Rouse modes, the average total contour

length can be calculated using G’ jn/G" min = B (L¢/
f:) . Here, the ratio G’ijn/G” min is evaluated at the
frequency where G exhibits a local minimum, and G’y;,
is the value of the elastic modulus at the frequency
where the local minimum in G” appears; the exponent,
usually equal to unity [35], is a correction derived by
Granek, refining the estimate for the dip value G” i,
[38]; the prefactor B = 0.317 has been recently evalu-
ated by Larson and coworkers, by fitting to the pre-
dictions of the pointer algorithm [47]. The effort of
correlating rheology with micelle lengths has often been
hindered by the difficulty of accurately measuring these
parameters, and their estimation usually needs fitting.
Further steps are required to connect experimental
measurements and modeling estimates depending on
micelle lengths, salt concentration, and other additives,
as well as their behavior in a nonlinear regime. We
summarize the mesoscopic length scales, the formulae
for their evaluation, and the connection with the
viscoelastic spectra in Figure 4, where we also show the
rheometry and DWS microrheology data for comparison.
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Nonlinear behavior in WLMs and inertio-
elastic instabilities

Many applications employing WLMs involve fast flows,
which causes intriguing phenomena such as chain-
scission, structure formation, and elastic instabilities
[52]. When inertia is negligible, the Weissenberg
number, expressed as Wi = Tgr/T,; is the control
parameter, which denotes the elastic to viscous forces
ratio, where 7 is a characteristic time for the deforma-
tion process. This definition implies a constant relaxa-
tion time, which does not change in nonlinear regime,
although very recently, Rogers and coworkers showed
that the relaxation times can be considered rate-
dependent, with this approach being able to describe
various aspects of WLMs rheology [53]. By keeping the
old-fashion version of the Wi number, in the case of
steady shear, Wi = y Tp, with vy the shear rate. For
oscillatory shear 7, = 1/ v, = I/(w v,), Wip = 0 v, Tg
[54]. When W7 < 1, a linear response is expected.
Constitutive equations properly adapted from the
nonlinear response of linear entangled polymeric chains
have successfully been used for WLMs, showing that
entangled linear wormlike micelles, in some cases,
appear to align, stretch, and tumble just like polymeric
chains in startup flow when W7 > 1[50]. In some other
cases, WLMs, submitted to a strong shear flow, can
eventually show a structural nonlinearity which arises as
an almost flat plateau in the shear stress, g, versus shear
rate, v, flow curve, where the fluid becomes dramatically
shear-thinning, where the viscosity vs shear rate plot
slope is ~ —1. They can show a non-equilibrium phase
coexistence arising along the gradient direction between
an isotropic solution and an aligned band (paranematic)
with lower viscosity than the quiescent phase
[4,55—58]. These bands result from mechanical insta-
bility, where the multivalued nonmonotonic constitu-
tive curve presents a negative slope (do/dy < 0),
producing two branches (shear bands) separated by a
stress plateau to reach mechanical stability, one at low
and another at high shear rates [55—57]. It is common
that band sizes follow roughly an equality comparable to
the lever rule. In other words, in a simple shear-banding
scenario, the fluid is divided into just two clear regions
separated by a thin, steady interface of very small width
[59,60]. The paranematic phase high shear band pre-
sents birefringence related to the micellar orientational
order. Neutron scattering confirmed the nematic
distinctive mark of this phase [59,60]. The low shear
band is made mostly of isotropic fluid.

In contrast to gradient banding, vorticity banding re-
quires a single shear rate to support multiple shear
stresses. This instability is observed in Couette flow as
stacked bands along the vorticity direction (vorticity
bands) [61,62] . Since some parts of the domain lie in
regions of the flow curve where 8o /0y > 0, while others
lie in the region where do/0 ¥ < 0 (0 is the shear stress),

it produces a mixed behavior that can lead to complex
flow instabilities in Couette flows as finger-like struc-
tures, unstructured streaks, and branches spanning
along the gap, and vorticity bands. Hommel and Graham
have studied these instabilities recently using the
reformulated reactive rod model where micelles are
described as rigid Brownian rods undergoing reversible
scission and fusion in flow [63,64].

Although the simple scenario at steady state is somehow
understood, coupled with the onset of shear-banding, a
strong strain hardening in the transient regime is often
detected, with a stress growth coefficient overcoming
the Linear Viscoelastic Envelope (LVE) obtained from
linear rheological data[65]. An example is reported in
Figure 5. Very recently, the transient nonlinear rheo-
logical tests on a self-assembled wormlike micellar so-
lution have been interestingly reviewed in terms of
recoverable and unrecoverable strain [66], confirming
that at low accumulated strain, the response is elastic in
nature. At high strain, an anomalous increase in the
stress growth coefficient sometimes appears in time,
displaying a sudden inflection point. The stress growth
coefficient, after the inflection point, occasionally re-
mains below the LVE (see, for example, the blue line in
Figure 5a, corresponding to Wz = 3.2). In all cases, when
available, the stress growth coefficient passes through a
sharp maximum before reaching a steady state. The
value of the stress at long times is reported in Figure 5
b). Similarities are found in recent data on linear poly-
mers [67] and on telechelic associating polymers [68].

In summary, it is assured that just after the peak (as
shown in Figure 5), the system experiences a shear-
banding transition, which develops over time before
reaching its expected steady transition [69,70]. How-
ever, the foremost reason shear bands develop in these
conditions is still under debate, as well as the hysteresis
in the up-shear and down-shear flow curves related to
this strain hardening. However, recent measurements
show that when the measurement time in each mea-
surement is much larger than the relaxation time, all
hysteresis in the shear flow curves is reduced [71].
When the elastic contribution in wormlike systems is
high, the simple shear-banding scenario does not occur,
and multiple bands can be commonly detected [71].

Simple fluids at high shear flow can be unstable and
ultimately turbulent due to inertia when the Reynolds
number, Re = T; 7y, increases, where T]Z,Odz/?’}() is the
viscous diffusion time; here &, 1y and p are a character-
istic length in the velocity gradient direction, the vis-
cosity, and the mass density, respectively. In Taylor-
Couette flow with a small gap between the cylinders
(@), Taylor illustrated that the purely azimuthal base
flow turns out to be unstable when the Taylor number
1a; = A"?Re increases over some critical value. Here, 4
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(a) Stress growth coefficient in startup flow at different shear rates performed on wormlike micellar solution containing 100 mM CPyCl and 67 mM NaSal.
Different colors correspond to different Wi values: black 0.23; red 0.56; green 1.6; yellow 2.4; blue 3.2; pink 4; cyan 5.6. (b) Steady-state value of the
stress (obtained from data at long times in a)) vs Wi. A flat plateau appears when Wi > 1, denoting the presence of a shear-banding phenomenon.

= d/R; <<1 denotes the streamlines dimensionless
curvature, with the inner cylinder of radius R; rotating.
Another route to instabilities occurs due to the addi-
tional time scale in WLMs, i.e., the relaxation time Tp
that does not involve inertia and is purely elastic.
Nonlinear experiments can probe the interval between
the steady-states and strongly time-dependent behav-
iors, discovering the consequence of varying the dy-
namic variables: the Deborah number, D¢, and the
Weissenberg number, /2. Here, we defined the Deborah
number (De TRW) as the ratio of a characteristic
relaxation time of a material, Tg, and a characteristic
time scale of the deformation process observation, T =
1/w. By coupling neutron scattering and shear rheology,
Lee etal. recently discussed the possibility of describing
both linear and nonlinear rheology with the magnitude
of the recoverable strain [72]. Although the idea is new
and surely challenging, we decided to focus on literature
data reviewed in terms of the applied strain, for a matter
of simplicity. A linear response is anticipated when the
applied strain is slight or when W7 << 1. When De << 1
a reconfiguration dynamic is expected that keeps up
with the applied deformation, leading to a quasi-steady
state response where the stress slowly goes up and down
along the steady-state flow curve and the shear rate
varies through a cycle. In comparison, when De >> 1,
the system’s relaxation dynamics is not able to follow
the applied deformation and an elastic-type response
would be expected. If Re << 1, then the /7 number is
the control parameter that may cause the appearance of
secondary flows and, ultimately, to elastic turbulence
[73]. Homogeneous flow becomes unstable when 7a; =
A" Wi surpasses a particular value. However, it is
imperative to note that the appropriate dimensionless
group for purely elastic instability comes from the band

with high shear rate [73]. Flow instabilities are denoted
as inertio-elastic when both Re and W7 are large. A pre-
cise instability scaling is not known, even for the Taylor-
Couette geometry. By dimensional analysis, it has been
proposed that the Taylor number should be expressed as
a function of Re and W7, 1a A1/2 f(Re, Wi). When
E— 0, fgoes to Re,and when € — o, fgoes to Wi. Here,
& is the ratio of elastic to inertial forces in a fluid, named
as the elasticity number, €& = Wi/Re = Tp/T; [54,74].

Wormlike micellar solutions present purely elastic in-
stabilities when inertia is negligible, as in other visco-
clastic fluids[75]. Shear-banding instabilities produce
vortex flows confined to the high shear flow band[73].
The banding-structure formation kinetics and the
spatiotemporal fluctuations, reminiscent of the Taylor-
like instability detected in viscoelastic polymeric solu-
tions, have been thoroughly studied in WLMs [73,76].
In this case, shear-banding instabilities produce vortex
flows confined to the high shear flow band [77]. The
banding-structure formation kinetics and the spatio-
temporal fluctuations reminiscent of the Taylor-like
instability detected in viscoelastic polymeric solutions
have been thoroughly studied [73,76]. The band inter-
face undulates due to an underlying secondary vortex
flow, primarily localized in the high 7 band. The image
of two stable shear bands separated after the onset of
the shear-banding, ze., at Wi >1, by a steady interface,
has many theoretical challenges[74,78], which pro-
moted the exploration of elastic instability mechanisms
as the potential source of triggering secondary flows,
that are considered responsible for the fluctuations on
the main flow. When there is no stress diffusion, linear
stability for shear-banding in a planar Couette flow
shows that flow is unstable for most arrangements of two
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bands for long waves, employing the Johnson-Segalman
model fluid [79]. A slight stabilizing effect is present in
the case of weak diffusion, although the primary long-
wave instability mechanism is not really modified.
Starting at the onset of secondary flows, which is local-
ized in the high shear rate band, follows a deformation of
the interface between bands, and the evolution of the
secondary flow depends on the boundary conditions of
the unstable domain (hard or soft). The existence of the
three distinct scenarios has been experimentally
confirmed [73], and a dimensionless criterion to ratio-
nalize the onset of these secondary flows in the base
shear-banding flow of WLLMs has been established [80].
Other instability mechanisms of elastic origin have been
studied, and it has been suggested that the jump in
normal stress between bands could generate interfacial
modes. The spatiotemporal dynamics for secondary
flows is not yet fully understood since the control
parameter is still not explicit for transitions between
spatiotemporal dynamics. Examples of spatiotemporal
dynamics classes of secondary flows inferred from the
evolution of the position of the interface between bands
during a step in shear rate from rest have been noticed
[73]. On the other hand, there are reports of non-shear-
banding (homogeneous) WLMs where inertia is signif-
icant in which flow patterns analogous to those in the
inertio-elastic regime of dilute polymer solutions appear,
following a sequence: CF (Couette Flow)/SV (Standing
Vortex)/DRSW (Disordered Rotating Wave Pattern)/
EDT (Elastic Dominated Turbulence)[81].

Nonlinear effects occur if the strain amplitude in-
creases, as exemplified by LAOS.[54]. A sinusoidal
strain-imposed protocol is used, expressed as Y = Yy
sinwt, where g is now a large strain amplitude, © is the
frequency, and a derivative can evaluate the shear rate
Y() = (y,w)os wr = v,cos wr. Meanwhile, the
response to stress by viscoelastic complex fluids is in-
dependent of the shear direction; therefore, the
nonlinear shear stress can only be represented by odd
harmonic contributions. After an initial transient, the
system’s response achieves a time-translationally
invariant state from cycle to cycle. Explicitly, changes
in shear stress due to higher harmonics contribution can
be visually observed through the Lissajous-Botwich
(LB) curves, which are 3D curves (g/go vs. v/ v, and
Y/(y, w)) and by their projections (elastic representa-
tion: 0/0o vs. Y/ 'y, or viscous representation: g/Go vs.
Y/(v, ®))[54]. An example of a micellar solution made of
CTAB/NaSal at different Wiy and De is presented in
Figure 6, which is called a Pipkin diagram. A distinctive
characteristic of LAOS in Maxwellian fluids is that the
severity of the flow’s time dependence, relative to the
fluid’s relaxation Tg, can be adjusted by varying ® in the
applied strain but without abrupt jumps in the strain
input, as occurs in step experiments[54]. Therefore, for
WLMs following the Maxwell model under strain-
imposed protocol in a LAOS experiment, if the

applied strain is minimal, vy, << 7, as in SAOS, the
shearing strain amplitude can be expressed as yp = Wiy/
De and the angular frequency by w = De/Tg. Then, the
shear stress, d(z), can be described by a(z) = (Wiy/De)
|Gsin(De/Tp)t + G’cos(De/TR)t]; here G’ = Gy [Dgz/(]—t—
DE)] and G” = Gy [De/(1+ Dé)]. The loci of a(z) s. 70)
is an ellipse determined by UZ—ZG’J*}'—I—(G’Z + G”Z)”Y =
[G” Wz'o/l)e]z; the stress maximum occurs in the first
quadrant, i.e., where variables are positive, of a g vs. ¥
graph (0" = v [(G¥ + G’%)/G’]). However, since LAOS
is not restricted to vy, small, the response of WLMs to
oscillatory shear strain can be explored by selecting large
Y,» which produces large deviations from the linear
performance. For a fixed W7y, when De >> I, WLMs can
exhibit a nonlinear elastic response at & with periods
shorter than the time scale needed to form a shear band.
When De << 1, this flow produces a quasi-steady state
response, where stress repeatedly sweeps up and down
as the shear rate changes through a cycle. Time-resolved
small-angle neutron scattering t-SANS [82] identified
the different frequency regimes where measurements
were almost equal to the expectations given by the
Maxwell model in the linear regime.

Shear-banding in LAOS has been experimentally
observed [82], and a few models have been capable of
predicting shear banding. For instance, those employing
the partially extending convected (PEC) equation [83],
or the Vasquez—Cook—McKinley model [45]. Never-
theless, to determine shear-banding theoretically,
models must include nonhomogeneous flow and a cri-
terion for the shear-banding onset. Considering that the
underlying stress constitutive curve, a function of strain
rate, is nonmonotonic, it is insufficient [84]. The Rolie-
Poly (RP) model used for the case of polymers and
WLMSs has been considered for the shear band formation
in LAOS [85] with some success. Here, a single-mode
approach has been assumed to consider just one repta-
tion relaxation timescale and one elasticity relaxation
timescale. Then, shear-banding appears for monotonic
constitutive curves. Chain rupture and recombination
narrow the relaxation spectrum, so this single-mode
approach can provide an entire image of the parameter
space. Therefore, shear-banding is considerable, and the
mechanisms that generate its onset can be identified,
allowing it to focus on understanding the shapes of the
stress curves versus strain or strain rate. The Lissajous
plots have been considered as the result of a sequence of
physical processes and have linked to a molecular origin
of a Kuhn segment scale and elasticity[86].

However, it is not easy to understand the physical
meaning of all changes in LLB curves. Comprehensive
frameworks have been developed to better describe and
understand the nonlinear viscoelastic response from an
imposed deformation protocol applied to WLMs. Here,
we will describe just two of the most distinctive pro-
cedures. The Chebyshev decomposition method
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Normalized 3D Lissajous-Bowditch curves and projections (elastic representation: a/a, vs. v/ vy, or viscous representation: a/a vs. v/ (v, w)) for a micellar
solution made of CTAB/NaSal ([NaSal)/[CTAB] = 4, and [CTAB] = 0.1 M), using different Wiy (=Tgw v,) and De (=tgw). The temperature from the upper
row to the lower one is T = 20, 25, and 30 °C, respectively. Figure taken from Ref. [71].

(TDM), where the stress is decomposed into a sum of
contributions dependent on the strain (elastic stress)
and the strain rate (viscous stress), provides global and
local measures at specific points. Quantitative material
functions are calculated just using the total strain;
physical interpretation of the material responses is ob-
tained based on the signs and magnitudes of these
material functions.

On the other hand, the sequence of physical process
method (SPPM) analyzes the transient material re-
sponses by tracking the trajectory of the stress responses
instantaneously as a function of both the strain and the
strain rate. This framework describes the three-

dimensional Lissajous figures providing instantaneous
(local) elastic and viscous responses throughout the
oscillation cycle and global measures, and it makes use of
the decomposed strain into recoverable and unrecover-
able strains that can be obtained experimentally. In
particular, the loss modulus, related to the average
dissipated energy during the oscillation, is a composite
parameter that can be split into contributions from
recoverable and unrecoverable strain rates representing
the viscoelastic solid- and liquid-like behaviors. At the
end of the examination, the TDM, which is based on the
total strain and total strain rate, describes the material
responses by one elastic and one viscous property. In
contrast, the SPPM provides one recoverable elastic and
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two viscous properties, allowing for a more explicit
interpretation of the nonlinear behavior. Therefore, a
problem usually treated as a mathematical problem can
be solved experimentally by acknowledging the extra
information provided by recovery rheology. Quite
recently, both methods have been confronted by Shim
and coworkers [87]. These authors show that the two
methods provide competing physical interpretations
when derived from the total strain but provide unified
interpretations when decomposed strains describe them.

The TDM description assumes a sinusoidal shear strain
and a cosinusoidal strain rate. The resulting stress is
described as the sum of two contributions, elastic stress ¢’
and viscous stress 0". The decomposed stresses is repre-
sented in terms of orthogonal Chebyshev polynomials:

@) o

o' = v Z (@, 70) Tu(Y / Yo ) (2)

n=odd

o' = 79 Y alw, 7o)

n=odd

Here, 7}, is the #th-order Chebyshev polynomial of the first
kind, ¢, (w,7q) and v, (w, () are the elastic and viscous
Chebyshev coefficients, respectively, which are indepen-
dent of each other. In this method, the third harmonic
elastic and viscous Chebyshev coefficients are essential to
interpret the nature of the nonlinearities where the
stress—strain relation is no longer describable by linear
differential equations with constant coefficients, and the
Lissajous curves are distorted. Therefore, new parameters
to capture intracycle nonlinearities must be introduced to
determine the local behavior of graphs of stress vs. strain or
viceversa, as the local moduli and local viscosities within a
cycle at specified points, which can be evaluated with the
Chebyshev coefficients to quantify intracycle non-
linearities, distorting the linear viscoelastic ellipse. Sub-
sequently, it is necessary to define the strain-stiffening
ratio (S) and shear-thickening ratio (T) introduced by

Ewolde et al. [88] defined as § = 5% and 7 = LM,
L

these quantities can be evaluated by the coefficients of the
Chevychev expansion. Here, G), is the minimum-strain
modulus or tangent modulus at Y = 0, G} is the large-
strain modulus or secant modulus evaluated at the
maximum strain, 7]",11 is the minimum-rate viscosity, and n’L
is the large-rate viscosity. Now, TDM arrives to the rheo-
logical response of materials, which are linear when § =
0and T = 0. When § > 0 and 7" > 0 materials are strain-
stiffening and shear-thickening in the intracycles. For the
case of negative values, § < 0 represents strain-softening
and 7" < 0 shear-thinning in intracycles.

In contrast, SPPM permits a dynamic interpretation
via defining a transient modulus and viscosity within an
oscillation, presenting a response trajectory in the space

defined by the strain, strain rate, and stress without
assuming any shear symmetry as TDM needs. These
instantaneous modulus, G(t), and viscosity N¢(t), result
in the partial derivatives of the stress with respect to the
strain and rate, respectively, and they can be interpreted
depending on the relative magnitudes and their de-
rivatives. In this way, the transient response will be
stiffening or softening when the instantaneous modulus
increases or decreases at a given instant. In the same
form, when the instantancous viscosity increases or de-
creases, the transient response is interpreted as thick-
ening or thinning. Considering now that the strain can be
decomposed into recoverable and unrecoverable strains
experimentally, i.e., Y(t) = Yrec(t) + Yunrec(t), the SPPM
parameters can be rewritten in the form of the recovery
rheology perspective, producing an equation for G(t) in
terms of Chebyshev polynomial of the first kind and the
recoverable and unrecoverable strains Yec(o)/Yo,rec and ¥
rec(t)) Yoec (substituting the unrecoverable strain from
the recoverable strain expressions in the last equation).
Here, the zero subindex in Y and 7y, corresponds to the
maximum values of the recoverable strains or recoverable
strain rates. The Chebyshev coefficients following a
similar notation as in (1) and (2) allow to define new
material functions in terms of recoverable and unrecov-
erable strains in the SPPM: “e;, vy, e, *“v3, and
ey Uy 5, This leads to the recovery rheology to
provide two newly local moduh ¢ G, and ¢ G}, and
four local viscosities (" 1), "“ 0}, """ 0/}, and """ )
all in terms of these mentioned Chebyshev coefficients.
These functions produce a more detailed interpretation
of a response of a wormlike micellar fluid: If ¢ G ,> ™°

"\s» strain stiffening; ““ G, < "¢ G}, strain softening; "
’7/L re¢ ”’7//1/[’ rate thickening; ) < 7, rate thin-
nlng, unrec n > unrec 7],1/1, rate tthkCnlI’lg, unrec n/[ < unrec
1y, rate thmmng As described, the SPPM depends on
the recovery rheology and produces two different
response trajectories defined by the recoverable and the
unrecoverable components, allowing a better interpreta-
tion of material responses. Shim et al. [87] describe the
conditions where the TDM gives the same results as
SPPM and under what circumstances caution should
taken when TDM interpretations are used. The use of
recovery rheology provides more information than TDM
and allows more detailed interpretations; apparently,
SPPM accurately represents the physics of materials. In
particular, a cetylpyridinium chloride/NaSal micellar so-
lution was studied with SPPM by Shim et al., and the
results are shown in their supplementary material sec-
tion [87].

Besides shear deformation, WLMs have revealed rich
dynamics in extension, although this flow type has
received far less attention than shear. Moreover, recent
studies have shown that uniaxial extensional rheology
could be able to discern between linear and branched
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self assemblies [52,89,90]. The extensional behavior of
WLMs was initially studied with four roll mills and
opposite jet devices [91,92]. These devices are, never-
theless, unable to make transient rheological measure-
ments and are affected by an unknown pre-strain history.
Prud’homme and Warr studied the response of various
wormlike micellar solutions, and they found that above a
critical value of the extensional rate, the solutions
showed a maximum in viscosity followed by a sudden
drop with a hint of birefringence. They discussed that
micelles can undergo scission when the extensional flow
is strong enough, which was later supported by other
experiments performed with opposed jet devices [93].
More recently, the Capillary Breakup Extensional
Rheometer (CaBER) [94] and the Filament Stretching
Rheometer (FiSER) [95] have been used to measure
the response of wormlike micellar solutions to an
imposed transient homogeneous uniaxial extensional
flow field, by monitoring the filament thinning and the
subsequent pinch-off process. In particular, the CaBER
can measure very low apparent extensional viscosities,
relaxation times, and reach extremely high Hencky
strains [96]. Recently introduced by Dinic and co-
authors [97], the dripping-onto-substrate (DoS)
extensional rheometry has addressed some shortcom-
ings of the CaBER technique, enabling the character-
ization of low-viscosity, low-elasticity, and low surface
tension WLMs [98]. Recently, a modified Temperature-

Figure 7
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Controlled DoS (TC-Dos) was introduced [69]. A single
droplet is gradually extruded from a nozzle and contacts
a substrate, forming a liquid bridge that undergoes
capillary-driven thinning and breakup (with a measur-
able - but uncontrolled - extensional rate). The absence
of the step-stretch present in the CaBER technique
allows a better evaluation of the micelle parameters.

Figure 7 compares snapshots of the same WLMs
measured with CaBER and DoS.

Thanks to these recent measurements, a consistent
amount of data demonstrated that the extensional
relaxation time, Tg, obtained by fitting the stretching
profile of the filament diameter over time, could be
significantly smaller than the shear relaxation time, Tg,
in a wide range of WLMs (see Figure 7) [89,90,99]. A
few works have been devoted to understanding the
possible reasons for such a difference. The most
accomplished one deals with micellar chain scission,
which may lead to 7F/ TR < 1. Indeed, unlike polymers,
which require energies of 700’s of kgT to result in the
macromolecule’s scission energy, a wormlike micelle is
expected to require only a few kgT [100]. However, the
scission energy evaluated in equilibrium conditions
could differ from that in a strong applied flow. The
micellar chain scission has been confirmed by light
scattering devices [101], and its extent has been
demonstrated to depend on the extensional fixture and
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Snapshots showing the filament thinning process in the CaBER experiments (a) and in the DoS experiments (b) for a solution containing 100 mM CPyCI
and 90 mM NaSal. The time t; corresponds to the instant of filament pinch-off (t = 0.4t; in a) and t = 0.5t; in b)). (c) extensional relaxation time, Tg, derived
from the study of the thinning filament as a function of the NaSal concentration for a surfactant system containing 100 mM CPyCl, measured with CaBER
and DoS. The inset reports the ratio tg/tgr vs NaSal concentration. Figures readapted from Ref. [99].
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the abruptness with which WLMs are subjected to
uniaxial extensional flow [99]. A complete understand-
ing of the failure mechanism for WLMs in a pure
extensional flow is still needed, which could, for
example, explain the absence of a turbidity variation in
the fluid filament or a change in the birefringence signal
when scission occurs.

Wormlike micelles’ flow has also been studied in com-
plex geometries, such as cross-slot and contraction
expansion [102,103]. Although micelles always show a
wide variety of interesting flow phenomena, the com-
bination of extension and shear deformation in these
geometries makes the data analysis less immediate.

Finally, microfluidic devices provide a versatile mode to
study wormlike micellar solutions under various flow
conditions. Zhao et al. [104] studied WLMs in confined
microfluidic geometries, Stone et al. [105] imaged
individual WLMs and measured its dynamics, Salipante
et al. [106] studied jetting flow instabilities and the
resulting velocity profiles, Singh et al. [107] took
advantage of the WLMs micron-length scales and the
possibility of reaching very high deformation rates in
micro-electro-mechanical systems. Microfluidics has
also been used to generate new microstructures, such as
Flow-Induced Structured Phases (FISP), and to study
new flow phenomena in WLMs [108,109].

Mesoscopic lengths to understand

wormlike micellar rheology in nonlinear
regime

The WLMs mesoscopic scales have recently been shown
to help understand nonlinear properties ([50], p. 202;
[65,110]). As mentioned, for W7 > 1, elastic forces are
stronger than viscous forces. When the flow is slow, the
disentanglement process can take place along the
micellar network, moderately contributing to the elastic
forces. In contrast, if the micellar network is quickly
deformed, not permitting enough time for micelles to
disentangle - due to the hastening of the imposed strain
- the network’s contribution to the tangled elastic forces
rises because chains are stretched, losing conformation
degrees of freedom, so entropy decreases, and a signif-
icant forces is required to avoid this decrease. The
degree of entanglement of the micellar network
responsible for elastic forces is considerable. The mean
micellar contour length ratio to the average entangle-
ment length is a property that could quantify the
number of entanglements that occur in a micellar
network. An entanglement index, K = L/le, has been
defined [71]. A wormlike micellar CTAB solution pre-
pared to span many & (=Wi/Re) values along several
decades (~ 1()71—106) showed that as K increases, & in-
creases almost linearly, but in two regimes with different
slopes, forming a shoulder at k ~70. However, theo-
retical developments are needed to comprehend the

relation between € and k. For example, since the
physicochemical parameters of micellar solutions as well
as the geometry of the elements forming the WLMs
determine the mesoscopic scales at equilibrium, Are the
nonlinear instabilities in WILMs determined by these mesoscopic
scales? micellar solutions with large K cannot disentangle
efficiently- Why are they linearly related to the elasticity
number E? other mesoscopic scales also change, but Wiy
do they not impact the rheological behavior as K?

The precise disentanglement mechanisms are still un-
identified; this is a challenge to understand WLMs dy-
namics adequately. Moreover, in LAOS and extensional
experiments, K cannot be evaluated along the deforma-
tion steps with the present state of our knowledge
because experiments are far from equilibrium. Indeed,
nowadays, K is obtained very close to equilibrium con-
ditions and could be, instead, strongly flow-dependent.

Conclusions

WLMs can be easily formulated experimentally with
different viscosities using diverse surfactants and addi-
tives. Cryo-EM imaging still remains the easiest way to
visualize WLMs in solution. The micelle scale lengths
cannot be evaluated directly due to the strong de-
formations involved in sample preparation; new experi-
mental methods would be welcome.

We reviewed experimental evidence and theoretical/
modeling approaches to understand the wormlike
micellar dynamics in linear and nonlinear regimes. In the
last regime, much research needs to be done. Charac-
teristic micellar length scales are challenging to measure
and control via experiments, often requiring fitting a
rheological model to obtain these length estimates; this
has been a vibrant research area in the last decades.
Although evaluated in equilibrium conditions, ze. when
a small deformation is applied, these parameters can be
helpful to understand nonlinear phenomena encoun-
tered in fast flows, which are not yet fully explained. A
few examples have been mentioned in this review, both
in shear and extensional flows. Of course, the ability to
link linear and nonlinear rheology with a priori formu-
lation would be highly desirable to guide the design of
WLMs, which have many implications in a wide range of
industrial requests. We also explored the possibilities of
LAOS to understand the WLLMs’ behavior through the
Lissajous-Botwich curves. We described the most
distinctive procedures to analyze them: the Chebyshev
decomposition and the sequence of physical process
methods. In the first method, the stress is decomposed
into contributions dependent on the strain and the
strain rate and, in the second one, the strain is decom-
posed into the recoverable and unrecoverable strains,
which can be obtained experimentally. The use of re-
covery rheology provides information to give a more
detailed interpretation of the material rheological
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response than when the Chebyshev decomposition is
used, providing a better description that accurately
represents the physics of materials.

We limited our discussion to the simplest WLMs based
on ionic surfactant molecules in aqueous solutions.
Nevertheless, there are other ways to obtain WLMs, for
example, from amphiphilic block copolymers [111,112].
For these systems, it is common that the linear visco-
clastic spectra do not follow the Maxwell model due to
their slower dynamics, driven by reptation, making their
study even more complicated [113]. Another recent
research line is to develop intelligent responsive WLMs
that actively self-assemble in the presence of an external
stimulus. The switching of micellar assembly structures
has been reported using electrical, optical, thermal, or
pH triggers, which can be used to modify the rheological
response of solutions with embedded intelligent WLMs
and their consequent mesoscopic length scales [16].
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