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Fingerprinting soft material nanostructure response to complex flow histories
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Understanding the complex connection between flow-processing history, fluid structure, and fluid properties
represents a grand challenge for the engineering and fundamental study of nanostructured soft materials. To
address this challenge, we report measurements using scanning small-angle x-ray scattering in a fluidic four-roll
mill (FFoRM), which enables rapid nanostructural characterization of complex fluids under an unprecedentedly
diverse range of flow histories. Combining this technique with analysis of the Lagrangian deformation history
of fluid elements, we demonstrate rapid mapping of orientational ordering of fluids’ nanostructure along diverse
deformation trajectories that emulate those encountered in flow processing. Using demonstrative experiments on
model rodlike nanoparticle dispersions, we show that differences in rod flexibility and rod-rod interactions play a
significant role in determining the fluid’s anisotropic structural response to similar flow histories. An analysis of
the coupling between measured particle alignment and interparticle correlations reveals these differences to arise
from the nature and strength of interparticle interactions in flow. These measurement and analysis techniques
produce large datasets that hold promise toward advancing process-structure-property models and inverse design
processes of flows that are tailored to produce targeted nanostructures.
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I. INTRODUCTION

Fluids with complex structural responses to imposed flow
fields are ubiquitous in the industrial production of many soft
materials [1]. Complex fluids are subjected to diverse flow
fields as they are convected through such processes, for exam-
ple, extensional flows encountered in contractions/expansions
or simple shear flows experienced in flow through straight
pipes or channels. These processes use flow fields sufficient
to produce out-of-equilibrium fluid microstructures that will
be retained in the final processed material if the relaxation
of the microstructure is slow compared to processing times.
An example of such a process is blade coating, where the
flow histories a fluid experiences depend on the fluid’s dis-
tance from the interface and position relative to the moving
blade. As a result, the fluid experiences both time-varying
and spatially varying flows. In the blade coating of organic
semiconductors, for example, crystallization processes simul-
taneously lock in the flow-induced material structure before
it can relax, enabling one to tune the final structure of the
semiconductor through the use of micropatterned blades [2,3].
Similarly, 3D printing via direct ink writing produces flow
histories that vary depending on the location within the noz-
zle and the radial position within the printed filament [4,5].
Again, the variability in flows generated by the process re-
sult in both time- and spatially-varying flows that influence
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the final printed structure and properties [6]. Determining
process-structure-property relationships for such nonequilib-
rium structures represents a grand challenge in the field of soft
matter. With enhanced understanding of these relationships
one could better predict processing parameters, e.g., device
geometries and power inputs required to process the fluid, as
well as the onset of complications such as flow instabilities
[7–10] for a fluid entering an existing process or design new
processes to target a desired microstructure or flow response.

Conventionally, process-structure-property relationships
for flowing soft materials are determined through the devel-
opment and testing of micromechanically derived rheological
models under well-defined flow histories [1,11,12]. Although
its simplicity provides physical insight into material behavior,
this approach potentially biases models towards flow his-
tories that are more easily implemented in experiment and
simulation, such as homogeneous simple shear and exten-
sional flows. This presents a disconnect with flow histories
encountered in real processes, which typically involve inho-
mogeneous and/or mixed flow types in which a Lagrangian
material element following the flow encounters complex vari-
ations of flow strength and type in time. Furthermore, the
derivation of such micromechanical models requires two com-
ponents: a model for the evolution of the microstructure
under a given flow history, i.e., a process-structure relation-
ship, and a theory for the calculation of the stress, i.e., a
structure-property relationship. A successful comparison be-
tween experimental measurements and rheological models
requires that both aspects of the model are accurate. The
problem is further complicated by the fact that changes to
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the fluid stress can change the flow fields, i.e., a property-
process relationship, in the form of flow modification or flow
instabilities. An alternative strategy could be to approach
these three relationships separately, which would enable the
testing of each model/theory component individually or the
use of data-driven methods, such as machine learning, toward
the design and testing of physical models. Regardless of the
implementation, this alternative approach ultimately requires
experimental datasets that are representative of the processing
histories that fluids will encounter, which are not yet exper-
imentally feasible to generate. In this work, we will present
developed experimental and analysis methods that can be used
to probe the nanostructure of complex fluids under a remark-
ably large set of flow histories to enable the rigorous testing
of rheological models, as well as providing the dataset that
could ultimately enable the computationally aided derivation
of processing-structure models.

The development of instruments to probe complex fluid
structure under complex flow histories was pioneered by
Taylor, who developed the mechanical four-roll mill to study
the deformation of droplets dispersed in a Newtonian fluid
under controlled variable flow types [13]. The mechanical
four-roll mill uses four rotating cylinders immersed in the
fluid to control the flow fields in an idealized 2D homoge-
neous flow near a stagnation point, i.e., a region where the
fluid velocity is zero but the rate of strain is nonzero. The
four-roll mill design was later adapted for the measurement
of complex fluid structure with birefringence and small-angle
light scattering, which probe the alignment of the microstruc-
ture and larger scale (around 1 μm) microstructural features,
respectively [14–16]. However, practical challenges related
to scaling down its dimensions and sealing the device from
leaks prevent the mechanically driven device from being im-
plemented for use in small-angle x-ray or neutron scattering
applications, which are more ideal measurement techniques
given their ability to probe nanostructural (1–200 nm) fluid
features that are relevant for the majority of complex fluids. To
circumvent many of the issues with the mechanical four-roll
mill, a fluidic four-roll mill (FFoRM) was proposed by Lee
et al., where the control of near-2D flow fields is accomplished
by tuning pressure-driven fluid flow in a specially designed
geometry [17]. The FFoRM design was recently implemented
for use in small-angle neutron scattering measurements by
Corona et al.; however, due to the large beam sizes and rel-
atively long measurement times required by this technique,
only studies of the fluid nanostructure in near-steady-state
conditions near the stagnation point were accessible [18].

This lack of abilities to measure fluid microstructures un-
der time-varying flows greatly limits the flow histories that
may be probed. To probe time-varying flow histories, one
could temporally change the flow fields produced at the stag-
nation point of the device to simulate arbitrary processing
histories, as can be achieved in mechanical four-roll mills
[19]. However, the slow response of syringe pumps compared
to the mechanical driving of boundaries limits one’s ability
to rapidly change the flows rendering control of time-varying
flows infeasible for studying most complex fluids. Alterna-
tively, one could probe the response of complex fluids to a
wide range of deformation histories by probing the nanostruc-
ture in the vicinity of the stagnation point in a steady flow

field, where the nanostructure of the fluid is dependent on
the Lagrangian flow history of a material element as it moves
along a streamline in the flow. By correlating such Lagrangian
flow histories to measurements of fluid structure along them,
one can thus produce processing-structure datasets under a
more diverse range of flow histories. Importantly, the spatial
resolution within the flow field dictates the temporal resolu-
tion of the fluid structure along a Lagrangian trajectory in such
measurements. Therefore, this alternative approach requires
measurement techniques that can resolve nanostructural fluid
features with very fine spatial resolution.

An ideal technique for probing fluid nanostructure with
fine spatial resolution is in situ scanning small-angle x-ray
scattering (sSAXS), which has been previously demonstrated
for probing the nanostructure of complex fluids in their native
flowing environment [20]. The sSAXS technique using syn-
chrotron radiation enables one to create a two-dimensional
spatially resolved map (in this work, with 25-μm resolu-
tion) of the quantitative variation of nanostructural features
(1–200 nm) in a region of interest. This technique can be
applied to any complex fluid with sufficient contrast for
x-ray scattering to obtain the dependence of, for example,
nanostructure shape, conformation, alignment, and size on
the flow history the fluid has experienced [20–24]. Thus,
the technique can be used as an imaging technique, as well
as to collect spatially resolved structural information. So
far, in situ sSAXS measurements in flow have been limited
to geometries that produce specific deformation histories,
e.g., contraction/expansion geometries [25,26]. However, a
complete fingerprinting of the fluid’s response requires mea-
surement capabilities that rapidly probe a much wider range
of flow histories comparable with those that are experi-
enced in applications. Therefore, the implementation of the
FFoRM geometry into sSAXS instrumentation represents a
unique means for probing complex fluid nanostructure under
a wide range of flow histories In this work, we report the
measurements of complex fluids with the FFoRM geometry
incorporated into sSAXS instrumentation. As a model test
material, the study employs dispersions of rodlike nanopar-
ticles dispersed in a Newtonian suspending fluid. Rodlike
nanoparticle dispersions are ideal systems for these studies
for two reasons: the flow-induced orientation of the nanopar-
ticles produces a strong and easily interpreted signature in the
scattering, and dispersions of rodlike nanoparticles are one
of the few complex fluids where a micromechanical model
exists [27–30]. The relevant theory will be outlined in detail
later in this work but, importantly, it assumes completely rigid
particles interacting through hard rod interactions. Therefore,
probing the roles of flexibility and particle-particle inter-
actions produces important experimental insight into how
this theory may be extended to account for flexible parti-
cles and more complicated interaction potentials. For this
study, we formulate two dispersions of rodlike nanoparti-
cles: one with more rigid cellulose nanocrystals (CNCs)
and one with more flexible cellulose nanofibrils (CNFs).
Given the strong scattering signature and the ability to com-
pare to micromechanical theories, the measurements reported
here will offer an ideal starting point to begin data-driven
model formulation with the possibility for comparisons to
theory.
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FIG. 1. Description of the FFoRM operation. (a) FFoRM 3D geometry dimensions for sSAXS sample environment adapted from Corona
et al. [18]. (b)–(d) Streakline images. (e)–(g) Flow-type mapping and (h)–(j) deformation rate-mapping for flows within FFoRM geometry
across the device midplane at various conditions corresponding to Q1/Q2 of (b), (e), (h) 1; (c), (f), (i) 0; and (d), (g), (j) −0.7 producing flows
near the stagnation point (x = y = 0) with flow types of (b) 1, (c) 0.8, and (d) 0.2. The included streakline images and simulations are for Q2

of (b), (e), (h) 0.01; (c), (f), (i) 0.03; and (d), (g), (j) 0.05 mL/min, which produce flows near the stagnation point with G ∼ 10 s–1.

In this work, we begin by outlining the validation proce-
dure for sSAXS in the FFoRM including how measurements
are made that correspond to a wide range of flow histories
and the formulation of the test fluids. We follow by present-
ing the results of the sSAXS measurements in the FFoRM
for the CNC dispersions and track the structural evolution
of the dispersion through representative Lagrangian flow his-
tories to provide a sample of the substantial datasets that
can be acquired. Next, we include measurements of the CNF
dispersion to demonstrate how the information obtained by
sSAXS in the FFoRM varies with the details of the material
probed. Lastly, we introduce an analysis method whereby the
effect of interparticle interactions on the structure of rigid
rodlike dispersions may be isolated from the effects of particle
alignment, enabling a comparison between the flow-induced
structure of rodlike dispersions with varying interparticle in-
teractions under nearly arbitrary flow histories.

II. METHODS

A. sSAXS in the FFoRM

The fluidic four-roll mill is a device capable of producing
arbitrary, near-2D steady-state or time-varying flows of com-
plex fluids [Fig. 1(a)] near a stagnation point in the center of

the device [17,18]. A summary of the device modifications to
enable sSAXS measurements in the FFoRM are included in
the Experimental Methods section. The inset of Fig. 1 includes
a schematic of the FFoRM geometry. The device consists
of eight channels that feed into a circular area in the center
of the device. By controlling the flow rates in four of these
channels (where two channels are held at some flow rate Q1

and the other two channels are held at a different flow rate
Q2) and holding the remaining channels at constant (ambient)
pressure, one can tune the flow fields that are produced in
the device. The discussion on the operation of the device will
focus on the flows produced near the stagnation point of the
device, although changing the flow rates in the inlet/outlet
channels will completely alter the full flow fields.

The type of flow encountered by a complex fluid in the
FFoRM is determined by the local (spatially varying) velocity
gradient tensor (∇u). For the remainder of this work, we as-
sume that the velocity field in the FFoRM device is quasi-2D
because components of the velocity gradient tensor in the
out-of-plane direction are much smaller than those in-plane
(see Corona et al.) [18]. In general, local 2D velocity gradients
can be parametrized by two parameters and a direction. In this
work, we choose to parametrize the flow using a flow-type
parameter (�) and a deformation rate (G) and we choose the
direction to be coincident with the principal strain-rate axis
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[31]. The flow-type parameter is defined as

� = |E| − |�|
|E| + |�| , (1)

where E is the rate of strain tensor (E = [∇u + ∇uT ]/2), � is
the vorticity tensor (� = [∇u − ∇uT ]/2), and |A| = A : AT .
The flow-type parameter describes the relative influence of
elongation (or strain) compared to rotation (or vorticity). The
deformation rate is defined as G = |∇u|/√1 + �2 and de-
scribes the strength of the applied deformation field. G is equal
to the shear rate, γ̇ , in simple shear flow (i.e., � = 0) and G
is equal to the extension rate, ε̇, in an extensional flow (i.e.,
� = 1). With this parametrization, the local velocity gradient
tensor with axes coincident with the principal rate-of-strain
axes can be written as

∇u = G

2

⎡
⎣ 1 + � 1 − � 0

−(1 − �) −(1 + �) 0
0 0 0

⎤
⎦. (2)

The FFoRM geometry offers the ability to independently
tune � and G near the central stagnation point of the device
by varying Q1/Q2 and Q1 + Q2, respectively (see Fig. 1).
For example, a condition where Q1/Q2 = 1 produces a planar
extensional flow (� = 1) near the stagnation point with an
extension rate proportional to Q1 + Q2. More information on
controlling flows in the FFoRM can be found in previous work
[18], and for the remainder of this work, we will only report
flow fields with respect to the values of � and G produced
near the stagnation point as determined by computational fluid
dynamics (CFD) simulations of a Carreau fluid and confirmed
with particle-tracking velocimetry (PTV) measurements.

sSAXS measurements enable one to probe nanostructural
features within a material (Fig. 2). The scattering of x rays
from a material is measured at some angle defined by the
scattering vector q = (4π/λ) sin(θ/2), where λ is the wave-
length of the x-ray beam and θ is the angle between the
incident beam and the scattering direction. The intensity of
scattered x rays is proportional to the Fourier transform of
scattering density correlations within the material and is typi-
cally expressed as

I (q) = cP(q)S(q), (3)

where I(q) is the measured scattering intensity, P(q) is the
form factor, S(q) is the structure factor, c is a constant de-
pendent on the material composition and concentration, and
the overbar represents an ensemble average of the quantity.
This expression assumes that the particles are of uniform
scattering length density, the fluid is incompressible, and
that the measured scattering is free from multiple scattering
events. We highlight that since the ensemble averaging oc-
curs over the product of the form factor and structure factor,
this factorization requires no further assumptions [32]. The
form factor includes scattering contributions due to intraparti-
cle correlations (i.e., scattering density correlations within a
single particle) while the structure factor includes scattering
contributions due to interparticle correlations (i.e., scattering
density correlations between particle centers of mass). At
the particle concentrations considered in this work, contri-
butions to the scattering from the form factor dominate at
high-q values while contributions from both the form factor

FIG. 2. Overview of sSAXS in the FFoRM methodology. A
small coherent x-ray beam is rastered throughout the region of inter-
est (ROI). The FFoRM geometry was implemented at a synchrotron
beamline, which offers the ability to collect spatially resolved SAXS
patterns. The collected 2D SAXS patterns (right) resolve nanostruc-
tural (∼1–200 nm) features in the system with ∼25−μm spatial
resolution indicated by the red circles on the flow-field image. The
flow fields produced in the FFoRM can be manipulated by changing
the flow rates into the device (Q1 and Q2). The blowup of the ROI
shows PTV measurements of a generated elongational flow field.

and structure factor must be considered at low-q values. The
transition between the high-q and low-q regimes is related
to the average particle separation distance, d , as q ∼ 2π/d,
where q is the magnitude of the scattering vector. For the CNC
and CNF dispersions, d ∼ 40 nm, estimated from the point
where the measured scattering deviates from the form factor
(see Supplemental Material, Fig. B1) [33]. In this work, we
are primarily interested in the anisotropy of scattering density
correlations within the material, as these provide information
about the alignment and spatial positioning of particles in the
high-q and low-q regimes, respectively.

The orientation analysis is described in detail in Ref. [34].
In brief, SAXS data were reduced by azimuthal integration
to 16 azimuthal segments. The azimuthal distribution of the
integrated intensities is well approximated by a sine function
(see Supplemental Material, Fig. C1) [33].

I (nφ, qmin < q < qmax) ≈ a0(qmin, qmax) + a1(qmin, qmax)

× sin

(
2πnφ

Nφ

− φ0(qmin, qmax)

)
,

(4)

where nφ is the index corresponding to a particular azimuthal
interval, Nφ is the total number of azimuthal intervals, and
the integration interval along q is between qmin and qmax.
The baseline a0(qmin, qmax) is the average scattering within
the integration range, whereas the amplitude a1(qmin, qmax)
is given by its oriented part, i.e., its anisotropic component.
The degree of scattering anisotropy can be parametrized by
α(qmin, qmax) = a1(qmin, qmax)/a0(qmin, qmax), which com-
pares the amplitude of scattering anisotropy to the average
magnitude of scattering intensity. This degree of anisotropy
is assumed to be correlated to the degree of particle alignment
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in the fluid [35]. The phase shift of the sine function, φ0, rep-
resents the azimuthal angle at which the scattering intensity
has a minimum. Since the scattering intensity is proportional
to the Fourier transform of scattering density correlations in
the material, it also represents the direction of maximum den-
sity correlations, i.e., the most probable direction of particle
orientation. In other words, the maximum scattering intensity
is perpendicular to the particle alignment direction. These
parameters are quickly extracted from a discrete Fourier trans-
form of the integrated intensities.

In this work, we chose two distinct q ranges, a high-q
regime (0.030–0.050 Å–1, qd/2π ∼ 1.9–3.2) and a low-q
regime (0.010–0.014 Å–1, qd/2π ∼ 0.64–0.89), cor-
responding to the intraparticle scattering regime [i.e.,
the form factor, P(q)] and the interparticle scattering
regime [i.e., the structure factor, S(q)], respectively.
We define the high-q and low-q degree of scattering
anisotropy as αhigh-q = α(0.03 Å−1, 0.05 Å−1) and
αlow-q = α(0.01 Å−1, 0.014 Å−1), respectively. For a single
SAXS measurement, differences between αhigh-q and αlow-q

will be driven by differences in S(q). In the limit as q → 0,
the deviation of S(q) from unity is inversely proportional
to the second virial coefficient, B2, which parametrizes
the strength of interactions between rods [36]. When
attractive interactions dominate, B2 < 0, S(q) increases at
low-q-values, and therefore αhigh-q < αlow-q. When repulsive
interactions dominate, B2 > 0, S(q) decreases at low q-values
and therefore αhigh-q >αlow-q. This relationship between
particle-particle interactions and relative degree of alignment
in different q ranges will be further discussed when presenting
the experimental results.

B. Test fluid formulation

To test the capabilities of sSAXS in the FFoRM, we for-
mulated two dispersions of rodlike nanoparticles: cellulose
nanocrystals (CNCs), which are shorter and stiffer nanopar-
ticles (〈L〉 ∼ 150 nm and 〈L〉/lp < 0.2) where 〈L〉 is the
average particle length and lp is the persistence length), and
cellulose nanofibers (CNFs), which are longer and more flex-
ible (〈L〉∼ 500 nm, 〈L〉/lp ∼ 0.2), although both particles are
considered rigid in the sense that 〈L〉/lp < 1 [37]. We chose
these test fluids due to the strong scattering signature for the
alignment of the particles and the ability to compare results
to microscopic models for rigid rods. The microscopic model
that we will be testing in this work is the modified Dhont-
Briels model, which includes an effective external mean-field
potential to account for hard rod interactions with other parti-
cles [29,30]. The important parameters in this theory are the
rotational diffusivity Dr , which describes the effect of thermal
fluctuations on the orientation of the particles and the effective
particle concentration Lφ/d, where φ is the particle volume
fraction, L is the particle length, and d is the particle diameter.
The rotational diffusivity for dilute, finite-length, high aspect
ratio, cylindrically shaped particles can be calculated as

Dr,0 = 3kBT

πηsL3

(
1 − 1.5

ln (2 L/d )

1 + 0.64
ln (2 L/d )

)
, (5)

where kBT is the thermal energy and ηs is the solvent viscos-
ity. To account for the effect of particle interactions on the

rotational diffusivity, Doi et al. proposed that the zero-shear
rotational diffusivity may be expressed as

Dr = βDr,0[4φ(L/d )2]−2, (6)

where β = 1.3 × 103 is a constant prefactor determined from
Brownian dynamics simulations and φ is the volume fraction
of rods [38–40]. The modified Dhont-Briels model inter-
polates between the zero-shear diffusivity for rods that are
oriented isotropically and the dilute particle diffusivity when
the rods are highly aligned. From a physical perspective, the
model includes interparticle interactions at low shear rates
leading to an effectively slowed diffusivity; but, the effect of
interactions vanishes as the rods become aligned, thus increas-
ing the rotational diffusivity to the dilute case.

The test fluids for these studies include a 4 wt % disper-
sion of CNCs in a mixture of water and glycerol and a 0.25
wt % dispersion of CNFs in water. The concentrations were
chosen such that Lφ/d ≈ 0.5. As such, in both dispersions the
strength of excluded volume particle interactions as predicted
by the modified Dhont-Briels model are equal. To correct for
differences in rotational diffusivity, the solvent composition
was chosen such that Dr is approximately equal to 2 s–1 for
both dispersions. This was accomplished through the addition
of glycerol, a viscous (ηs ≈ 1 Pa s) water-soluble solvent,
to the CNC dispersion. By formulating the samples in this
way, we intended to isolate the effects of particle flexibility,
aspect ratio, and interactions on the flow behavior of rod-
like nanoparticle dispersions in a way that is independent
of the rod concentration and rotational diffusivity. Tuning
Dr is especially important because the alignment of rods in
dilute dispersions is dictated by a dimensionless group, the
rotational Péclet number (Per = G/Dr).

Regarding particle-particle interactions beyond excluded
volume, CNCs have been found to interact repulsively due
to electric double-layer interactions between the particles as-
sociated with their surface charge [41]. The characterization
of repulsive interactions between CNC particles is supported
by equilibrium SAXS measurements of the formulated CNC
dispersion, where the measured scattering intensity is less
than the predicted scattering accounting only for the form
factor (see Supplemental Material, Fig. B1) [33]. Similar
repulsive interactions are expected for dispersions of CNFs,
as supported by zeta-potential measurements and the im-
pact of adding salt on particle aggregation behavior [23,42].
However, we find the formulated CNF dispersion has a mea-
sured equilibrium scattering intensity that is higher than the
predicted form factor scattering, suggesting attraction-driven
aggregation (see Supplemental Material, Fig. B1) [33]. A
Derjaguin-Landua-Verwey-Overbeek (DLVO) model for the
interaction potential between CNFs predicts repulsive poten-
tials for crossed rods on the order of thermal energy (kT),
whereas the model for CNCs predicts these potentials are on
the order of 10 kT for a 1:1 electrolyte concentration on the
order of 10 mM [41,43]. Comparing these models suggests
that aggregation and a more positive value of the second virial
coefficient is to be expected in the CNF dispersion, which is
consistent with the observed small levels of aggregation in the
measured equilibrium scattering. As a result of this difference,
comparative measurements between these two systems may
offer physical insight into the effects of differences in particle-
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particle interactions on the flow-induced structure of rodlike
dispersions.

Many studies have probed the nanostructure of cellulose-
derived nanoparticles in certain flow types, but as we will
demonstrate in this work, sSAXS measurements in the com-
plex flow fields produced by the FFoRM provide insight into
the response of nanostructure to a wide range of Lagrangian
deformation histories, e.g., transient and inhomogeneous
flows. Lagrangian trajectories were chosen near the center
plane of the geometry, as this region generates the largest
in-plane velocity gradients. In reality, SAXS measurements
probe the structure through the full thickness of the device
where the velocity gradients vary in G (but not �) [18]. For
this work, we neglect this variation in G and report values cor-
responding to the center plane of the geometry. To determine
these Lagrangian trajectories, we utilize 3D CFD simulations
in COMSOL of a Generalized Newtonian fluid with a viscosity
described by a Carreau model fit to measured shear rheology
(see Supplemental Material [33]). CFD simulations were used
to enable higher spatial (and therefore temporal) resolution
toward the calculation of the flow histories than are currently
accessible with PTV measurements. In this work, we will only
include results from Lagrangian trajectory mapping by CFD
and confirmed by PTV for the CNC dispersion, which was
found to be weakly shear thinning (see Supplemental Material
[33]). It was found in Corona et al. that the flow fields for
weakly shear thinning fluids in the FFoRM could be predicted
with such simulations [18]. Upon determining the velocity
fields for the range of experimentally probed conditions, the
velocities and velocity gradients for various streaklines were
determined numerically. Along each trajectory, we calculate
the accumulated strain at a certain point xn as

γ (xn) =
∫

|E|dt =
∫ xn

x0

|E|(x)
dx

U (x)
≈

xn∑
x=x0

|E|(x)
�x(x)

U (x)
,

(7)
where U (x) is the velocity at position x, �x is the distance
between the point of interest and the previous point, x0 is the
point where we begin tracking accumulated strain, and |E|
is the magnitude of the rate of strain tensor. The integral is
evaluated along the streamline, which implicitly assumes that
the macroscopic flow field is steady over time in the Eulerian
reference frame, and is confirmed by PTV measurements of
the flow fields. Additionally, we calculate �, G, and the ac-
cumulated strain from the CFD simulations. For brevity, we
do not report the direction of the principal straining axis in
this work, although this may also be quantitatively extracted
from these simulations. Qualitatively, the principal straining
axis points in the outflow direction near the stagnation point
and perpendicular to the streamlines in the direction of the
flow in the inlet/outlet flow regions. With this Lagrangian
trajectory mapping, we can correlate the deformation history
of a fluid element with structural measurements determined
with sSAXS.

III. RESULTS

A. Lagrangian mapping of soft material order

The combination of sSAXS measurements, CFD simula-
tions, and PTV enables one to probe the impact of an imposed
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FIG. 3. Lagrangian mapping of flow histories and their corre-
sponding nanostructure evolution using sSAXS. (a) Streaklines and
alignment mapping for a 4 wt % CNC dispersion in the FFoRM
geometry under conditions corresponding to an extensional flow
where the white arrows indicate the direction of the flow. The
streakline trajectories (colored arrows) are long-exposure images of
non-Brownian tracers in the fluid. The alignment mapping provides
the direction (φ0) and degree of alignment (αhigh-q ) as measured with
sSAXS. The hue indicates the direction of alignment of the particle
and the intensity of the point indicates the degree of alignment, where
lighter points correspond to a higher degree of alignment, as indi-
cated by the color wheel in the top right. (b) Representative SAXS
patterns at three different points along the Lagrangian trajectory 1
(orange) indicated by the colored symbols circle, star, square, and
diamond in (a). The gray dotted lines in the rightmost pattern in
(b) indicate the edges of the q range used in the annular averaging
to extract φ0 and αhigh-q (between 0.03 and 0.05 Å–1). The white
regions in (b) indicate areas of the detector where scattering was not
measured either due to presence of the beamstop or the gaps between
detector modules.

flow history on the order of a soft material of interest. In
a demonstrative example, we explore the ordering of the
CNC dispersion in the FFoRM operating such that a flow
with � ≈ 1 and G ≈ 10 s–1 occurs near the stagnation point.
When the deformation field within the FFoRM is known,
either via PTV measurements and/or CFD simulations, one
can translate the spatially resolved sSAXS measurements into
emulated SAXS measurements along Lagrangian deformation
histories (Fig. 3). For illustrative purposes, three representa-
tive trajectories were chosen from streakline images captured
via PTV and superimposed on the sSAXS spatial mapping
[Fig. 3(a)]. This superposition enables us to map measured
SAXS patterns to various points along Lagrangian streamlines
[Fig. 3(b)]. This enables direct inference of the structural
response of the fluid to a transient flow involving time vari-
ations in flow type and strain rate. For example, following
the example trajectory 1, we find that the CNC dispersion
is completely disordered as it enters the measurement region
[top right of Fig. 4(a), ii)] and gradually becomes ordered as it
approaches the stagnation point, as indicated by the increased
degree of scattering anisotropy. After its approach toward the
stagnation point, the CNCs remain ordered as the fluid is
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FIG. 4. Lagrangian orientation mapping along representative
streamlines. Representative orientation mappings are included for
streamlines 1 (orange), 2 (yellow), and 3 (blue) indicated in (Fig. 3).
For a given deformation history parametrized by the deformation rate
(G) and flow-type parameter (�), the measured degree of alignment
(αhigh-q ) and alignment direction (φ0) are included as a function
of strain (γ = |E|t ). For Lagrangian trajectory 1, the gray dotted
lines indicate the points corresponding to the circle, star, square, and
diamond in (a) and (b) and the orange-colored line in the measured α

and φ0 (vii and x) includes model predictions for the order parameter
from simulations of the modified Dhont-Briels model in the startup
of extensional flow with Per = 5, � = 1, Lφ/d = 0.5.

convected toward the exit channel, resulting in the observed
asymmetry in the spatial alignment mapping. Finally, the La-
grangian trajectories can be translated from a spatial map to a
strain-dependent history in terms of the deformation histories
along the trajectory using CFD simulations (Fig. 4). Here, for
expedience, we calculate �, G, and the accumulated strain
from numerical simulations of flow in the device (for details,
see Ref. [18]). The deformation rate (G) and flow type (�)
are tracked along the three example Lagrangian trajectories as
a function of the accumulated strain (γ = |E|t ) and matched
to the resulting structure of the fluid measured with SAXS,
given here in terms of the high-q (i.e., intraparticle) degree of
alignment (αhigh-q) and the direction of the alignment (φ0).

In all previously reported flow-SAS experiments, measure-
ments of the fluid structure are analyzed such that the flow
the material experiences is assumed to be a single, time-
invariant flow type (�). For example, rheo-SANS devices
produce simple shear flows (� = 0), while various fluidic
devices have been constructed to probe extensional (� = 1)
or complex flows (0 < � < 1) [25,26]. By contrast, with the
analysis presented in Figs. 3 and 4, one can directly relate the
nanostructural changes of a soft material to the complete flow
history the material has encountered to that point, including

time-varying flow types (�). Furthermore, the FFoRM pro-
duces a wide array of flow histories in a single operating
condition. Given that there are 20 measurements resolved
across the width of the two inlet channels, one could resolve
a minimum of 40 f ull Lagrangian trajectories in a single
measurement. One may also consider that the measurement
probes the structure at approximately 2000 individual points
in the flow correlating with approximately 2000 unique flow
histories. The representative cases provided in Figs. 3 and 4,
can be coarsely described in terms of familiar processing
flows. These flow histories range from a steady extensional
flow (trajectory 1, orange), a deformation rate ramp in simple
shear flow (trajectory 2, yellow), and a change from simple
shear flow to extensional flow (trajectory 3, blue). For the case
of trajectory 1, we find that the nanostructure aligns in a sin-
gle direction along the extensional axis and αhigh-q increases
monotonically to a plateau value with trajectory 1 plateau-
ing at a higher value. Trajectories 2 and 3 undergo a much
different response, where the direction that the nanostructure
aligns along changes and results in a decrease followed by an
increase in αhigh-q.

Such measurements can inform our understanding of the
impact of flow history on the structure of the fluid of interest.
In the case of the CNC dispersion, we compare the experimen-
tally measured αhigh-q under the startup of steady extensional
flow (Fig. 4vii) to predictions for the order parameter, i.e.,
the difference between the principal moments of the orien-
tation distribution function, from the modified Dhont-Briels
model [30]. We find that the modified Dhont-Briels model
predictions in the startup of a steady extensional flow match
the initial (0 < γ < 2) time-dependent ordering of the CNC
dispersion along trajectory 1, where the flow history can be
approximated as the startup of an extensional flow (Per =
5,� = 1). In conventional flow-SAS measurements, analysis
has been limited to trajectories where the flow is approxi-
mately homogeneous in flow type and deformation rate. As
highlighted in this example, such regions represent a limited
portion of a single flow trajectory. With sSAXS measurements
in the FFoRM, one can access the full range of many such tra-
jectories. Furthermore, this example demonstrates that sSAXS
in the FFoRM provides the opportunity to test rheological
models under complete, complex flow histories rather than
only those in idealized rheometric flows. Model comparisons
under the experimentally realized complex flow histories will
be the subject of future work. Overall, the sSAXS measure-
ments in the FFoRM confirm that the development of order in
the CNC dispersion depends on the entirety of the fluid’s flow
history rather than simply the local deformation field, proving
the need for mapping the fluid’s full Lagrangian flow history.

B. Variation of flow fields and flow histories

The previous analysis focused on the operation of the
FFoRM with one set of inlet/outlet flow rates. However, the
FFoRM is designed such that these flow rates can be varied to
produce nearly arbitrary 2D flows near the stagnation point,
where the material with the longest steady-state accumu-
lated strain is located. Therefore, by changing the inlet/outlet
flow rates, one changes the flow histories that are probed
in a sSAXS measurement. To probe the nonequilibrium
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where lighter points correspond to a higher α. The values were calculated in the intraparticle regime (between q = 0.03 and 0.05 Å–1).

nanostructure of the CNC dispersion under a wider range
of flow histories, we vary the inlet conditions such that the
flow fields produced near the stagnation point vary from the
previously analyzed extensional flow (� ≈ 1) to simple shear
flow (� ≈ 0) and the deformation rate, G, is held approxi-
mately constant at 10 s–1 [Fig. 5(b)]. For the flow rates into
and out of the device indicated by the white arrows, we report
the streaklines for the flows produced as measured with PTV
[Fig. 5(a)] and the spatially mapped order as measured with
sSAXS [Fig. 5(b)].

For all five flow conditions, we find that the alignment
of the microstructure near the central stagnation point is
approximately in the same direction at −45 ° (or equiva-
lently 135 °), which corresponds to the principal strain-rate
axis and is nearly constant in the FFoRM geometry for all
the inlet/outlet conditions tested. The CNCs align along the
principal strain-rate axis for deformation rates of 10 s–1 and
flow types ranging from extensional to simple shear flow in
agreement with the previous study [18]. We also find that the
CNC dispersion always has a lower degree of alignment while
approaching the stagnation point than when it has already
passed near the stagnation point. This discrepancy between
material approaching and leaving the stagnation point is a
result of the history-dependent alignment of the CNC, which
appears regardless of the applied flow type and arises due

to the nonlinear coupling of orientation and viscoelastic dy-
namics of the fluid. By changing the flow near the stagnation
point of the device, we produce flow histories that correspond
to a startup flow from an initially relaxed configuration, e.g.,
from material that enters near the center of the inlet channel,
similar to trajectory 1 in Fig. 3, and so these measurements
provide information about how different flow types affect
the structure of soft materials under the startup of complex
flows. Conversely, some of the Lagrangian trajectories have
not relaxed from their entry flow history, e.g., trajectories en-
tering the measurement region near the channel walls, similar
to trajectory 3 in Fig. 3. These trajectories are indicative of
the structural response under a flow that varies from simple
shear flow to the flow of interest. By probing trajectories that
enter the measurement region closer to or further from the
channel walls, one can examine the effect of different initial
starting structures ranging from those under a steady simple
shear flow to those in an isotropic configuration. Another
notable difference occurs as the flows near the stagnation point
approach simple shear flow (i.e., � closer to 0), where we
find that the alignment maps are no longer symmetric with
respect to the outflow axes. This broken symmetry occurs
because the flow fields produced are similarly not symmetric
because the stagnation point moves from its expected location
near the center of the FFoRM geometry [e.g., Fig. 5(a), v].
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Despite this, as long as the flow is steady and reproducible,
PTV measurements can provide the required local velocity
and velocity gradient fields necessary for Lagrangian flow
mapping.

We now consider the amount of structural information col-
lected from sSAXS measurements in the FFoRM. Previously,
we noted that a measurement taken at a single condition
yielded approximately 2000 measurements at different times
in the fluid’s flow history. For just the CNC sample, we probed
combinatorial conditions corresponding to five values of �

and 8 values of G, resulting in nanostructural measurements
under approximately 80 000 unique flow histories. Further-
more, the measurement time per condition was approximately
15 min, including the time for the flow to reach steady
state, meaning that these measurements were completed in
10 h. Therefore, sSAXS in the FFoRM appears to present the
capabilities necessary for data-driven rheological modeling
approaches. Since such data-driven approaches are not yet
prevalent, in their present form these datasets offer insight into
the flow-induced structure of rodlike nanoparticle dispersions,
which we will now illustrate through a comparison between a
CNC and CNF dispersion.

C. Varying fluid interactions and rheology

While to this point we have focused on a single fluid,
sSAXS measurements in the FFoRM can be performed with
fluids of varying structure and rheology. We investigated the
CNF dispersion described previously, which differs from the
CNC dispersion in several critical ways: the CNFs are less
rigid, longer particles that tend to have less repulsive ef-
fective interparticle interactions compared to the CNCs. As
mentioned before, we have formulated the two dispersions
such that the effective concentration (Lφ/d) and rotational
diffusivity are nearly equal. Despite these similarities between
the samples, the CNF dispersion’s rheological response is that
of a yield stress fluid compared to the slightly shear thinning
response of the CNC dispersion. Previously it was shown that
the flows of yield stress fluids are well behaved in the FFoRM
geometry and similar to those of a Newtonian fluid; therefore,
we do not report PTV streaklines for this dispersion as they
are similar to those presented in Fig. 5(a) [18]. Furthermore,
we do not include the full Lagrangian flow mapping for the
CNFs as we will focus on a qualitative comparison between
the samples for this first study. The alignment mapping of
the CNF dispersion under the same conditions as the CNC
dispersion is shown in Fig. 5(c).

Similar to the CNC dispersion, we find that the direction of
alignment near the stagnation point is in the direction of the
principal strain-rate axis, and the degree of alignment is higher
for larger �. We also find that the direction of alignment of
CNFs in the regions away from the stagnation point is very
similar to those from the alignment mapping of the CNCs,
suggesting that both the flow fields produced by the fluids
and the coupling of the particle alignment to the flow field
are very similar in these regions. Unlike the CNC dispersion,
the scans reveal regions of weak alignment and regions of
strong alignment in similar areas of the scan, e.g., Fig. 5(c)
displays sharper spatial variation in αhigh-q than Fig. 5(b).
Since the flows remain at steady state, this variability in the

structure at similar regions in the flow is likely a result of
inhomogeneities in the fluid, i.e., the fluid has local regions
where the nanostructure can align in the flow and others where
alignment does not occur. Besides the change in αhigh-q, there
is a small intensity increase in the scattering intensity. We do
not fully understand this result at this time, but we propose two
possible explanations. The analysis presented in Fig. 5 was
conducted on scattering that is mainly sensitive to intraparticle
correlations (i.e., the form factor); thus, the differences in the
αhigh-q values are not directly resulting from aggregation or lo-
cal differences in particle-particle interactions between CNFs.
However, interparticle interactions between the CNFs can also
modify the distribution of particle orientations. Therefore,
local changes in interparticle interactions may be affecting the
intraparticle orientation distribution producing the observed
sharp changes in the particle alignment. An alternative expla-
nation is that the density of CNF fibers is inhomogeneous due
to particle aggregation, for example. In this situation, while
the interaction potential between fibers remains unchanged,
local increases and decreases in particle concentration have a
significant effect on the particle alignment in the same way
as macroscopic changes in concentration effect particle align-
ment. A compounding complication is the unknown impact of
particle flexibility on local variations in particle interactions
and density. It is possible that the flexibility of the CNFs
contributes to local variations in interparticle interactions or
increases the possibility of particle aggregation.

Another feature of the CNF alignment mapping compared
to the CNC is the lack of history dependence in the alignment
of the nanostructure. For the CNC dispersion, we found a clear
difference between material moving from the inlet toward
the stagnation point compared to material moving from the
stagnation point toward the outlet. For the CNF dispersion,
we find very little difference between these two trajectories,
suggesting that the CNFs require a very small amount of ac-
cumulated strain to align in a flow field. Overall, we find that
the flow-induced structure of the CNF dispersion is noticeably
different than that of the CNCs, which we propose is a result
of the differences in interparticle interactions, aggregation
behavior, particle flexibility, or some combination of these
phenomena.

D. Assessing the influence of interparticle interactions
on flow-induced order

The previous analyses focused on the interpretation of the
intraparticle alignment of the CNC and CNF particles in the
high-q value regime of the SAXS data. However, SAXS mea-
surements probe the full range of the material nanostructure,
enabling one to resolve other larger-scale structural features
of the material, including interparticle correlations [i.e., the
structure factor, S(q)]. The results in Figs. 5(b) and 5(c)
represent 10 000 SAXS patterns, rendering complete model
fitting of the q-dependent scattering computationally chal-
lenging. Instead, we turn to a model-free analysis whereby we
probe the degree of alignment [α(qmin, qmax)] at two differ-
ent length scales (q values) corresponding to the intraparticle
structure, i.e., the form factor, and the interparticle (collective)
structure, i.e., the structure factor (see the inset of Fig. 6).
The value of α at relatively high-q values compared to the
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FIG. 6. Nonequilibrium structural comparison between CNC
(lower trend) and CNF (upper trend) dispersions. The degree of
alignment (α) calculated in two different q ranges corresponding
to a high-q (x axis) and low-q (y axis) range and at varying flow
conditions (hue and saturation of points) in a 0.2-mm-diameter re-
gion centered at x = y = 0. The included points correspond to flow
conditions where G ≈ 10 s–1 and the flow type varies from � ≈ 0
(simple shear flow, green) to � ≈ 1 (extensional flow, red) given by
the hue of the point while the color saturation of the point indicates
the distance the measurement was made from the center of the device
as indicated by the 2D color bar on the right. The gray lines are linear
fits to the CNC and CNF measurements with slopes of 0.8 and 2.9,
respectively. and the black dotted line indicates αhigh-q = αlow-q. Inset:
Pictorial representation of the interpretation of the nonequilibrium
structure of the CNF and CNC dispersions under all included flow
conditions for equivalent αhigh-q. Qualitatively, αhigh-q is sensitive to
the anisotropy of density correlations within the light blue circle
while αlow-q is sensitive to the anisotropy of density correlations
within the light purple circle.

inverse of the average particle separation length, d ,
(q > 2π/d ) provides information about the intraparticle
alignment of CNC and CNF particles, and is the value that
was reported in the previous analysis. By contrast, the value
of α at relatively low-q values (q < 2π/d ) depends on con-
tributions from both the alignment of individual particles as
well as the spatial distribution of neighboring particles. In
general, the value of αlow-q and αhigh-q will be approximately
equal in a dispersion of dilute particles where interparticle
interactions, i.e., S(q), contribute negligibly to the scattering
[44]. However, α will be different in the high-q and low-q
regimes when interactions between particles are significant
because the value of αlow-q is also sensitive to interparticle cor-
relations between particles, i.e., the distribution of center of
mass (COM) particle separation distances. If αlow-q > αhigh-q,
this means that there are increased COM correlations with
neighboring particles along the direction of alignment, or
physically speaking one is more likely to find neighboring
particles parallel to the direction of mean particle alignment.
Conversely, if αlow-q < αhigh-q, this means that there are de-
creased COM correlations with neighboring particles along
the direction of alignment, or physically speaking one is less
likely to find neighboring particles parallel to the direction of
mean particle alignment. This description is consistent with
the expected relationship between the virial coefficient B2, the
anisotropic structure factor S(q), and the relative magnitudes
of αlow-q and αhigh-q described earlier.

We will now describe how changes in the nature of inter-
particle interactions may give rise to the previously described
changes to COM correlations in aligned particle systems. At
low Per , rods adopt both random orientation distributions and

random COM distributions. At high Per , particles become
aligned, which produces anisotropic COM distributions that
depend on the dominant type of particle interactions. When
there are short-range repulsive interactions between parti-
cles, the particles will reorganize to minimize contacts with
other particles. This results in a decrease in local particle
density along the test particle’s alignment direction, and there-
fore αlow-q > αhigh-q. When there are short-range attractive
interactions between particles, the particles will reorganize
to maximize contacts with other particles. This results in
an increase in local particle density along the test particle’s
alignment direction, and therefore αlow-q < αhigh-q. An equiv-
alent way to understand this effect is in terms of the second
virial coefficient, B2, as described previously. When repulsive
interactions dominate: B2 > 0, S(q → 0) < 1, and αhigh-q >

αlow-q. When attractive interactions dominate, B2 < 0, S(q →
0) > 1, and αhigh-q > αlow-q.

A representative comparison of αlow-q and αhigh-q for the
CNC and CNF dispersions (Fig. 6) validates the qualitative
picture just described. In particular, we compare measure-
ments on the two materials at similar conditions with a nearly
constant deformation rate (G ≈ 10 s–1) and varying flow type
(� from 0 to 1 as indicated by the color scale). Furthermore,
we only include measurements made within 200 μm of the
stagnation point, where the flow is nearly homogeneous. Even
though the flow is nearly homogeneous, the measurements
for a given condition correspond to different points along
Lagrangian flow histories, so that points that are further from
the stagnation point (signified by the color intensity of the
point) tend to have less accumulated strain.

When analyzing the effect of flow history on intraparti-
cle alignment, we find substantial differences between the
flow response of the CNCs and CNFs. For the CNCs, the
degree of alignment is highly dependent on the flow type
and accumulated strain, where the highest degrees of in-
traparticle alignment are achieved for flows that are more
extension dominated (red points) and for material that is
closer to the stagnation point where accumulated strains are
large (darker points). Conversely, the CNFs show no apparent
correlation between flow type or accumulated strain, i.e., the
distance from the stagnation point, for a given deformation
rate. This observation suggests that while the alignment of
CNCs depends on the rate of strain, which is highest for more
extension-dominated flows, and the accumulated strain, which
is higher for material closer to the stagnation point, the align-
ment of the CNFs only depends on the deformation rate. To
explain this result, we hypothesize that the increased flexibil-
ity and changes in interactions between the CNFs restricts the
particles’ ability to align in a flow field, meaning that higher
strain rates are required to produce the strain and strain-rate
dependent effects observed in the CNCs. Further supporting
this hypothesis, the degree of intraparticle alignment is higher
for the CNCs compared to the CNFs for similar flow histories.

When comparing αlow-q and αhigh-q, we find that the
two materials divide into two populations where the ratio
αlow-q/αhigh-q is nearly constant, but with different values for
the two materials. For the CNC dispersion, the interparticle
degree of alignment αlow-q is always less than the intra-
particle degree of alignment αhigh-q (i.e., αlow-q/αhigh-q < 1),
whereas for the CNF dispersion the opposite is the case (i.e.,
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αlow-q/αhigh-q > 1). This is consistent with the expectations
outlined previously, in which interparticle repulsions suppress
anisotropy of particle COM correlations whereas interparticle
attractions enhance it. As such, this suggests that the magni-
tude of αlow-q/αhigh-q relative to unity can be used as a simple,
model-free metric for determining whether interparticle at-
tractions or repulsions are more influential with respect to
the flow-induced orientational order of the materials probed.
Furthermore, the fact that the ratio αlow-q/αhigh-q remains con-
stant across all included flow conditions suggests that the
interparticle interactions between rods are insensitive to the
flow histories probed, even though the collective structure is
modified due to the flow-induced orientation of individual
particles. Overall, the analysis of the structure of the CNC
and CNF dispersions at multiple length scales and under a
wide range of flow histories, as afforded by sSAXS in the
FFoRM, has revealed that the nature of interactions between
rods is unaffected by the flow type at a constant, moderate
deformation rate. Furthermore, the dominant characteristic of
interparticle interactions (e.g., attraction versus repulsion) is
revealed directly by the proposed analysis, without the need
for a particular model for describing the anisotropic interac-
tions and the scattering they give rise to.

IV. DISCUSSION

Outlook for surveying complex fluids’ response to flow

In the previous example analyses, we have demonstrated
the capabilities of the sSAXS in the FFoRM for probing the
nanostructure of soft materials under a multitude of unique
flow histories. The large datasets made accessible by this
technique enable insight into the flow-history dependence of
the structure of soft materials. For example, consider the case
of fiber spinning, in which one may wish to use flow to
align the nanostructure of the material to impart anisotropic
mechanical properties. Conventionally, one might design sev-
eral differently shaped nozzles and measure the nanostructure
of the material as it navigates this geometry. Using sSAXS
measurements in the FFoRM, one could create a database
of the material’s response to various flow histories and de-
termine which flow histories are encountered in a particular
nozzle design, circumventing the need for making multiple
measurements in multiple different nozzles. Such an approach
reduces the time spent fabricating devices, aligning samples,
and making calibrating measurements because emulating a
new nozzle design only requires determining the flow histories
that are encountered in the process and creating a relevant
FFoRM flow protocol. Additionally, sSAXS in the FFoRM
provides an approach to address the inverse problem, i.e.,
designing a flow geometry to target a desired nanostructure
by exploring a rich database of measurements to determine
the flow histories that produce the desired nanostructure.

From the perspective of a more fundamental understanding
of soft material response to flow, one can use sSAXS mea-
surements in the FFoRM as rigorous tests of physics-based
theories or models. Conventionally, comparison to such theo-
ries and models are made in simple shear or extensional flows.
As a result, there potentially exists a bias in the resulting
theories—-either in the formulation of the physical models

or in the values of the associated model parameters—-toward
such “simple” flows that does not reflect the complex coupling
between non-Newtonian dynamics and the time evolution
of deformation types, such that theories produce inaccurate
predictions of flow and structure in more realistic processes.
Conversely, sSAXS in the FFoRM enables structural predic-
tions from theories made and compared under complex flow
histories defined through the Lagrangian mapping proposed
here as a means of rigorous testing. Additionally, the enor-
mous datasets provided by sSAXS in the FFoRM could enable
a data-driven “machine-learning” approach to the formula-
tion of constitutive models on a purely mathematical basis,
circumventing the need for formulating and solving accurate
physical models. In this way, information about the structure
under a wide range of flow histories could be used to train a
predictive model that generates the structural response under
some arbitrary flow history, enabling predictive design with-
out the need for a physical model. Given that the flow histories
probed in a sSAXS measurement can be tuned, one could
build protocols such that new measurements can supplement
regions of said predictive model that have limited informa-
tion and improve its accuracy. Overall, the sheer size of the
datasets collected by sSAXS in the FFoRM could enable a
fundamental shift in the development of constitutive models
for soft materials in flow.

V. CONCLUSIONS

In this work, we demonstrated a method, sSAXS in the
FFoRM, for mapping the nanostructural response of ma-
terial structure to a wide range of processing flows and
demonstrated potential to “fingerprint” a soft material’s mi-
crostructure under complex and tunable flow histories toward
the development of process-structure-property relationships.
The CNC and CNF dispersions used in this work are
model materials to highlight these capabilities, which pro-
vide physical insight into the complex coupling between flow,
intraparticle orientational order and interparticle structure.
Asymmetry of the recorded flow fields of CNCs showed that
interparticle alignment is dependent on the Lagrangian flow
history, and not just the local flow field. By contrast, CNF
dispersions are less homogeneous and show less history de-
pendence in the alignment under the studied conditions.

The structural information contained in the collected
SAXS pattern at each material point further enables a more
detailed structural characterization than is available with other
techniques. To highlight this, we developed and tested a
simple analysis to assess the effect of flow on interparti-
cle interactions by characterizing the degree of alignment
at two different structural length scales, which revealed rich
information and insight regarding the effect of interparticle
interactions on the anisotropic structure of rodlike dispersions.
For similar strain rate and flow types, CNCs align to a higher
degree of intraparticle alignment than the CNFs. The inter-
and intraparticle degrees of alignment have a constant pro-
portionality that is invariant to the type of the flow or degree
of alignment for flows with constant deformation rate. Based
on the difference in magnitude of this proportionality constant
between the CNFs and the CNCs, we propose the q-dependent
anisotropy ratio αlow-q/αhigh-q as a simple, model-independent

045603-11



PATRICK T. CORONA et al. PHYSICAL REVIEW MATERIALS 6, 045603 (2022)

metric whose magnitude differentiates whether the effects
of interparticle structure on flow-induced orientational order
are dominated by attractive or repulsive interparticle interac-
tions. Overall, the well-defined flows under which material
nanostructure is characterized opens a number of possi-
bilities in the flow processing of soft materials, including
inverse design schemes for flow histories to produce a partic-
ular microstructure, testing physical models for microstruc-
ture evolution under complex flows, and alternative data-
driven approaches to the rheological modeling of complex
fluids.

VI. EXPERIMENTAL METHODS

A. Materials

An aqueous dispersion of rodlike cellulose nanocrystals
(University of Maine Process Development Center, Lot 2013-
EPL-CNC-053) was used as a model shear-thinning fluid with
minimal elasticity. Dr, 0 was adjusted through changing the
solvent viscosity by mixing water and glycerol We prepared
the sample by adding 4 wt % of the dry, white CNC powder
to the premixed solvent (90 wt % glycerol and 10 wt %
MilliQ water) and ultrasonicating (700 W Fischer sonicator
dismembrator) in an ice bath at 60% amplitude for 20 min in
40 cycles of 30 s on and 30 seconds off. A 1 wt % cellulose
nanofiber dispersion was provided by RISE (Sweden) and
prepared according to Wågberg et al. [45]. The 0.25 wt %
dispersion was prepared by dilution with MilliQ water.

B. FFoRM fabrication and operation

FFoRM Devices consist of two outer plates squeezed
around an inner plate containing the FFoRM geometry. Com-
pared to the FFoRM geometry reported by Corona et al.
[18], the FFoRM geometry reported in this work has smaller
dimensions, which are indicated in Fig. 1. Additionally, sev-
eral modifications were made to the sample environment to
enable compatibility with sSAXS measurements. The outer
plates were constructed out of poly(methyl methacrylate) and
contain holes for Kapton windows to allow for x rays and
visible light to pass through the device and for the connectors
to inlet/outlet tubing. The inner plate was constructed out
of titanium and the geometry was cut using a wire electri-
cal discharge machine (EDM). The three plates were sealed
together with sheets of double-sided tape. The device is con-
trolled by varying the inlet and outlet flow rates into four
of the eight channels with neMESYS syringe pumps (Cetoni
GmbH), leaving the other four submerged in a container for
fluid recirculation. Information on relating inlet/outlet flow
rates to the generated flow types and deformation rates can
be found in Corona et al. [18].

C. Particle-tracking velocimetry

Flows of the CNC dispersion in the FFoRM were ex-
perimentally determined using particle-tracking velocimetry
(PTV) according to Ref. [18]. The dispersions were seeded
with neutrally buoyant hollow glass spheres (10-μm diameter,
300 ppm) and injected into the device’s four inlet channels
using two syringe pumps (pump: Harvard Apparatus PHD

2000, tubing: Saint-Gobain Versilon 2001) at different rates.
The four additional outlets were immersed in a container of
the test fluid. The outlet tubing was cut to similar length and
immersed at similar height to avoid differences in pressure
between outlet channels. A complementary metal-oxide semi-
conductor camera (Point Gray Gazelle 2.2 MP Mono Camera
Link) with 12× total magnification and variable frame rate
(from 1 to 280 fps) was focused on the center plane of the
device geometry. Particle trajectories were determined from
videos by stacking collected images with IMAGEJ.

D. Computational fluid dynamics simulations

CFD simulations were carried out with the COMSOL MUL-
TIPHYSICS software package. Flow fields were generated from
simulations for a generalized Newtonian fluid with the fluid
density ρ = 1.0 g/mL and the strain-rate-dependent fluid vis-
cosity (η) described by the Carreau model

η(|E|) = η0(1 + (λ|E|)2)
n−1

2 ,

where |E| is the magnitude of the rate of strain tensor and
η0 = 0.609 Pa s, λ = 0.276 s, and n = 0.839 as a fit to the
steady shear rheology of the 4 wt % CNC dispersion. The gen-
eralized Navier–Stokes and continuity equations were solved
numerically for a 3D meshed representation of the geome-
try using a finite-element method in COMSOL MULTIPHYSICS.
Constant-volume flow rate boundary conditions were speci-
fied at the ends of the channels corresponding to Q1 and Q2,
constant-pressure boundary conditions were specified at the
ends of unlabeled channels, and no-slip boundary conditions
were specified for all other walls.

To analyze Lagrangian trajectories, streamlines were gen-
erated from the simulations and chosen to match the desired
trajectories measured with PTV. The velocity, flow-type pa-
rameter, and deformation rate were calculated along these
streamlines. The strain at points (xn) along a streamline was
calculated from the velocity, U , as

γ = |E|t =
∫ xn

x0

|E|(x)
dx

U (x)
≈

xn∑
x=x0

|E|(x)
�x(x)

U (x)
,

where �x is the distance between the point of interest and the
previous point and |E| is the magnitude of the rate of strain
tensor.

E. Scanning SAXS operation

Scanning SAXS (sSAXS) measurements were carried out
at the cSAXS (X12SA) beamline of the Swiss Light Source
(SLS) at the Paul Scherrer Institute (PSI) in Villigen PSI,
Switzerland. The samples were scanned by a beam with a
photon energy of 11.2 keV, which was defined by a fixed-
exit double-crystal Si(111) monochromator, and focused to a
25 × 10-μm2 beam size. A 2-m-long flight tube under vac-
uum was inserted between the sample and the detector to
minimize air scattering and x-ray absorption. The sample-to-
detector distance was 2.16 m, calibrated by silver behenate.
A Pilatus 2M detector [46] (1475 × 1679 pixels, pixel size:
172 × 172 μm2) was used to acquire 2D small-angle scat-
tering patterns. Simultaneously, the transmitted beam was
measured by the fluorescence of the used steel beamstop
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mounted inside the flight tube. A raster scan was performed
on a chosen sample area with a step size of 25 × 25 μm2, and
an exposure time of 0.1 s. Data processing was carried out
using the “CSAXS SCANNING SAXS PACKAGE” developed by the
CXS group, PSI, Switzerland [34]. The averaged scattering
signal of the empty FFoRM device was used as background.
The background subtraction was followed by an orientation
analysis, which was performed by the method described in
detail in Ref. [34].
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