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Abstract
As the rheoscattering community has grown, so has the
breadth of experiments both in terms of materials systems, and
also in terms of flow types and analysis approaches. In this
review, we seek to highlight important recent developments in
rheoscattering that go beyond simple shear measurements. In
particular, this review will focus on Poiseuille flow and exten-
sional flow small-angle scattering and results from recent ex-
periments that lead to the development of structure– function
relationships in a wide variety of soft materials.
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Introduction
Soft material systems are almost exclusively multi-

component and/or multiphasic and can exhibit hierar-
chical structures over broad length scales. Soft
materials can encounter significant nonlinear flow fields
during processing and application, undergoing shear
and/or extensional flow with deformation rates that can
span decades in magnitude and cause significant
structural changes [1]. The relationship between flow
and stress governing the rheological properties, either
www.sciencedirect.com
locally or in bulk, is inextricably linked to the intrinsic
structure [2]. Thus, interrogation of structure in soft
materials in situ under industrially relevant conditions
yields valuable insight into material performance and
design. Furthermore, validating molecular theories and

predictions of nonlinear constitutive rheological models
allow probing the underlying molecular processes,
especially in less accessed, yet significant, non-linear
conditions.

Scattering techniques provide an indispensable tool for
probing the structure and dynamics of a broad class of
soft matter systems under flow [3]. The underlying
principles of scattering are well understood, and the
governing interpretations are essentially irrespective of
incident radiation. Small-angle scattering (SAS) and

wide-angle scattering (WAS) have proven to be
extremely useful for in situ interrogation of soft matter
with length scales varying from a few Å to few mm. The
choice of incident radiation depends upon the transient
nature of the underlying processes, the complexity of
the system under study, sample environment con-
straints, and the length scale of interest. There are a few
key differences to consider when determining which
type of scattering experiment is best for specific mea-
surements. In this review, we discuss the experimental
literature pertaining to the study of soft matter systems

under nonlinear nonsimple flows combined with in situ
SAS/WAS of neutrons and X-rays. What exactly do we
mean by nonsimple flows? For the context of this review,
we will discuss nontypical shear rheoSAS methods
(capillary and slit flow cells), extensional flows and
mixed flows. And by nonlinear, we mean deformations
that exceed the small strain limit for linear stress
response.
Capillary and slit flow cells both fall under the umbrella
of Poiseuille flow or pressure-driven flow through
confined geometries [1]. This type of flow field is often
encountered in industrial applications where materials
are pumped from one part of a process to the next or

even in the final delivery or use of a product. From the
point of view of SAS experiments, Poiseuille shear flows
offer the advantage of the highest accessible shear rates
and reduce some of the challenges associated with
sliding plate geometries, rotational tool geometries, tool
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138 X-Ray and neutron scattering
inertia, and sample edge fracture [4]. The main disad-
vantage of Poiseuille flow for SAS experiments is that
there exists a nonuniform stress and shear rate across the
sample volume. A slit rheometer for simultaneous
neutron and rheology measurements and a cross-
sectional view of the streamlines across the height of
the slit cell are depicted in Figure 1a. A slit rheometer in
combination with SAS/WAS has successfully measured

the alignment of worm-like micelles (WLMs) [5e7] as
well as flow-induced crystallization of isotactic poly-
propylene (iPP) [4].

Despite extensive focus on simple shear flows in the
literature, mixed shear, extensional, and rotational flows
are ubiquitously encountered in real-world situations. In
the processing and application of materials, these more
complex flows can be observed during contraction or
expansion at the entry and exit of pipes or other
processing equipment. Some examples of tools used to

interrogate mixed and extensional flows include a film-
blowing apparatus (Figure 1b) [8], hyperbolic contrac-
tions (Figure 1c) [9], cross-slot flow cells (Figure 1d),
and extensional rheometers (Figure 1e). Mixed flows
often lead to position-dependent flow fields and de-
formations such that an aperture size that is a small
relative to the whole sample volume allows determina-
tion of position-dependent structural information. This
is particularly useful in the cases of contractions/
expansion, die swell, and cross-slot experiments. The
effects of mixed shear and extensional deformation on

the orientation and anisotropy in liquid crystalline
Figure 1

Summary of the various sample environments: (a) Flow cell slit rheometer and
image of bubble (adapted with permission from Ref. [8]) and schematic of the
(adapted with permission from Ref. [9]), (d) extensional flow cell based on th
Rheometer (SER) with a stretched sample and the indication where the neutro
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polymers [10e13], polymer melts [8,14,15], and micelle
solutions [16e19] have been thus investigated with
various flow SAS techniques.

Planar extensional flows with nonlinear deformations
have been achieved at the stagnation points of the cross-
slot flow cell and the four-roll mill. The Sentmanat
Extensional Rheometer (SER) and other stretching

devices are also used to probe uniaxial extensional flow
of elastomers and polymers (i.e. materials with more
solid-like properties). In Figure 1d, the schematic of a
cross-slot for neutron scattering is shown. The stagna-
tion point is located at the center of the middle circle in
the schematic. When a small beam passes through or
near the stagnation point, the structure at a given
extensional strain rate is interrogated. The structure as a
function of strain rate can be probed by varying the inlet
flow rate. Outside of the stagnation point, the flow field
has contributions from shear, rotational, and extensional

deformation. SAS in combination with extensional flow
cells comprising a cross-slot or a four-roll mill have been
used to investigate the extensional floweinduced
ordering and alignment at and around the stagnation
point of surfactant mixtures [20,21], colloidal suspen-
sions [22e24], and semicrystalline polymers [25].
Alternatively uniaxial extensional deformation can also
be probed by stretching samples mounted on various
uniaxial stretching apparatus. The experiment is typi-
cally designed such that the beam passes through the
center of a stretched sample, as shown in Figure 1e.

Crystallization, alignment, and other structural changes
the schematic of Poiseuille flow across the height of the microchannel, (b)
flow field, (c) schematic of the microfluidic hyperbolic contraction flow field
e cross-slot geometry, (e) photograph of the Sentmanat Extensional
n beam is centered in the sample (adapted with permission from Ref. [33]).
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Scattering-rheology relationships in soft matter systems Bharati et al. 139
in polymers have been investigated by combining SAS/
WAS with a variety of apparatus including the SER [26e
40], a filament stretchetype rheometer (versatile ac-
curate deformation extensional rheometer or VADER)
[41e43], or other home-built stretching instruments
[44e48].
Poiseuille flows with SAS/WAS
A fully developed Poiseuille flow results in a linear stress
profile across the flow cell, such that stress goes from a
maximum at the wall to zero at the center-line of the
cell. For Newtonian fluids, the velocity profile is,
therefore, parabolic. For a Poiseuille flow cell, including
slit or capillary rheometers, the viscosity of the material,
the pressure limit of the pump, and the design of the
flow cell will determine the maximum stress accessible

for each measurement. Furthermore, for rheoscattering
measurements, the radiation type, scattering volume,
beam size, and contrast will determine whether a
sample will scatter sufficiently for an experiment to be
feasible. That being said, corrections for nonhomoge-
neous flow fields, various instabilities, viscous heating,
wall slip, and compressibility make Poiseuille flow
rheometry simple and accurate for most fluids [1,2].
However, for scattering experiments, the beam passes
through the entire depth of the flow cell resulting in a
depth-averaged and, therefore, stress-averaged scat-
tering data, adding additional complexity to data inter-

pretation. We will discuss here the experimental
literature pertaining to the study of soft matter systems
subjected to Poiseuille shear flow combined with in situ
SAS/WAS of neutrons or/and X-rays.
Flow-induced structural changes in polymer and sur-
factant solutions have been measured in Poiseuille flow
cells for years. A variety of capillary, square, and slit cells
have been generated for flowSAS measurements. In one
example, a polymeresurfactant mixture was studied
with both Couette and Poiseuille flow. It was found that
the alignment in the Couette flow cell at 5000 s�1 was
three times the alignment in a Poiseuille flow cell with
an equivalent area averaged shear rate [5]. This illus-

trates an important point. The structure that is probed
during a bulk Poiseuille scattering experiment results
from the sum of all of the stresses (from zero to wall
stress) in the channel and is not well represented by the
area average shear rate. Despite this limitation, which
has been resolved as discussed below, the average scat-
tering during Poiseuille flow has been used to study a
number of soft materials systems to great effect [6].
This is particularly true for polymer melts, which are
difficult to study with the Couette tools typically used
for traditional rheo-small angle neutron scattering

(rheoSANS) measurements. In an example case, the
effect of pressure increase due to structure formation
during flow-induced crystallization of linear low-density
polyethylene in a slit cell was investigated with rheo-
www.sciencedirect.com
wide and small angle x-ray scattering (WAXS/SAXS)
measurements [49]. It was shown that although very
short in terms of time, the viscosity rise during flow in
confined geometries can have a dominating influence in
the crystallization of materials such as polyethylene. In
another example case, a portable extruder was designed
and constructed for an in situ WAXS study on shear-
induced crystallization of iPP [50]. By controlling the

proportion of the applied axial and circumferential shear
field, the orientation of the polymer chains and the final
crystal morphology was controlled. A correlation be-
tween the external field, chain orientation and confor-
mation, and crystallization was successfully established.

Extracting stress-dependent structural information from
Poiseuille flows, where the shear stress and velocity
profile change as a function of channel depth, is chal-
lenging as the beam samples the material at all of the
stress levels existing in the channel. However, so long as

the continuum assumption is valid, it can be considered
that the stress and, therefore, the structure
accumulate additively as the beam propagates through
each differential thickness of the sample. This allows for
a clever experimental design, where scattering from a
sample at a series of wall stresses can be used to
deconvolute the stress-dependent scattering [4]. We
refer to this approach broadly as a depth sectioning. This
approach is valid, provided all other conditions, such as
thermal history, material composition, and so on, are
held fixed, and it has been used to study polymer crys-

tallization [4] and micellar alignment [7] as a function of
stress in various Poiseuille flow experiments.

Real-time, stress-resolved structural information about
the development of oriented precursors of iPP was
extracted in a pressure-driven slit flow cell [4]. Based on
the depth-sectioning approach, information on the
orientation distribution of crystallites, the extent of
crystallization, and the time at which impingement of
crystals occurred was determined and enabled direct
correlation of the molecular structure with the macro-
scopic properties. Recently, the depth-sectioning

approach was used to isolate the scattering signal from
the high-shear, near-wall region of a semidilute sodium
lauryl ether sulfate (SLE-3-S) WLM solution in 8%
NaCl brine [7]. The weakly entangled WLMs exhibited
typical shear thinning behavior in the steady-flow sweep
(Figure 2a) due to shear-induced alignment (inset of
Figure 2a). The rheology data from a Couette rheometer
and the Poiseuille rheometer, as well as the alignment
factor extracted from the simultaneous scattering ex-
periments exhibit good agreement (Figure 2a) and show
that, as expected, alignment begins to occur at Weis-

senberg number (Wi) z 1. The depth-sectioning
approach successfully isolated the scattering from the
near-wall, high-stress region of the slit cell (Figure 2b)
with a good quantitative agreement between Couette
and Poiseuille flow geometries, as illustrated with the
Current Opinion in Colloid & Interface Science 2019, 42:137–146
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Figure 2

Obtaining scattering and rheology at the wall of a flow-cell. (a) Steady-flow curves as a function of shear rate (wall shear rate for mRheoSANS mea-
surement) and micelle alignment due to shear-induced alignment (schematics in the inset) from RheoSANS and mRheoSANS experiments of SLE-3-S
micelle solution at 8% NaCl. (b) 2D scattering patterns obtained at 0.009 Å−1 < q < 0.084 Å−1 of scattering at 260 s−1. From left to right: scattering patterns
of the wall stress followed by at z 80% of the wall stress, patterns obtained from using depth-sectioning subtraction technique and measured using
Couette RheoSANS at shear rate comparable with the wall shear rates isolated by the subtraction technique. (c) Annular average plot of the scattering
intensity for 0.02 Å−1 < q < 0.03 Å−1 for the scattering pattern shown in (b). Adapted with permission from Ref. [7]. SLE-3-S, sodium lauryl ether sulfate.

140 X-Ray and neutron scattering
annular averaged (Figure 2c for 260 s�1) and sector
averaged plots. Geometry-independent alignment as a
function of stress suggested that the anisotropic feature

is a shear or stress-induced phenomenon and not the
result of flow instability and associated secondary flows.
Mixed and extensional flow with SAS/WAS
Similarly to Poiseuille flow, mixed-flow SAS and exten-

sional-flow SAS measurements offer challenges with
respect to isolating stress and flow typeedependent
structural changes. For the purpose of this review, we
will discuss contraction and expansion flows, including
entrance and exit effects, scattering from cross-slots or
four-roll mills at and outside of the stagnation point,
blow molding apparatus, and stretching devices. A
Current Opinion in Colloid & Interface Science 2019, 42:137–146
typical approach for developing stresseestructure re-
lationships in these types of measurements is to use a
small beam (relative to the flow device) and to measure

at a point of pure extensional strain [23] or to create a
map of scattering patterns that can be superimposed
with a flow field [21] or stress map [51]. This allows for
the study of a variety intriguing structural changes
including phase changes, alignment, and rheological
phenomena including shear thickening or thinning and
strain hardening or softening (for liquid-like and solid-
like samples, respectively).

Contraction and expansion flow cells
The most similar of these measurements to the Pois-
euille flow cell described above are flow through
www.sciencedirect.com
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expansion or contraction experiments. A number of
recent studies of WLMs, other micellar systems, and
polymer melts have been studied in this manner. An
interesting study from the Fischer group used SANS to
map the structure of WLM solutions flowing through an
abrupt contraction and expansion [16]. In situ SANS-
mapping revealed that the transient microstructure
evolution was contingent on the viscoelasticity, applied

rate, position in the flow cell, the degree of the abrupt
contraction, and spatial confinement. Highly viscoelastic
solutions exhibited pronounced micellar alignment
arising from extensional flow at the center line in a slit
cell forming a fan-like entry flow at low flow rates.

A similar approach has been taken to study mixtures of
bimodal homopolymer blends of two different molar
mass. Using selective deuteration the single-chain form
factor of the high molecular weight (HMW) component
was measured under flow through a 4:1 contractione
expansion flow cell [14]. The use of bimodal blends
enabled higher Wi than attained in previous studies on
monodisperse melts. Achievement of greater anisotropy
in the single-chain form factor was possible in directions
both parallel and perpendicular to the flow relative to
the center line of the flow cell. Furthermore, a residence
time inside the contraction comparable with the ter-
minal relaxation time of the HMW chains allowed the
chain anisotropy to persist into the expansion exit
region and led to a rapid reversing flow.

In addition to the aforementioned bulk measurements,
there has been a recent effort to develop customizable
microfluidic devices via soft lithography for microfluidic
flowSANS measurements. Several recent articles explore
flow-induced micellar growth, lamellar rotation and
alignment and changes in orientation, and d-spacing in
lamellar sheets [17e19]. In one example, the interplay
between lamellar compression and structural relaxation
was observed depending on the flow rates and geometry.
Large extensional flows resulted in highly oriented
lamellar sheets that increased in d-spacing over time [17].

Although not explicitly an expansionecontraction
device as discussed previously, an abrupt expansion flow
is encountered when the polymer extrudate from a die is
blown up to form a bubble during film blowing.
Recently, a custom film-blowing device was combined
with in situ SAXS/WAXS to investigate the structural
evolution of a cross-linked polyethylene (PE) bubble
along the various zones from the die exit where the
structure evolution was similar to that in the processing
of biaxial extensional flow fields [8], as shown in
Figure 1b. The entangled PE network crystallized into a

deformable crystal-crosslinked network upon cooling in
the pipe preceding the die exit. This provided sufficient
strength to stabilize the bubble (Figure 1b). Similar
mixed flow fields were encountered during the stretch-
blow molding of biodegradable poly L-lactide. Stretch-
www.sciencedirect.com
blow molding in combination with X-rays established
the connection between deformation, microstructure,
and strength to aid the processing of stronger bio-
resorbable vascular scaffolds out of the nominally brittle
poly L-lactide [15].
Stagnation point flow cells
Recall from Figure 1d a cross-slot flow cell can be used to
generate a stagnation point, which is a point of zero
velocity and pure extensional deformation. Similarly, a
four-roll mill uses four rotating drums (in an enclosed
flow cell) to generate a purely extensional flow at a
stagnation point. These devices are useful for studying
the effect of nearly pure extensional flows at the stag-

nation point and mixed flows outside of the stagnation
point area for various complex fluids. A cross-slot flow
cell developed for SANS measurements by the Penfold
group has been used to study charged lamellar micelles
as well as mixed microstructures in mixtures of dialkyl
chain cationic and nonionic surfactants [20,21]. An
abrupt change in the orientation of the lamellae was
observed after exceeding the initial alignment
threshold, as depicted in Figure 3. The lamellar frag-
ments were significantly aligned in the extensional flow
direction at the stagnation point.
In an example of extensional flowSANS of polymer
melts, SAXS and WAXS cross-slot studies have been

used to study flow-induced crystallization of semi-
crystalline polymers [25]. A sharp transition from an
amorphous state to the crystalline state was found, and
the total final crystallinity increased with increasing
strain rate. This suggests that the stretched chain seg-
ments should possess some degree of orientation to form
flow-induced precursors. It was hypothesized that two
competing counter forces, namely van der Waals in-
teractions and entropic force, dominated the formation
of oriented precursor structure. As a consequence, if the
chain interactions were dominant, the stretched chains

formed oriented precursor structures; otherwise, they
relaxed.
Cross-slot scattering experiments have also been used to
investigate colloidal suspensions [22,24]. More recently,
although a fluidic four-roll mill device was developed
and used to directly control the flow type (as opposed to
mapping different regions of a flow cell) by controlling
several inlet flow rates [23]. In combination with SANS,
the fluidic four-roll mill was used to probe the direction
of orientation and degree of alignment of a semidilute
cellulose nanocrystals suspension. Large changes in the
orientation distribution of rod-like suspension are
predicted in extension dominated flows in the nonlinear

regime (Pe > 1). However, an accurate interpretation of
the local scattering anisotropy was limited by a number
of effects including Lagrangian unsteady (i.e., history
dependent) responses of the fluid microstructure as
Current Opinion in Colloid & Interface Science 2019, 42:137–146
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Figure 3

Anisotropy as a function of flow rates for mixtures of dialkyl chain cationic and nonionic surfactants. Insets: Images of scattering intensity at the elon-
gational flow center with flow (extension) rates of 0, 4, 16 s−1. Adapted with permission from Ref. [21].
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well as due to large variations in the flow type and
deformation rates within the probing neutron beam.

Uniaxial extensional measurements
Uniaxial extensional measurements in the form of film

or melt stretching using a variety of experimental
apparatus have been adapted for simultaneous scat-
tering studies. These measurements, generally
speaking, can be easily distinguished from all of those
discussed earlier in the review; in that, the materials
under study tend to be limited to soft solids and/or
elastomers. This class of measurement is arguably the
most active under the umbrella of nonsimple shear
rheoSANS measurements owing largely to the ease with
which the commercially available rheology tools that
hold these soft solids can be adapted to scattering ex-

periments and the time scales over which relevant
measurements can be made. In this section, we will
discuss the uniaxial stretching of polymers, polymer
composites and blends, and elastomeric triblock
copolymers.

Nonequilibrium floweinduced crystallization of linear
polymers melts [26e31,52] has been extensively
investigated by combining in situ synchrotron X-ray and
step-extension flow generated by SER or home-built
twin drum fixtures on a rotational rheometer. Develop-

ment of stressestructure relationships [53] reveal that
Current Opinion in Colloid & Interface Science 2019, 42:137–146
application of critical strain for nucleation in high-
density polyethylene [30] combined with a strain rate
large enough to overcome the Rouse relaxation results in

the onset of stress-upturn accompanied by the forma-
tion of thread-like crystalline precursors (shish).
Furthermore, flow-induced shish nucleation and growth
have proven useful to minimize the true fracture of PE
filaments [42,43] and verify the applicability of finite
chain extensibility of polystyrene (PS) melts [41] using
well-defined steady extensional flows. Flow-induced
crystallization studies in combination with in situ
WAXS during uniaxial extension of poly (ethylene
terephthalate) around its glass transition temperature
(Tg) illustrated that chain mobility is key to promoting

crystallization [46]. In addition, the original orientation
of lamellae in the polyethylene oxide (PEO)esodium
iodine composites induced by extensional flow also
influenced the crystallization kinetics [34].

The first in situmeasurements of chain alignment on the
length scale of the radius of gyration (Rg) and its corre-
lation with the uniaxial stress state during cold drawing
was reported for an linear low-density polyethylene
polymer blend of partially deuterated low molecular
weight or HMW by combining in situ SANS and polarized

Raman spectroscopy [36]. The longer chains had a higher
probability of connecting at least two crystalline domains
across amorphous regions than the shorter chains, whose
www.sciencedirect.com
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characteristic size was postulated to be either 2Rg (as a
lower limit) or the average end-to-end distance, h ¼

ffiffiffi

6
p

Rg (as an upper limit). Flow-induced chain align-
ment on a series of bi-disperse PS blends during start-up
and after cessation of uniaxial extensional flow was
performed using SER drums combinedwith SANS at 150
�C [35]. Transient extensional viscosity during start-up
of extensional flow was measured along with the SANS

pattern at various extensional strains (Figure 4a). From
the annular averaged intensity (Figure 4b), a linear
relationship between the alignment factor and the ten-
sile stress for stresses below 65 kPa validated the stress-
SANS rule (SSR) in extension (Figure 4c), analogous to
the stress-optic rule relating chain alignment to the
extensional stress. Recently, uniaxial floweinduced
strain hardening was reported for barely entangled poly
(4-vinylbiphenyl) melt by combining SER drums with
WAXS [54]. Strain hardening was induced by a unique
flow-mediated pep stacking of the phenyl groups and

subsequent enhancement of the friction coefficient be-
tween polymer chains.

Similar uniaxial extensional measurements have been
made to elucidate structural transitions in block copol-
ymer systems including hexagonally ordered cylindrical
structures of styrene-ethylene-co-butylene-styrene
triblock copolymers using simultaneous time-resolved
SAXS [37,40]. Two distinct modes of structural
response during extensional flows were observed
comprising deformation of themicroscopic structure and

reorientation of the PS microdomains toward the flow
direction [38]. The stress, flow kinematics, and the
Figure 4

The stress-SANS rule during the extension of polystyrene. (a) Transient exten
hPS99k/dPS2700k blend using the SER. The solid lines were the linear viscoe
corresponding to the indicated extensional strain values. (b) Annular average
values. The averaging was performed using the data corresponding to the rin
alignment factor from (a) versus the tensile stress to verify the validity of the
Ref. [35]. SER, Sentmanat Extensional Rheometer.

www.sciencedirect.com
microstructural deformation and reorientation were
intricately linked with the initial block orientation, being
either oriented along or transverse to the flow direction
[39]. Furthermore, blends of block copolymers have been
similarly investigated: the microstructural origin of the
mechanical response of the thermoplastic styrene-
isoprene-styrene block copolymer/deuterated PS
blends with spherical morphology was studied by

combining SANS and SER [33]. Various crystalline
phases of deuterated polyethylene/hydrogenated poly-
ethylene blend using SAS were identified in the strain-
temperature space [32]. Particularly, the associated
changes in the free energy upon imposing flow using twin
drums were incorporated in the classical stretched
network model to establish the link between tempera-
ture and strain. Ultrastretchable ionoelastomers for
wearable electronics have been similarly studied: the
microstructural origin responsible for themechanical and
electrical properties of self-assembled cross-linked mi-

celles of poly (ethylene oxide)-poly (propylene oxide)-
poly (ethylene oxide) (PEO-PPO-PEO) triblock copol-
ymer in a protic ionic liquid was elucidated by combining
in situ SAXS and uniaxial stretching tool [55e57].
Outlook and future perspectives
Upon application of nonlinear nonsimple shear or
extensional flow on soft materials, a strong anisotropy is
often generated and easily measured using scattering
methods. Traditionally, and as illustrated previously
(Figure 4), one method for quantitatively analyzing the
anisotropic data is by calculating an alignment factor
based on the peaks and troughs in the intensity of the
sional viscosity during start-up of extensional flow (at ε = 0.01 s−1) of
lastic prediction (top) 2D scattering patterns before and during flow start-up
d intensity versus azimuthal angle corresponding to the indicated strain
g shown in (a) spanning from 0.025 Å−1 to 0.075 Å−1. (c) The plot of
stress-SANS rule for various PS blends. Adapted with permission from

Current Opinion in Colloid & Interface Science 2019, 42:137–146
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scattering relative to the direction of flow. Whether by
fitting a Maier Saupe [58] orientation distribution or
directly calculating an alignment factor [59], the entire
two dimensionaleoriented scattering pattern is
frequently boiled down to this single parameter and
then analyzed with respect to the rheology data. Direct
correlation of stress and structure has been referred to as
the stress-SANS rule and is analogous to the stress-

optical rule for birefringence measurements. It is
important to note that accurate interpretation of the
scattering anisotropy can be restricted by the unsteady
nature of the fluid’s microstructure or variations in flow
type and deformation rate magnitude within the scat-
tering volume [23]. Moreover, the bulk rheological
properties are not necessarily determined by the struc-
tural features probed with SAS. For example, in polymer
liquid crystals or self-assembled block copolymers,
where hierarchical length scales control the rheology,
only some of the relevant length scales are accessible

with typical SAS measurements.

Recent efforts have sought to move beyond this limited
approach. Quantitative metrics from the 2D anisotropic
SAS data has been attained by fitting 1D radial sections
[60], comparing annular and sector averaged plots [61],
fitting isointensity curves [60], and fingerprinting with
spherical harmonics [62]. For anisotropic particles at
sufficiently low concentration, such that the structure
factor is negligible, form factors for anisotropic particles
with an orientation distribution can also be fit directly to

the 2D scattering data [63,64]. Furthermore, various
approximations have been developed to take into ac-
count the independent scattering intensity contribu-
tions arising from the individual particle, intraparticle,
and particleeparticle interactions [15,65,66].

The obvious methodology to correlate stress and
deformation would be to postulate a molecular theory,
predict the SAS spectrum using the modeling frame-
work, and compare it with experiments for a reasonable
match. One recent approach is to develop a
“fingerprint” with spherical harmonics. Anisotropic pair

distribution function in terms of spherical harmonics has
successfully shed light on the molecular deformation of
soft materials. Spherical harmonic expansion of the
orientation distribution function of statistical segments
in deformed polymer networks is a viable route to
extract information about molecular relaxation at large
deformations. This approach offers the advantage of
using the entire 2D SANS spectrum; however, as with
any analysis approach, care must be taken to ensure that
it is applied correctly. It is important to recognize that
while the approach is model independent (as it is a

parameterization of the scattering data), the theoretical
modeling issue remains how stress and other metrics
relate to these harmonic coefficients. In one recent
example, the spherical harmonic expansion method was
combined with a modified network model to extract the
Current Opinion in Colloid & Interface Science 2019, 42:137–146
stretch ratio and the radius of gyration of a single chain
in a deformed entangled polymer melt [67,68]. Spher-
ical harmonic expansion analysis method may open new
avenues for revisiting the existing theoretical frame-
works for nonlinear deformations of polymers.

Combining various SAS analysis approaches with mo-
lecular modeling to predict the large nonlinear behavior

of various soft matter materials will provide a funda-
mental insight into the validity of various molecular
theories developed for finite deformations. This can be
achieved by comparing the experimental results with
the predictions of constitutive and molecular models.
Moreover, the long-standing challenge to quantify the
affineness, symmetry, and heterogeneity of macromo-
lecular deformations can be largely addressed. However,
going forward, the rheo-scattering community must
continue to develop methods to extract more mean-
ingful information from these experiments, particularly

for the case of anisotropic particles at relatively high
concentrations, where the structure factor contributes
significantly to the scattering intensity. As the analysis
methods catch up with the wide array of simultaneous
scattering and rheology tool kits that exist world wide,
we will be able to make unprecedented progress in
direct measurement of structureerheology relationships
in a wide variety of soft material systems.
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