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G R A P H I C A L A B S T R A C T 

A B S T R A C T 

This study aims to offer new insights and perspective into the linear and nonlinear rheology of a wormlike micellar solution containing a well known surfactant, 
cetylpyridinium chloride, and a binding salt, diclofenac sodium. The wormlike micelles (WLMs) mesoscopic lengths were evaluated through rheology. The micrometer 
long micelles, disclosed also with cryogenic -Electron Microscopy (cryo-EM), were subjected to start-up flow experiments, both with a rotational rheometer and with 
a linear strain controlled shear cell coupled with a microscope. In the nonlinear regime, two Weissenberg numbers can be defined, one related to the terminal 
relaxation time, 𝑊 𝑖𝑑 , and one connected to the breaking and reforming time, 𝑊 𝑖𝑏. When 𝑊 𝑖𝑑 < 1, the measured stress response is monotonically increasing up 
to a steady state value, and the resulting velocity profile is stable. When 𝑊 𝑖𝑑 > 1, the WLMs behave as polymer chains in fast flows, aligning and stretching in 
the flow direction. When a characteristic shear rate is reached, WLMs show a very pronounced strain hardening behavior, with a stress peak typical of an elastic 
chain response. When 𝑊 𝑖𝑏 >> 1, the stress peak appears at the same strain units above a characteristic shear rate value. A sudden stress decrease manifests after 
the peak, suggesting a breakage phenomenon. The strain at which the stress peak appears permits the evaluation of the WLMs scission energy. The reconstruction 
of the velocity profiles along the gap of the sample, thanks to a home made rheo-optical device, and the complete flow curve of the system, built with the help of 
a bio-printer used as a capillary rheometer, suggest that a shear banding phenomenon appears when 𝑊 𝑖𝑑 is roughly equal to one. No direct connection between 
banding and scission has been experimentally found.
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1. Introduction

Surfactants, a class of self-assembling amphiphilic molecules, pos

sess intriguing properties that are the focus of research and industrial 
applications [1,2]. In solution, these molecules tend to rearrange into 
ordered colloidal structures, called micelles, which limit the exposure 
of their hydrophobic tails to water. Such structures may undergo con

formational changes in response to temperature [3], pH [4], or the 
presence of additives [5]. In particular, the addition of a penetrating salt, 
characterized by having at least one aromatic ring, induces a spherical

to-wormlike micellar transition [6,7]. Such wormlike micelles (WLMs) 
display most intriguing viscoelastic properties, analogous to those ob

served in polymers. The key distinction between polymers and WLMs 
lies in the nature of the bonds that are created between the molecules. 
Unlike the stronger covalent bonds that connect polymer chains, mi

cellar bonds are physical [8] and subject to continuous breakage and 
reformation at the microstructural length scale, hence the epithet of liv

ing polymers. Increasing the salt concentration in solution can induce 
further conformational transitions, leading to entangled [9] or branched 
micelles [10], or even a shift to vesicles and lamellar phases [11]. By 
performing linear rheology tests, information can be deduced on the mi

cellar self-assemblies, and on their characteristic relaxation times [12]. 
Mesoscopic WLMs length scales can be evaluated from viscoelastic spec

tra using established scaling laws [13].

In general, the relaxation dynamics of WLMs are well described by 
the Cates model [14], which is based on two specific relaxation phenom

ena: a reptation process, which characterizes the sliding of the worm 
within a tubular constraint created by the surrounding WLMs, and a 
breaking and reforming time, which considers micelles rearrangement. 
The two characteristic times can be evaluated from linear viscoelasticity 
tests according to the equations:

𝜏𝑏 =
1 
𝜔𝑚𝑖𝑛

(1)

𝜏𝑟 =
𝜏2
𝑑

𝜏𝑏
(2)

where 𝜏𝑏 and 𝜏𝑟 are the breaking and reptation times, respectively; 𝜔𝑚𝑖𝑛
is the angular frequency which corresponds to the minimum of the loss 
modulus, 𝐺′′

𝑚𝑖𝑛
, and 𝜏𝑑 is the disengagement time, evaluated as the in

verse of the crossover frequency at which the viscoelastic moduli cross 
in a dynamic test. The average entanglement number, Z, can also be 
expressed as the ratio between 𝐺′

min
and 𝐺′′

min
. 𝐺′

min
is the value of the 

storage modulus at the angular frequency at which 𝐺′′
min

is detected. Ad

ditionally, the Cates model enables to estimate the characteristic lengths 
of the wormlike micelles, including the entanglement length, 𝑙𝑒 , and 
the contour length 𝐿𝑐 , which are the typical distance between two net

work nodes and an underestimation of the total length of the WLMs, 
respectively [14,15]. Unfortunately, it is only possible to estimate these 
lengths once the persistence length, 𝑙𝑝 , which correlates with the stiff

ness of the micelle, has been determined. Indeed, it is difficult to achieve 
a broad range in frequency exclusively through rheology. At very high 
frequencies, where bending modes of Kuhn segments dominate, another 
crossover frequency, 𝜔0, can be detected [16]. If measurable, the per

sistence length can be estimated through [17]

𝜔0 =
𝑘𝐵𝑇 
8𝜂𝑠𝑙𝑝3

(3)

where 𝑘𝐵 is the Boltzmann constant, 𝑇 is the experimental temperature, 
𝜂𝑠 is the solvent viscosity. As such, the experimental tests typically com

bine standard rheology with specialized devices or optical techniques 
[17--19].

Following Cates, several authors have focused their efforts on fur

ther elaborating the description of WLMs relaxation dynamics [20--23]. 
In this context, Tan et al. [24] developed new expressions for the lin

ear viscoelastic properties as a function of 𝑙𝑒 and 𝐿𝑐 by correlating the 

predictions of the mesoscopic pointer algorithm [23,25] with the micro

scopic slip-spring model [26]:

𝐺0 =
𝛼3

3 + 𝛼3
⋅ 9.75

𝑘𝐵𝑇 
𝛼1.8𝑙3

𝑝

+ 3 
3 + 𝛼3

⋅
28 
5𝜋
𝜑𝑘𝐵𝑇

𝑑2𝛼𝑙𝑝
(4)

𝐺′
min

𝐺′′
min

= 0.317
(
𝐿𝑐

𝑙𝑒

)0.82
(5)

where 𝐺0 is the plateau modulus, 𝛼 is a so-called semiflexibility factor 
(defined as the ratio between 𝑙𝑒 and 𝑙𝑝), 𝜑 is the micelles volume frac

tion, 𝑑 is the micelle diameter. In this scenario, cryo-EM is an effective 
technique to couple with WLMs rheology, as it allows direct visualiza

tion of the micelles and their morphology [27--29].

In our recent work in very dilute wormlike micellar solutions, the 
whole relaxation spectrum was covered by linear rheology [13]. More 
specifically, we have found that diluted micellar solutions of cetylpyri

dinium chloride (CPyCl), a widely studied ionic surfactant, and di

clofenac sodium (Diclo), a non-steroidal anti-inflammatory drug, are 
characterized by exceptionally long and rigid WLMs, enabling the mea

surement of all characteristic parameters without the need for additional 
techniques beyond linear rheology.

Moreover, the properties of the CPyCl-Diclo systems also make them 
a non-trivial test bench for the investigation of the rich nonlinear behav

ior of WLMs when subjected to strong flows, a scenario that is frequently 
encountered in industrial contexts. The Weissemberg number, defined 
as 𝑊 𝑖𝑑 = 𝜏𝑑 𝛾̇ , where 𝛾̇ is the applied shear rate, is the threshold be

tween linear and nonlinear regime. When 𝑊 𝑖𝑑 exceeds 1, the system is 
subjected to a strong force field and WLMs’ flow can exhibit complex 
features: shear thinning, which represents the result of the alignment 
and stretching of the micelles along the flow direction [10,30,31]; shear 
banding, which is a flow instability resulting in the micellar solution 
splitting into bands of different concentrations and shear rates across 
the gap [3,32,33]; and strain hardening, which is the sudden increase 
in the shear stress growth coefficient [34].

More specifically, WLMs can show non-equilibrium phase coexis

tence arising along the gradient direction between an isotropic solution 
and an aligned (paranematic) band with lower viscosity than the qui

escent phase [35--37]. These bands result from mechanical instability, 
producing two branches (shear bands), one at low and the other at 
high shear rates. Band sizes typically follow the lever rule. 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.

The phenomenon of strain hardening in micellar solutions was first 
identified in 1988 by Shikata et al. [30], who conducted nonlinear 
step strain and step rate experiments on a system of cetyltrimethylam

monium bromide (CTAB) and sodium salicylate (NaSal). Later studies 
by Brown et al. [38] investigated this phenomenon in more detail in 
the same systems, identifying strain hardening only when the strain 
overcame 3.5. In 1994, Proud’homme and Warr [39] observed strain 
hardening during extensional tests, and suggested a possible correlation 
between this phenomenon and WLMs scission, proposing that the ob

served decrease in stress growth coefficient post-hardening was due to 
the breakage of WLMs. Rothstein [40] later corroborated this hypoth

esis by performing extensional tests on the CTAB/NaSal systems using 
a filament stretching rheometer, determining a scission energy close to 
4𝑘𝐵𝑇 , consistent with predictions made by Turner and Cates in 1992 
[41]. Since then, various studies have further explored strain hardening, 
providing evidence of its correlation with the WLMs finite extensibility. 
Indeed, it is well-established that the WLMs network can store energy up 
to a certain maximum deformation, after which scission can eventually 
take place [34,42--46].

In most complex fluids, nonlinear bulk rheological response often 
corresponds to local alignment and structural rearrangements occurring 
at the microscale. These can be triggered and probed through active 
microrheology approaches which provide access to local mechanical 
properties by applying an external force to an embedded microparti
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cle [47,48]. However, such methods miss the coupling of structural 
rearrangements with macroscopic deformations, which requires the ap

plication of a technique capable of nano-, micro- or mesoscale resolution 
to the sample, while it is subjected to bulk stress/strain application. For 
example, rheo-SANS (Small Angle Neutron Scattering) gives access to 
non-a˙ine local flow fields of WLMs during large amplitude oscillations 
[49], and rheo-microscopy can provide critical information on defor

mation profiles [50], degree of alignment [51], or local rearrangements 
[52].

In the present work, an investigation is conducted into a distinctive 
sample, based on CPyCl and Diclo, which displays the entire relaxation 
time spectra within the experimental frequency window in linear rhe

ology, and a distinguished nonlinear response in start-up flow. Its flow 
curve is built in a wide range of shear rates, by combining classical ro

tational rheometry with a printer used as a capillary rheometer. The 
evaluation of the theoretical scission energy and its actual correlation 
with the energy cumulated by the shear work during a steady test are 
discussed. To gain insight into the origin of the peculiar rheological 
behavior displayed by CPyCl-Diclo, we run parallel rheo-microscopy ex

periments of shear start-up, estimating the time-dependent deformation 
profiles across the gap during the accumulation of strain, combined with 
cryo-EM analysis of the micelles. We discuss a non-trivial correlation be

tween WLMs banding and scission.

2. Materials and methods

2.1. Materials

The sample, 16.7 mM CPyCl 11.0 mM Diclo, was prepared by dis

solving both chemicals (available as powders from Sigma-Aldrich) in 
double-distilled water, according to the methodology detailed in [13].

2.2. Rheology

Linear viscoelasticity tests were conducted on a stress-controlled 
rheometer DHR-2, from TA Instruments, equipped with 40 mm-diameter 
sandblasted parallel plates. A Peltier cell was employed for temper

ature control and a solvent trap used to prevent evaporation. Once 
the linear viscoelasticity regime was identified, dynamic frequency 
sweep tests (DFST) were conducted in the angular frequencies range 
of [100; 0.05]𝑟𝑎𝑑∕𝑠, with a strain of 10% and a constant temperature of 
25 °C.

Nonlinear rheology tests were performed with a strain-controlled 
ARES rheometer (TA instruments, USA), equipped with a 50 mm

diameter cone-plate geometry. The transient behavior of the micellar 
solution was investigated through step-rate tests at a series of fixed shear 
rates, under room temperature (kept at 25 °C). For each investigated 
shear rate, a fresh sample was loaded.

Since nonlinear shear measurements are affected by instabilities as 
the sample is subjected to strong flow [53], a 3D bioprinter (BIOX 
Cellink, Göteborg, Sweden), operated as a capillary rheometer, was used 
to achieve very high shear rates. The test procedure was conducted 
according to the protocol outlined in [54]. The experiments were car

ried out at 25 °C, using a nozzle of 33 mm in length and 0.413 mm in 
diameter, within the pressure range [3; 30] kPa. Given the high lenght

to-diameter ratio, the flow can be assumed to be fully developed. Shear 
stress and viscosity as a function of shear rate were obtained by apply

ing the standard relations for capillary rheometry [55] when a known 
pressure drop is applied.

Extensional rheology tests were conducted using a home-made ex

perimental setup, which was developed based on the Ambient DoS 
rheometer described in [56]. A syringe pump was connected to a cap

illary with an external diameter equal to 1.8 mm, and used at a fixed 
flow rate of 22 μl/min. Filament formation was achieved by adopting 
the stationary drop [57] approach. This involved the gradual elevation 

of the bottom plate, until contact with the drop was established, at a dis

tance of approximately 1.5 mm from the nozzle. A high-speed camera 
(iX Cameras, i-SPEED 203) with a frame rate of 50 frames per second 
(fps) was then used to capture the resulting images. Finally, a MATLAB 
routine was built to process the data.

2.3. Rheo-microscopy

The sample was loaded between the two parallel plates of a lin

ear strain-controlled shear-cell (RheOptiCAD, CAD Instruments, France) 
[58], modified to enable brightfield imaging and coupled to a Nikon 
Eclipse Ti-S inverted microscope. Although the linear geometry limits 
the total attainable strain, it guarantees a uniform strain at the con

fining surfaces, while providing optical access to the sample. The glass 
slides were sandblasted to minimize slip of the sample, except for a small 
central window kept clear for optical access. We can impose continuous 
displacement of one plate, while keeping the opposite plate fixed, or 
simultaneous motion of both plates to achieve higher total strain and 
shear rate. Polystyrene microparticles (diameter 1.04 μm, Microparti

cles GmbH) were dispersed in the sample at a volume fraction of about 
5 ⋅ 10−4 to optically reconstruct the flow field in the sample, without af

fecting its rheological properties. The gap was kept constant at 300 μm, 
well above any relevant length scale of the system. The focus was ad

justed at different heights across the gap. The vertical resolution is about 
20 micrometers, as obtained by keeping the condenser (LWD, NA=0.52) 
diaphragm open, thus reducing the coherence of illumination and mini

mizing the depth-of-focus and the thickness of the layer in which tracers 
are visible [50]. Measurements were performed at a constant tempera

ture of 25 °C. Images were acquired using a 10× objective and a CMOS 
camera (Ximea xiC MC031MG-SY) with a rectangular region of interest 
(ROI) of 617 μm × 183 μm, or a high-speed sCMOS camera (Teledyne 
Prime BSI Express) with a ROI of 1163 μm × 144 μm. The frame rate was 
adjusted between 10 Hz and 557 Hz, depending on the imposed shear 
rate. This configuration enabled high-resolution reconstruction of the 
trajectories of hundreds of tracer particles within a single experiment 
over sufficiently long time intervals. Image processing was performed 
using a custom Python code to identify potential heterogeneities within 
the imaging planes and extract the average tracer velocity for each 
height and time interval.

2.4. Cryo-EM

Cryo-EM samples were prepared at 25 °C using a Vitrobot Mark 4 
in a water vapor-saturated environment. A 5 μL droplet was applied 
to a Quantifoil R1.2/1.3 copper grid. Excess solution was removed via 
blotting with filter paper on rotating foam pads under controlled condi

tions. After a 10--15 second relaxation period, the grid was plunged into 
liquid ethane, vitrified, and stored in liquid nitrogen. The vitrified sam

ples were analyzed with a 200 kV Glacios TEM using a Falcon 4 direct 
detector at low-dose conditions, with nominal magnifications ranging 
between 73k and 190k [59].

3. Results and discussion

3.1. Rheological response

Fig. 1 reports the linear viscoelastic moduli, along with the com

plex viscosity, as a function of the angular frequency. The sample shows 
a strong viscoelastic behavior, typical of a wormlike micellar network. 
The micelles relax on a very long time scale, with a total relaxation time 
of the order of seconds (the inverse of the crossover at low frequencies, 
𝜏𝑑 ), and present an elastic plateau, 𝐺0, spanning more than two decades 
in frequency. As already shown in a recent work [13], the very low sur

factant concentration allows to cover the entire relaxation spectrum. The 
inverse of the crossover at high frequencies, 𝜏0, has been extrapolated 
from the linear viscoelastic response and allows a direct estimation of 
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Table 1
Characteristic viscoelastic parameters and extrapolated lengths.

𝐺0 [Pa] 𝜏𝑑 [s] 𝜏𝑏 [s] 𝜏𝑟 [s] 𝜏0 [s] 𝑍 [−] 𝑙𝑝 [nm] 𝑙𝑒 [nm] 𝐿𝑐 [nm] 
1.26 7.9 0.4 156 0.008 6 160 530 19200 

Fig. 1. Linear viscoelastic moduli of the investigated surfactant solution (left 
axis) and corresponding complex viscosity (right axis).

the wormlike micelles persistence length (Equation (3)). The reptation 
time 𝜏𝑟 of the micelles can be easily evaluated through Equation (2). 
The relatively low zero-frequency viscosity (roughly 10 Pa⋅s) and the 
high relaxation time suggest the presence of very long, loosely entangled 
(𝑍 = 6, evaluated as stated in the Introduction) wormlike micelles, with 
a contour length roughly close to 20 micrometers, obtained by using 
Equation (4) and Equation (5). The complete set of viscoelastic parame

ters and approximate characteristic lengths are summarized in Table 1. 
A direct visualization of the micelles through cryo-EM is reported in 
Fig. 2, confirming the morphology inferred by the linear viscoelasticity. 
Micelles indeed appear very long (no chain ends can be distinguished in 
the images) and entangled.

Fig. 3 shows the results of the capillary-thinning experiment on the 
micellar solution. In Fig. 3 a), six snapshots of the filament are reported, 
acquired during the test. From these images, the temporal evolution of 
the filament thinning can be tracked [60,61]. The transition from the 
viscocapillary region, VC, distinguished by an hourglass shape, to the 
elastocapillary region, EC, characterized by a column shape of the fila

ment, is then followed by the occurrence of the pinch-off in the region 
of finite extensibility, FE. Fig. 3 b) displays the filament diameter as 
a function of time. The three capillarity regions can also be identified. 
In the initial time interval, the VC Newtonian behavior barely appears, 
characterized by a linear decrease of the diameter with time. Then, in 
the central portion of the graph, which extends until approximately 60 
seconds, the behavior departs from Newtonian, with 𝐷𝑚𝑖𝑛 exhibiting an 
exponential reduction over time (EC behavior). In the final section, the 
FE phase, the diameter exhibits again a linear decrease over time, indi

cating the return to Newtonian behavior, at enhanced extensional rate, 
until the filament breaks. A regression procedure was conducted in the 
EC region to evaluate the constant extensional rate, 𝜀̇, and the exten

sional relaxation time, 𝜆𝐸 , in accordance with the equations:

𝜀̇(𝑡) = −
[

2 
𝐷(𝑡)

](
d𝐷(𝑡)
d𝑡 

)
(6)

𝐷 ∼ exp
(
− 𝑡 
3𝜆

)
(7)

The procedure returned two values, the stretching rate and the ex

tensional relaxation time equal to 0.03𝑠−1 and 25.5𝑠, respectively. The 
latter is roughly 3 times the shear relaxation time, 𝜏𝑑 (Table 1), a factor 
already observed for other micellar solutions [62,56].

Start-up experiments were performed in a wide range of shear 
rates/Weissenberg (𝑊 𝑖) numbers, as reported in Fig. 4a. In the legend, 

two Wi numbers are reported at the same value of the shear rate: the 
first one is obtained by multiplying the shear rate by 𝜏𝑑 and the other 
by 𝜏𝑏. We will refer to 𝑊 𝑖𝑑 and 𝑊 𝑖𝑏, respectively. At low shear rates 
(when both Wi𝑠 are lower than 1), the stress growth coefficient mono

tonically increases up to a steady state. When 𝑊 𝑖𝑑 overcomes unity, and 
𝑊 𝑖𝑏 is still lower than 1, viscosity shows a peak, before reaching the 
steady state value. In this regime, micelles behave like polymer chains, 
aligning, stretching and tumbling in the flow direction, as already dis

cussed elsewhere [63]. When 𝑊 𝑖𝑑>1 and 𝑊 𝑖𝑏 is roughly close to one, 
a pronounced strain hardening appears, followed by a well defined max

imum and a subsequent sudden viscosity drop, which brings to a ``noisy'' 
steady state value. In this shear rate range, the micellar system cannot 
renew itself with the well-known breaking/reptationfluctuation mecha

nism described in the literature: the system remains frozen in a complex 
micellar structure, and displays a rubber-like response.

The same data are shown in Fig. 4b, where the stress growth function 
is now reported as a function of strain, evaluated as the product of the 
experimental time and the imposed shear rate. It is apparent that the 
data for the fastest flows superimpose to form a single master curve. 
This feature strongly suggests that at these rates the material behaves as 
a permanent rubber. Similar responses have been discussed in Inoue et 
al. [34] and Pasquino et al. [46]. The upturn at 𝛾 = 8 is clearly due to the 
finite extensibility of the network strands, whereas the peak at 𝛾𝑚𝑎𝑥 = 20
is due to a major collapse of the network structure. A similar trend is 
reported for the first normal stress growth function in Supplementary 
Information (SI). To rationalize the characteristic times for the onset of 
this behavior, we have reviewed a few systems in literature, with similar 
start-up responses [34,46]. The results are reported in SI. It appears clear 
that all the surfactant systems show hardening when a critical shear rate 
is reached, usually placed in between 1∕𝜏𝑑 and 1∕𝜏𝑏.

3.1.1. WLMs scission

Start-up measurements suggest that the micellar network experi

ences an abrupt relaxation at roughly 20 strain units. The latter could be 
considered as a critical value, above which the micellar network breaks 
en masse, under the applied shear work. The breakage probably involves 
only a part, although major, of the WLMs, if one thinks of a (narrow) 
lengths distribution. Consequently, after network collapse, not all chains 
are broken, with the smallest ones probably still intact. The stress, fol

lowing its peak, is insufficient to cause further chain scission, and the 
distribution of micelle lengths requires additional time to fully attain a 
steady state.

Although the picture may seem quite quirky, we can compare the 
scission energy exerted by the experimental shear work with the pre

dicted scission energy for a single chain, from existing theoretical mod

els [12,64]. The experimental scission energy corresponding to the ob

served drop at 𝛾𝑚𝑎𝑥 can be evaluated through elasticity theory [65] as:

𝐸𝑠𝑐𝑖𝑠𝑠,𝑒𝑥𝑝 =
1
2
𝑘𝛾2
𝑚𝑎𝑥
𝐿2
𝑐
= 1

2
𝐴 
𝐿𝑐
𝐺0𝛾

2
𝑚𝑎𝑥
𝐿2
𝑐
= 1

2
𝐴𝐺0𝛾

2
𝑚𝑎𝑥
𝐿𝑐 (8)

with 𝑘 the ``usual'' elastic constant, 𝐴 the cross section of the WLMs, 
the diameter being equal to twice the hydrophobic chain length of the 
surfactant molecule (𝐴 = 1.76 ⋅ 10−17 𝑚2). The estimated 𝐸𝑠𝑐𝑖𝑠𝑠,𝑒𝑥𝑝 is 
0.85 10−19 Joule.

We can compare this value with the theoretical scission energy, re

quired to create two new chain ends from a single test chain, by pulling 
them in opposite direction [64]:

𝐸sciss ∼ 2𝑘𝐵𝑇 ln
(
𝑁agg

𝜑0.5

)
(9)
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Fig. 2. Cryo-EM images of the CPyCl-Diclo micelles at 16.7 mMCpyCl 11.0 mM Diclo composition. The scale bar is displayed at the bottom left of each image. 

Fig. 3. Extensional test at 0.03𝑠−1 on the micellar solution with the DoS setup. a) Snapshots during the experiment; b) Thinning diameter for the filament measured 
as a function of time. The colored squares refer to the time at which the snapshots are taken.

Fig. 4. a) The stress growth coefficient as a function of time and b) the shear stress growth function vs strain for the investigated solution at different applied shear 
rates. The legend reports two distinct Wi numbers: the first is obtained with the disengagement time, 𝜏𝑑 , while the second takes into account the breaking and 
reforming time, 𝜏𝑏.
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Fig. 5. Viscosity and shear stress flow curves of the investigated surfactant so

lution, acquired with both rotational and capillary rheometers. Full symbols are 
the steady state values obtained with start-up experiments. Empty symbols come 
from capillary measurements. The solid lines are continuous flow curves. The 
dashed line is the complex viscosity, obtained by applying the empirical Cox

Merz rule.

Here, 𝑁𝑎𝑔𝑔 is the number of surfactant molecules per micelle, obtained 
as the number of molecules in a single section per cylinder length unit 
[66] multiplied by the micelle contour length, reported in Table 1. 𝜑 is 
the volume fraction of the surfactant. The theoretical scission energy is 
equal to roughly 34 𝑘𝐵𝑇 ∼ 1.4 ⋅ 10−19 Joule. The two estimates agree 
surprisingly well but are significantly higher than the values reported in 
literature [40,67]. This is probably due to the high number of aggrega

tion per single micelle and the low surfactant volume fraction, peculiar 
of this system. In SI, theoretical and experimental scission energy values 
have been evaluated for other systems, as a further proof of the possi

bility of applying this methodology [46,34].

3.2. WLMs flow curve

The viscosity steady state values at each shear rate can be plotted 
as a function of 𝑊 𝑖𝑑 (and 𝑊 𝑖𝑏). To extend the range of 𝑊 𝑖𝑑 under 
investigation, we combined shear and capillary rheology measurements, 
as outlined in section 2. The lack of data in the 𝑊 𝑖𝑑 range between 103
and 104 arises from strong flow instabilities (in rotational rheology) and 
insufficient pressure (in capillary rheology).

Fig. 5 combines the flow curves as a function of 𝑊 𝑖𝑑 , the steady state 
values obtained with the start-up measurements, and the values at very 
high rates obtained with the capillary rheometry experiments. Shear 
stress shows a slight increase for 𝑊 𝑖𝑑<1, after which a Wi-independent 
trend emerges, also found with the continuous flow curve (blue line), 
conventionally associated with a shear banding phenomenon [68]. The 
stress plateau lasts for more than two decades, after which a monotonic 
increase of the stress at 𝑊 𝑖𝑑 values higher than 400 is detected, as ex

pected [36,67]. At very high deformation rates, indeed, the growth in 
the stress is again linear with respect to the shear rate, due to the pres

ence and deformation of shorter micellar strands.

The viscosity of the micellar solution presents a shear thinning be

havior in the whole investigated strain rate interval. The long worms 
align in the flow direction, stretch and break at very high shear rates 
[69]. For very high 𝑊 𝑖𝑑 values, the viscosity shows a secondary plateau 
value, very close to the viscosity value of the suspending medium, i.e. 
water. The specific viscosity, 𝜂𝑆 , is reported in SI. At high 𝑊 𝑖𝑑 , 𝜂𝑆 tends 
to unity, as a result of the massive WLMs breaking. This is in line with 
previous observations regarding shear banding suppression above a crit

ical viscosity ratio [70]. 

Fig. 6. Overview of the velocity profiles across the gap for different values of 
imposed shear rate and for different strain positions. Cumulated strain values 
are reported in the top left corner of each panel. Each inset plot shows the 
normalized strain value (𝑥 axis) at different positions along the gap (𝑦 axis). 
The values of the cumulated strain, 𝑊 𝑖𝑑 and 𝑊 𝑖𝑏 are also reported.

3.3. Rheo-microscopy

Previous neutron scattering experiments on viscoelastic WLMs re

ported the appearance of shear banding above a critical strain value 
[71], suggesting that a similar phenomenon may occur in our sample. 
This would also be consistent with the observed stress plateau in the 
flow curve. To assess this hypothesis in our system, we performed rheo

microscopy experiments, measuring the velocity of tracer particles at 
different heights in the gap and thus reconstructing flow profiles. Fig. 6
reports several of such profiles, for different imposed strain rates and for 
different times - or strains. Each inset plot shows the normalized strain 
value (𝑥 axis) at different positions along the gap (𝑦 axis). While at very 
low imposed shear rates all profiles are linear (𝑊 𝑖𝑑<1), corresponding 
to a˙ine deformation, for larger shear rates (𝑊 𝑖𝑑>1) the profiles dis

play the onset of shear banding for high enough cumulated strains. At 
even higher rates, banding seems to weaken. Unfortunately, the linear 
shear cell cannot cover the entire range of shear rates and strains acces

sible with a rotational rheometer. Nevertheless, it is apparent, also in 
this case, that the profiles show instability when 𝑊 𝑖𝑑 is roughly 1, and 
the deformation becomes significant, while they tend to approach again 
an a˙ine behavior when reaching 𝑊 𝑖𝑏. Of course, the comparison be

tween the microscopic and the macroscopic responses cannot be fully 
quantitative, since the two geometries are different and the rheological 
response is, in any case, a picture of the ``average'' sample behavior.

4. Discussion and conclusions

An in-depth study was conducted on a selected solution of WLMs, 
combining several techniques, such as shear/extensional/capillary rhe

ology, cryo-EM, and rheo-microscopy. Linear rheology allows to cover 
the entire relaxation spectrum of the sample, enabling the estimation of 
the main characteristic parameters and lengths. Micelles were found to 
be significantly long and poorly entangled, exhibiting a reptation time of 
the order of hundreds of seconds. This has also been confirmed through 
linear extensional rheology. Cryo-EM images proved the presence of ex

tremely long micelles and of a loosely entangled network.

The nonlinear rheological response of these WLMs in start-up flow 
revealed two main phenomena: shear banding and strain hardening. 
These phenomena happen on completely different time scales. Shear 
banding appears much before any breaking event takes place, and the 
characteristic time for the onset of the banding transition is the total 
relaxation time. The transition from a homogeneous flow field to an 
inhomogeneous one characterized by the presence of two bands is con

firmed through rheo-microscopy.
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When the shear rate exceeds the inverse of the breaking and renew

ing process of the WLMs, these chains are somehow frozen and there 
is the experimental evidence of their finite extensibility. A rubber-like 
response is detected, with a catastrophic breakage phenomenon appear

ing at 20 strain units, above which the system totally collapses. When 
the system is disrupted and composed by smaller micelles and/or dis

connected surfactant molecules in water the solution does not anymore 
band. By borrowing existing formulas from the rubber elasticity, it has 
been possible to experimentally evaluate the scission energy, which was 
found in very good agreement with the theoretical one.

This study sheds a light on the dynamics in fast flows of long and 
entangled wormlike surfactant solutions, being able to differentiate and 
decouple banding and breaking. The physical correlation, if any, be

tween the two phenomena, as well as the reasons for the onset of the 
shear banding to occur, are still pending.
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