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Probing flow-induced 
nanostructure of complex fluids in 
arbitrary 2D flows using a fluidic 
four-roll mill (FFoRM)
Patrick T. Corona1, Nino Ruocco1,2, Kathleen M. Weigandt3, L. Gary Leal1 & 
Matthew E. Helgeson1

Engineering flow processes to direct the microscopic structure of soft materials represents a growing 
area of materials research. In situ small-angle neutron scattering under flow (flow-SANS) is an attractive 
probe of fluid microstructure under simulated processing conditions, but current capabilities require 
many different sample environments to fully interrogate the deformations a fluid experiences in a 
realistic processing flow. Inspired by recent advances in microfluidics, we present a fluidic four-roll 
mill (FFoRM) capable of producing tunable 2D flow fields for in situ SANS measurements, that is 
intended to allow characterization of complex fluid nanostructure under arbitrary complex flows 
within a single sample environment. Computational fluid dynamics simulations are used to design 
a FFoRM that produces spatially homogeneous and sufficiently strong deformation fields. Particle 
tracking velocimetry experiments are then used to characterize the flows produced in the FFoRM for 
several classes of non-Newtonian fluids. Finally, a putative FFoRM-SANS workflow is demonstrated 
and validated through the characterization of flow-induced orientation in a semi-dilute cellulose 
nanocrystal dispersion under a range of 2D deformations. These novel experiments confirm that, for 
steady state straining flows at moderate strain rates, the nanocrystals orient along the principal strain-
rate axis, in agreement with theories for rigid, rod-like Brownian particles in a homogeneous flow.

The coupling of soft material microstructure with complex flows – involving deformations other than pure elon-
gation or viscometric (shear) flow – plays a crucial role in a variety of industrial processes including extrusion, 
fiber spinning, injection or blow molding, and various coating flows. New applications for soft materials have 
highlighted the need for flow-processed materials with specific and highly-ordered or oriented microstructure 
to achieve superior mechanical, optical or transport properties. Examples include shape changing composites, 
polymer opals, and filtration membranes1–4. Most of these materials and their precursors exhibit complex, non-
linear rheological responses (e.g. shear thinning, shear/extensional thickening, strain hardening, or yield stresses) 
due to strong coupling of their microstructural order with flow. As such, although the desired microstructure of 
a processed material may be known, the optimal flow protocol, i.e., the types and rates of deformation that the 
material should be subjected to in order to achieve the target microstructure is not always obvious. At the same 
time, many of these emerging materials lack accurate, microstructurally-informed rheological models that would 
enable inverse design of flow processes for soft materials. Therefore, an enormous advantage would be gained 
by the development of methods for experimentally characterizing the evolution of fluid microstructure under 
arbitrarily complex flows.

Small angle neutron scattering (SANS) provides an especially attractive platform for developing such micro-
structure—property-processing relationships. Unlike other types of radiation, neutrons are passive probes of 
fluid microstructure at length scales important to most soft materials (1–1000 nm). Furthermore, neutron con-
trast can be easily varied with isotopic substitution, enabling independent interrogation of the components of 
mixtures that is not possible with other techniques. This has led to the recent development of a number of flow 
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devices compatible with in situ neutron scattering measurements (flow-SANS), allowing direct measurement of 
fluid microstructure under flow5,6. A recent review outlines the most extensively used flow-SANS sample envi-
ronments, including Couette geometries, pressure driven Poiseuille flows, capillary flow cells, sliding plate cells, 
and cross-slot devices5. With a few exceptions such as the cross-slot device, these systems create a pure shear 
deformation of the fluid. Thus, the creation of a flow-SANS sample environment to achieve tunable deformation 
fields would dramatically expand the range and usefulness of flow-SANS measurements under complex flows that 
approach more realistic processing flows.

Recently, there have been a number of efforts toward this aim, typically involving the use of fluidic devices 
that simulate a processing flow of interest. Examples include channel flows7–9, cross slot geometries to achieve 
relatively homogeneous 2D elongation10–13, contraction/expansion geometries to study axisymmetric entrance 
and exit flows6,14–16, and flows around obstacles17. These studies highlight a number of challenges and limita-
tions inherent to the use of fluidic devices for flow-SANS measurements. The first, and most significant, is that 
the deformation field encountered by the fluid is determined predominately by the geometry of the device, and 
changes as the fluid traverses the geometry, producing an unsteady deformation of the fluid in a Lagrangian 
(material point) frame. Second, although many devices produce the desired flow at the center-plane, the aspect 
ratio (defined by the out-of-plane and in-plane dimensions relative to the neutron beam) is typically small, which 
produces a significant shearing contribution to the deformation along the beam path, similar to a Hele-Shaw type 
flow. This effect produces significant non-uniformity of the flow, and thus the fluid microstructure, in the direc-
tion of the probing beam path. Because of these limitations, the flow-SANS measurement reflects the material 
configuration that results from a non-steady, spatially non-uniform deformation field. As such, an accurate rheo-
logical model and corresponding flow simulations are required to properly interpret microstructural information 
obtained from these measurements. This significantly limits the applicability of current flow-SANS devices to 
only those fluids for which such models exist.

These limitations highlight a need for new designs for flow-SANS sample environments with the following 
objectives: (1) the deformation field can be varied (including mixtures of shear and elongation) within the same 
device to avoid construction of many different devices; (2) the deformation field is homogeneous within the 
scattering volume and in as large a region as possible around the scattering volume; (3) a stagnation point exists 
that can be positioned within the scattering volume. The latter two conditions are intended to ensure that the 
accumulated time or strain for material within the homogeneous flow region is sufficiently long so as to achieve a 
steady state response in the fluid microstructure.

A flow device has been previously developed, originally aimed at studying the deformation of a drop or vesicle, 
that satisfies these criteria, namely the four-roll mill. The most ideal form of this device was originally designed by 
Taylor18, in which the flow is driven by rotation of four cylinders. Although this configuration was used in the past 
for birefringence studies of polymer solutions19,20, it has not yet been successfully developed at the miniature scale 
required for SANS due to difficulty of scaling down the size of mechanical rollers (and therefore of the device 
itself), resulting in unacceptably large sample requirements and a beam path that results in a loss of transmitted 
signal and potential multiple scattering effects. There is also the practical difficulty of sealing the device from leaks 
when the rollers are oriented orthogonal to the direction of gravity (a requirement to facilitate measurement with 
most neutron beams).

An alternative approach is the flow-through design of Lee et al., which is a generalization of the cross-slot 
flow21. It is generally accepted that this “fluidic four-roll mill” (FFoRM) design holds the most promise as a flow 
device based upon the ideas of the four-roll mill, except that the flow is driven externally by syringe pumps 
similarly to the cross-slot and the only limit to size is the ability to manufacture the device via etching methods. 
Here, we report on the design and experimental validation of such a device, optimized to produce a homo-
geneous flow over a large area for the spectrum of flows from shear to 2D extension for Newtonian fluids. 
Furthermore, we explore to what extent the full spectrum of 2D homogeneous flows can be produced for a variety 
of non-Newtonian and/or viscoelastic fluids, and demonstrate the applicability of the full FFoRM-SANS work-
flow for dispersions of nano-crystalline rods that exhibit shear thinning, but only weakly elastic behavior, where 
the orientation measured by SANS provides a probe of the local deformations in the device.

A Fluidic Four-Roll Mill (FFoRM) For SANS Measurements
Without loss of generality, one can describe any 2D linear flow field

Ω= ∇ ⋅ = + ⋅u u x E x( ) (1)

by decomposing the local velocity gradient tensor into two parameters related to the deformation type and mag-
nitude of the deformation rate at any material point in the flow22. Here E and Ω are the strain-rate and vorticity 
tensors. The flow type parameter is usually defined as

Λ
Ω
Ω

=
−
+

E
E (2)

where |E| is the magnitude of the rate of strain tensor and |Ω| is that of the vorticity tensor (where =A A A( : )T 1/2

≡A Aij ij
1/2). For the approximately 2D, planar flows considered in this work, the flow type parameter takes values 

from −1 (pure rotation) to 1 (pure elongation) and describes the relative magnitudes of vorticity and strain-rate 
present in the flow. The strength of the flow can be described through the magnitude of the in-plane components 
of the velocity gradient tensor (Γ ) defined as Γ = ∇ u . Hence, in 2D homogeneous flows the velocity gradient 
tensor can be expressed in terms of Γ  and Λ as23–25
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with axes defined in the velocity (1) and velocity gradient (2) directions, hereafter referred to as the in-plane axes. 
Written in this form, Γ
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1 2
 is equivalent to the shear rate (γ


) for a simple shear flow (Λ = 0) and the extension 

rate (ε) for the purely extensional planar flow (Λ = 1). The assumption that the flow is 2D, as assumed in equation 
(3), is approximately true in the microfluidic four-roll mill provided that the dimensions of the flow device in the 
out-of-plane direction are large enough that ▽u is dominated by in-plane contributions for the majority of the 
flow domain. Specifically, we shall see that the 2D approximation, namely that u3 = 0, and = =∂

∂
∂
∂

0u
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u
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3
, is rea-

sonable in the central region between the top and bottom boundaries (u3 = 0 at the central symmetry plane), and 
near the central stagnation point.

The original microfluidic four-roll mill is sketched in Fig. 1a. It is similar to a cross-slot flow device, but is 
composed of eight channels where the relative volumetric flow rates in diagonally opposing pairs of four chan-
nels control the flow type within the device, while the average of the flow rates in these four channels controls 
the flow strength. The remaining four channels are held at constant (usually ambient) pressure. Although Lee 
et al. showed that the device can produce a reasonable approximation of the full spectrum of homogeneous 
2D flows for Newtonian fluids, it is not clear whether it will produce homogeneous 2D flows when the fluid is 
non-Newtonian and/or viscoelastic.

In this work (summarized in Fig. 2), we explore this question, as well as the applicability of the fluidic four-roll 
mill (FFoRM) for SANS measurements. In particular, we show that a modified version of the microfluidic geom-
etry of Lee et al. can produce tunable 2D deformation fields for at least some non-Newtonian fluids, and can be 
integrated with SANS instrumentation for measurement of the in situ microstructural configuration projected 

Figure 1. (left) Original microfluidic four-roll mill design reproduced from Lee et al.21. (right) Schematic 2D 
representation of the parameterized FFoRM geometry. Geometric parameters that were varied in the device 
design are indicated with colored letters. The 1 mm diameter neutron beam cross section is indicated as a light 
blue circle in the center of the device. The included values of these geometric parameters are the final choice of 
geometry with W = 2 mm, D = 1 mm, R = 1 mm, C = 5 mm, and H = 3 mm. Channels with controlled flow rates 
Q1 and Q2 are indicated with black arrows.

(a) (b) (c) (d)

Figure 2. Schematic outline of FFoRM-SANS workflow. (a) The parameterized FFoRM geometry is adjusted 
to generate spatially uniform flows within design constraints. Flow field visualization enables the operational 
mapping of the (b) streamlines and (c) flow type/deformation rate field the fluid experiences. (d) Small-angle 
neutron scattering probes structural changes in the material under arbitrary deformation histories.



www.nature.com/scientificreports/

4ScIENtIfIc RepoRts |  (2018) 8:15559  | DOI:10.1038/s41598-018-33514-8

onto the velocity-velocity gradient plane. CFD simulations were used to optimize the device geometry to produce 
flows for Newtonian fluids that are homogeneous within the scattering volume for flow-SANS measurements, 
and strong enough to deform complex fluid microstructures. After experimentally confirming the predicted flow 
behavior for a Newtonian fluid (glycerol), we then investigate the ability to produce nearly 2D flows with control-
lably variable flow types and deformation rates over a range of fluids with non-Newtonian rheological behavior 
using particle tracking velocimetry (PTV) measurements. Flow-SANS measurements are then demonstrated for 
arbitrary deformation types, and applied to measuring flow-induced changes in the microstructure of a disper-
sion of rod-like cellulose nanocrystals (CNCs) in deuterated water/glycerol (ratio 90:10).

Device Simulation and Parameterization
As indicated in the preceding section, we believe that the FFoRM geometry based upon the original design of Lee 
et al. has the best chance of satisfying the constraints for simple implementation and interpretation of flow-SANS 
measurements: namely a spectrum of homogeneous, 2D flows with sufficient flow strength and enough accumu-
lated strain for the material to reach a steady state configuration.

To accommodate the flows of non-Newtonian fluids, we modified the Lee et al. design by removing the sharp 
protrusions from the channel dividers at the inlet to the center region. The elimination of these sharp protrusions 
and corners suppresses the tendency to produce non-axisymmetric or unstable flows due to the elastic instabili-
ties associated with streamline curvature for viscoelastic fluids26,27. Furthermore, it also enables fabrication pro-
tocols that are less prone to machining errors that affect flow stability, while not compromising the device’s ability 
to generate all flow types. These modifications allow for a simpler device geometry that can be parameterized by 
the scheme illustrated in Fig. 1. By specifying the flow rates in specific channels, the FFoRM can be controlled to 
produce arbitrary 2D flows for Newtonian fluids. This is schematically illustrated in Fig. 3 for the generation of 
extensional, simple shear, and rotational flows. Approximately, the average of the flow rates in the inlets and out-
lets (Q2 + Q1)/2 determines the magnitude of the velocity gradient, while the ratio of these two flow rates (Q1/Q2) 
determines the flow type.

Generally, devices with larger dimensions can generate flows that are spatially uniform over a larger area. 
However, they are limited in their capacity to generate flows at high strain-rates before fluid inertia influences the 
flow, as indicated by the Reynolds number (Re) which characterizes the relative magnitude of inertial contribu-
tions to the fluid momentum relative to the viscous stress

ρ
η

ρ

η
ρ
η

= = = .Re UW W Q
H (4)

Q
HW 2

2

Here, ρ is the fluid density, η its viscosity, and H is the inlet channel height. With respect to fluid flow, high aspect 
ratio (H/W) devices are ideal to eliminate 3D flow effects (e.g. large gradients through the thickness of the device 
from the upper and lower boundaries) when the possibility for creating slip surfaces (e.g. through a lubricating 
fluid layer or chemically/physically modified surfaces) is infeasible28. In SANS measurements, however, lubricat-
ing fluids or surface modification can lead to background scattering that interfere with measurements while thick 
samples lead to multiple scattering and low beam transmission. For this study, we have fixed the thickness of the 
device H = 3 mm as a compromise to mitigate 3D flow effects while still minimizing multiple scattering. For the 
current setup with achievable pump flow rates ranging from ~10−4 μL/hr to 220 mL/min (Harvard Apparatus 
PHD 2000), Re can theoretically vary from 10−9 to 1 for a fluid with ρ = 1.0 g/mL and η = 1.0 Pa s. However, the 
pump’s torque limitations (~400 kPa) provide an additional constraint on the maximum flow rate that is depend-
ent on the fluid viscosity. For the current tubing size and length, we estimate this maximum to be 

η
~Qmax Pa s

20 mL / min
[ ]

. For the purpose of flow simulations, we only consider the impact of Re as this provides a phys-
ical constraint on the device operation. Additionally, the neutron beam spot is collimated to a 1 mm diameter 
circle that ensures adequate signal from the SANS measurement. In the final device configuration described later, 
we will show that the 3 mm device thickness ensures that the magnitude of in-plane gradients represents a large 
percentage of the total magnitude of gradients in the beam region of the device, thereby justifying the assumption 
of nearly 2D flow in the device.

Figure 3. Scheme for generating extensional, shearing, and rotational flows in the fluidic four-roll mill. The 
black circles indicate the direction and magnitude at which fluid is supplied to (filled circles) or withdrawn from 
(open circles) the device. The colored arrows represent the nominally generated flow type and black arrows 
indicate the direction and magnitude of flow rates in the inlet/outlet channels.
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2D CFD simulations were used to determine the impact of the geometric parameters shown in Fig. 1 on the 
deformations (rate and type) achievable and the uniformity of the flow in the center plane of the device near 
the stagnation point. Using COMSOL Multiphysics software, the Navier-Stokes and continuity equations (for 
a Newtonian fluid) were solved numerically for the velocity and stress fields in the device. In order to ensure 
the device design is sufficient for the previously stated objectives, we define our objective to minimize flow 
non-uniformity (which we define as the standard deviation of Λ within the beam diameter at the center-plane of 
the device) and maximize the deformation rate (defined as the average deformation rate in the center plane beam 
region) for a given value of Re at the flow types of interest. For the Newtonian fluid, we found that the maximum 
Re achievable before significant flow modification due to inertia was 0.2, Therefore, the impact of geometric 
changes were investigated at constant Re = 0.1 so that the deformation rates calculated are near the maximum 
achievable in the center plane of the geometry before inertial flow modification. In this work, we choose to limit 
our focus to the uniformity of the flow type rather than the uniformity of the deformation rate. Non-uniformities 
in flow type and deformation rate varied similarly with geometric changes, but with higher magnitude for vari-
ations in the flow type. With regard to non-uniformity in the flow type, the objective is to ensure that the device 
produces flows with a maximum standard deviation of center-plane flow type of σΛ ≤ 0.1 for all Q1/Q2. Note that 
this is a lower bound estimate of the uniformity of deformation experienced by the fluid in the probing beam 
region, since as will be shown later the region of uniform flow may extend beyond the beam region in certain 
directions.

More detail on the device optimization can be found in the Supplementary Material Section B. After system-
atically varying all geometric parameters (C, W, D, and R) in increments of 0.5 mm, we found that the geometry 
that generates the highest deformation rates while maintaining σΛ ≤ 0.1 for all Q1/Q2 was a geometry with 
C = 5 mm W = 2 mm, D = 1 mm, and R = 1 mm. For the Newtonian fluid glycerol at 20 °C (with ρ = 1.261 g/mL 
and η = 1.412 Pa s), this device geometry generates maximum deformation rates (when Re = 0.1) of Γ ≥ −

 s10 1 
for all flow types. For water at 20 °C (ρ = 1.00 g/mL and η = 10−3 Pa s), the device generates maximum deforma-
tion rates Γ ≥ . −

 0 01 s 1 for all flow types.
For a circular region of homogeneous, linear flow, the average amount of strain accumulated at material points 

within the region can be numerically estimated assuming there is no strain prior to entering this region. The 
value varies depending on the flow type, ranging from 1.1 for purely extensional flows to 0.53 for nearly shear 
flows (Λ = 0.01), but is independent of the flow rate. Furthermore, the fraction of the beam that has accumulated 
a strain of 1 or more varies from 0.55 for an extensional flow to 0.83 for a near shear flow (see Supplementary 
Materials Section C). The strain accumulated in a flow with closed streamlines (Λ ≤ 0) is infinite. These estima-
tions, based only on the flow within the beam, are conservative in the sense that any extension of the homogene-
ous flow outside the beam is neglected. The Lagrangian convection of microstructures from these regions into 
the beam region will contribute to the accumulated strain, and hence to greater uniformity of microstructural 
configurations within the beam compared to an estimate that assumes no strain is accumulated prior to entering 
the beam region.

In principle, a similar geometry design process could be used to optimize the device for other criteria (e.g. 
higher deformation rates or accumulated strain) or for other model fluids by utilizing different constitutive mod-
els in the generation of flow fields with CFD. However, in what follows we evaluate the device designed above for 
Newtonian fluids to assess its capabilities for generating stable flows for several types of complex fluids.

Experimental Evaluation of the Flow Fields For Newtonian and Non-Newtonian 
Fluids
The FFoRM device developed above is based on the ability of the flow device to generate homogeneous flows of 
Newtonian fluids within at least the scattering region centered about the central stagnation point. In this section, 
we use flow visualization experiments to characterize the flows that are actually generated in the device (Fig. 2b,c) 
for Newtonian and four ubiquitous classes of non-Newtonian fluids (shear thinning, yield stress, elastic (Boger), 
and viscoelastic). This investigation is intended to address utility of the current FFoRM geometry for several 
complex fluids, identifying those fluids for which the current design is satisfactory, and the challenges that are 
encountered for other types of fluids.

Newtonian fluid behavior. We begin with measurements for a Newtonian fluid. It is expected that the 
measured behavior will be accurately predicted by the numerical simulations from the design process, but com-
parison of measured and predicted data will provide some indication of our ability to experimentally determine 
the velocity gradient using particle tracking velocimetry (PTV). In addition, we utilize 3D simulations to evaluate 
any out-of-plane flows or out-of-plane velocity gradients that may develop for a Newtonian fluid as a result of the 
device’s finite thickness (these will be assessed by experiments on the shear thinning fluid to follow). These 3D 
simulations were carried out using COMSOL Multiphysics software with similar specifications as the 2D simu-
lations, but with added no slip boundary conditions on the upper and lower walls. The PTV measurements were 
made by seeding the test fluid with 10 μm hollow glass spheres in dilute (300 ppm) concentrations and capturing 
their in-plane trajectories in the center plane and at the stagnation point of the device. Using well developed algo-
rithms for tracking tracer particles between frames and determining their velocity fields, we determine the spatial 
in-plane velocity fields and, subsequently, the in-plane velocity gradient fields by numerical differentiation with a 
locally weighted least squares regression29,30.

Streamlines at the center-plane of the flow device as predicted by simulation are compared to experimental 
streakline images generated by superposing PTV images from a single captured video. These results are included 
in Fig. 4 for three representative flows (extension, shear, and rotation) at constant Q2 = 0.5 mL/min (Re = 0.0035). 
Likewise, simulated and experimental 2D flow type parameters (Λ2D) at the center-plane are spatially evaluated 
from the 2D velocity gradient tensor and are used as a scalar comparison of the full velocity gradient tensor. 
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White regions in the experimental indicate area where no particles were tracked, and noise in the experimental 
data can be attributed to tracking errors29 as well as small (~4%) variations in fluid velocity through the finite 
focal depth of measurement (~0.3 mm). Experiments show no particles moving in or out of the depth of field, 
indicating that, near the center plane, fully 3D flows are minimal. We note that the location of the stagnation point 
can shift from the center when operating at conditions near shear flow (Λ2D ~ 0). We attribute this shift to small 
variations in ambient pressure, which can drive a shift along the center line of the device (left to right in Fig. 4) 
where fluid velocity is near zero. Similar difficulties were reported in Lee et al.21 and we further note that this shift 
in stagnation point does not noticeably change the flow type generated at the center of the device nor the long 
residence time in the beam region.

To quantitatively compare the flows of Newtonian fluids experimentally generated in the FFoRM with simu-
lations, we calculate volume-averaged values of the flow type parameter and magnitude of the velocity gradient 
tensor for a region near the stagnation point in the center of the device. In the experiments, we choose a 1 mm 
diameter circular averaging region to match the region of uniform flow that the device was designed to achieve. 
In the simulations, the averaging volume is a 1 mm diameter, and 0.3 mm height cylindrical region around the 
nominal stagnation point in the center plane of the device chosen to match the focal depth of the experimental 
imaging system. Representative results are shown in Fig. 5 as a function of the ratio of volumetric flow rates Q1/Q2 

2 mm 

1.0 

0.0 

-1.0 

0.5 

-0.5 

Extension 
(Q1/Q2 = 1.0)  Shear 

(Q1/Q2 = -0.7) 
Rotation 

(Q1/Q2 = -1.0) 

Q2 

Q2 

Q1 

Q1 

Figure 4. Streamlines (upper) and local 2D flow type parameter (Λ2D, lower) comparisons between simulated 
(top) and experimentally determined (bottom) flow of glycerol (Newtonian fluid) in the center plane of the 
FFoRM geometry. All tests correspond to conditions with constant Q2 = 0.5 mL/min (Re = 0.0025) and the 
values of Q1/Q2 indicated. Experimental conditions correspond to 〈Γ 〉 ~0.5 s−1 for extension, ~0.25 s−1 for shear, 
and ~0.2 s−1 for rotation. The device geometry is included on the left with the region of interest for PTV 
experiments outlined for reference.

Figure 5. Quantitative comparison of flows of a Newtonian fluid in the FFoRM geometry determined by 
experiment (points) and simulation (lines). Variations in the volume averaged 2D flow type parameter (Λ2D, 
red) and magnitude of velocity gradient tensor (〈Γ 〉, black) are plotted as a function of the operating parameter 
(Q1/Q2) for constant Q2 = 1.0 mL/min (Re = 0.005). Error bars in the experimental measurements indicate the 
standard deviations in the beam region of the measured average value.
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for a constant value of Q2 = 1.0 mL/min (Re = 0.007). As with the spatially mapped flow type parameter, the 
numerical values of Λ2D and Γ  from simulations and experiments of a Newtonian fluid agree quantitatively, as we 
should expect.

Non-Newtonian flow behavior. Four representative complex fluids were formulated and rheological 
measurements under shear in a cone-plate rheometer were used to determine the steady state shear viscosity 
for a range of applied shear rates. Details of these formulations and measurements are included in the Methods 
section. Summarizing, the fluids were formulated with relaxation time scales that insured nonlinear rheological 
response for shear rates/ velocity gradients in the range less than 20 s−1 that can be realized in the flow device with 
viscosities in the range 0.1–5 Pa s.

Inelastic shear-thinning fluid. An aqueous dispersion of rigid, rod-like cellulose nanocrystals (CNCs) was used 
as a characteristic shear thinning fluid with minimal elasticity. CNCs derived from wood, such as those used 
in this study, have been found to be parallelepipeds with length, width, and height in the range of 100–200, 
10–20 nm, and 2–5 nm respectively31–33. Such non-spherical particle dispersions exhibit flow-induced particle 
alignment in an imposed straining flow, which modifies their contribution to the fluid’s viscosity (thinning in 
a shear flow and thickening in an extensional flow)33,34. Rheological measurements were used to identify 5 wt% 
CNC in 85.5 wt% D2O and 9.5 wt% glycerol as a model inelastic shear thinning fluid. The CNC concentration 
was chosen as the highest concentration before the emergence of nematic domains (indicated by the presence 
of birefringence at rest). The choice of solvent is a compromise between increased fluid-particle contrast in the 
SANS measurements and increased suspending medium viscosity (reducing the rotational diffusivity and thereby 
reducing the strain rates required for flow-induced orientation). The steady state shear response of the CNC dis-
persion is typical of a shear thinning fluid, and is characterized by a pseudo-Newtonian plateau in the viscosity 
at low shear rates with a zero-shear viscosity η0 = 2.50 Pa s, followed by the onset of shear thinning at a shear rate 
of 0.5 s−1 (Fig. 6bi).

For such a semi-dilute suspension of orientable particles, the degree to which particles align is governed by 
the rotational Peclét number,

=Pe
D
E

,
(5)r

r

where Dr is the long-time collective rotational diffusivity of a particle in the dispersion, which can be related to 
that for a single, dilute rod35. Note that |E| is used as the characteristic deformation rate. Consequently, the align-
ment of the dispersion is dependent only on the rate of strain, and not the flow type. With these definitions, the 
onset of shear thinning occurs for Per = O(1). Thus, the shear rate corresponding to the onset of shear thinning 
(γ

 = 0.5 s−1) is used as an estimate the effective rotational diffusivity for this non-dilute system, i.e., Dr = 0.5 s−1.
Representative streakline images of flows, along with magnitudes of the experimentally observed flow type 

parameter and velocity gradient tensor, are reported in Fig. 6b for a nominal applied Peclét number of 4, where 
the shear thinning exponent is approximately n = 0.3. Under these conditions, we find qualitatively similar flow 
patterns to those observed for the Newtonian fluid (shown in Fig. 6a). The largest impact from shear thinning 
rheology is in the rotational flow case, where the deformation rate generated is reduced by half from the nominal 
(Newtonian) value. We hypothesize that this effect is due to thinning of the fluid in the entry channels which 
reduces the shear stress acting on (and tending to rotate) the fluid in the central region of the geometry. Other 
than this difference, the flows generated match the flows of a Newtonian fluid, suggesting that shear thinning 
alone has little effect on the ability to achieve arbitrarily variable flow types in the FFoRM at least for this degree 
of shear-thinning.

Yield stress fluid. A dilute, aqueous solution of Carbopol 934 was formulated for use as a model yield stress fluid. 
Aqueous dispersions of neutralized Carbopol 934 display yielding behavior36. From rheological measurements 
(Fig. 6ci), the value of the yield stress is quantified by the plateau in stress at low shear rates. The concentration of 
Carbopol 934 (0.2 wt%) was chosen so that the fluid exhibits a moderate yield stress (2.4 Pa) upon neutralization 
with 25 wt% KOH. It should be noted that the fluid is very strongly shear-thinning beyond the yield stress.

Streakline images of the carbopol solution in the FFoRM at low nominal deformation rates (Γnom ~ 0.05 s−1) are 
included in Fig. 6c. Qualitative differences from Newtonian behavior are noticeable in the streaklines for Q1/Q2 
values that produce shear and rotational flows for Newtonian fluids. Operation under nominal shear conditions 
(Λ2D ~ 0) produces a flow that is more rotational (Λ2D < 0). Streaklines for the rotational flow condition display a 
larger region of closed streaklines than for the Newtonian case. We attribute these differences in the flow fields to 
a more plug-like flow in the entry channels due to the strong shear thinning of the fluid near the confining walls. 
We find that flows can be tuned to produce the full range of flow types from extension to rotation, albeit with 
different operating conditions compared to a Newtonian fluid for the desired flow type that must be determined 
through velocimetry experiments (or, in principle, via simulations for a corresponding rheological constitutive 
model).

Purely elastic fluid. A polyethylene oxide (PEO) based Boger (purely elastic) fluid was formulated to study the 
impact of elasticity on flows in the FFoRM. Boger fluids are a class of elastic fluids that have a constant viscosity 
in shear flow over a range of deformation rates, but significant normal stress differences. Under steady flow con-
ditions in a general flow, the strain rate relative to the fluid’s elastic relaxation time (λ) is given by the Weissenberg 
number
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λ=Wi E (6)

We formulated a water-based PEO Boger fluid such that it has a nearly constant shear viscosity (η = 0.08 Pa s) up 
to 100 s−1 and λ ~ 0.16 s (Fig. 6di)37.

Streakline images of the elastic fluid flows for Wi = 2 are included in Fig. 6d and show significant flow modifi-
cation from the nominal (Newtonian fluid) behavior. We find that, for flows nominally dominated by extensional 
deformation, this flow modification tends to generate flows with flow types closer to shear, presumably as a way to 
minimize extensional stresses. For flows nominally dominated by shear and/or rotation, flow modification begins 
upstream of the stagnation point as the fluid rounds the entry corner into the central region, which then signif-
icantly influences the behavior near the stagnation point. We note, however, that for nominally straining flows 
(Λ2D > 0), the flow typically remains stable, i.e., it achieves a steady state that is invariant in time over the periods 
of measurement. By contrast, in the shear and rotational cases (Λ2D < 0), the flows also tend to be unsteady, as 
indicated by streaklines that cross one another.

To further characterize the development of flow modification for the steady, nominally straining cases, we 
examine the development of flow modification with increasing nominal Wi for the purely elastic Boger fluid with 
Λ2D ~ 1. Figure 7a includes streakline images from experiments at several values of the corresponding nominal 
Wi. Below Wi = 1, the flow is unmodified and matches that of a Newtonian fluid. As the nominal deformation 

Figure 6. Steady shear rheology (left, i) and streaklines for conditions that generate extensional, shear and 
rotational flows for a Newtonian fluid (from left to right, ii to iv) for (a) a Newtonian fluid and several fluids 
exhibiting non-Newtonian shear rheological responses: (b) shear thinning, (c) yield stress, (d) elastic, (e) 
viscoelastic. Operating conditions are set to those that generate extensional (Q1/Q2 = 1), shear (Q1/Q2 = −0.7), 
and rotational (Q1/Q2 = −1) flows of the Newtonian fluid. Steady shear rheology plots include viscosity (filled 
shapes) and shear stress (open shapes) as a function of the shear rate for all fluids except the viscoelastic fluid for 
which the normal stress is included instead of shear stress. The solid line in (bi) is a best fit of the viscosity data 
to the Carreau model.
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rate is increased beyond Wi = 1, the streaklines modify from their unperturbed hyperbolic trajectories, gener-
ating flows with increasingly more vorticity. Simulations were carried out in the 2D FFoRM geometry for an 
Oldroyd-B (purely elastic) fluid with parameters chosen to match the formulated Boger fluid (ηsolvent = 0.057 Pa s, 
ηpolymer = 0.043 Pa s, and λ = 0.158 s) using the OpenFOAM software package38,39. Figure. 7b includes the stream-
line images for the flow fields at the corresponding experimental conditions. We find that the Oldroyd-B model 
captures the flow modification observed experimentally. These results are consistent with earlier work, where it 
was reported that stretching type deformations of elastic fluids tend to be minimized due to large extensional 
stresses40–42. We thus conclude that the inability to generate extension dominated flows of elastic fluids when 
Wi > 1 is a physical limitation due to the fluid’s rheology that remains as a significant challenge for the FFoRM 
type devices, or any device in which the fluid experiences an abrupt change in cross-sectional geometry.

Viscoelastic Fluids. A solution of CTAB/NaNO3 wormlike micelles (WLMs) was formulated to investigate the 
impact of viscoelasticity (elasticity with shear thinning) on flows in the FFoRM43. Wormlike micelles are long, 
flexible chains formed by surfactants. Due to the noncovalent nature of the interactions that give rise to chains, in 
contrast to polymer solutions, wormlike micelles exhibit dynamic scission and reformation44. Despite this differ-
ence, the surfactant chains can entangle to form a viscoelastic network with a mechanical response that is similar 
to entangled polymer solutions. We formulated a 100 mM CTAB/300 mM NaNO3 solution in water that shows a 
viscoelastic response (λ ~ 0.3 s) (Fig. 6ei) at ambient temperature43.

The observed flow behavior is shown for Wi = 2 in Fig. 6e. Qualitatively, the flows are similar to those for the 
elastic fluid. However, the tendency to produce a weaker (more rotational) flow is enhanced under conditions that 
would produce an extensional flow with Wi = 2.0 for a Newtonian fluid, with Λ2D being only 0.36. Furthermore 
and similar to the purely elastic fluid, the shear and rotational flow fields are significantly corrupted and also 
appear to be unsteady.

FFoRM Operating Limits. Given the flows produced for various rheological responses, it is important to 
summarize the limits of operation of the FFoRM device with respect to both maximum deformation rate and flow 
type placed by the fluid (including inertia or elasticity) as well as by equipment limitations, such as torque limita-
tions of the pumps used to drive the flow (Fig. 8). Inertial limitations, which we find occur when Re > 0.2, can be 
overcome for a particular fluid by scaling down the size of the device. Torque limitations can be overcome by 
using pumps with a higher torque limit. These limits place upper bounds on the accessible space of Γ  and Λ2D 
achievable in the FFoRM for any fluid (Fig. 8a). Furthermore, fluid elasticity leads to flows that are significantly 
modified away from the nominally applied flow set by Q1/Q2 (when Wi > 1 and Re  1), or are unsteady in time 
(when Wi > 1 and Re > 1). These limits place further bounds on the accessible space of 〈Wi〉 and Λ2Dachievable in 
the FFoRM for fluids with appreciable elasticity (Fig. 8b). Efforts to overcome the inability to generate extension 
dominated flows of elastic and viscoelastic fluids will be the subject of future work, based upon different designs 
of the flow geometry.

We conclude that the FFoRM geometry in its current configuration has significant limitations when used 
with elastic or viscoelastic fluids. It can provide the full range of flow fields for inelastic shear thinning fluids 
and for yield stress fluids in the rheologically interesting range of deformation rates. This does not mean that it 
cannot be usefully applied for elastic and viscoelastic fluids, but it will be necessary to have detailed knowledge of 
the flow fields in order to interpret SANS-based data on the configuration of the microstructure for such fluids. 

 = 0.1  = 1.2  = 1.6  = 2.0 

(a) 

(b) 

Figure 7. Streakline and streamline images of flows in the FFoRM geometry for (a) PTV experiments with 
an elastic Boger fluid and (b) CFD simulations of an Oldroyd-B fluid. Device operation conditions are for 
nominally extensional flows (Q1/Q2 = 1) with nominal center plane deformation rates, Winom, indicated above 
images.
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Fortunately, for purely elastic fluids, the Oldroyd B constitutive model can be used to obtain detailed predictions 
of the flow. For viscoelastic fluids, the situation is less clear, but likely one would have to experimentally charac-
terize the flow in order to interpret such measurements.

Flow-SANS Study of a CNC Dispersion Using the FFoRM
Following these initial investigations into the flow behavior of non-Newtonian fluids in the FFoRM, we seek to 
validate that the proposed FFoRM-SANS workflow (Fig. 2) yields interpretable results for a fluid whose micro-
structural response under flow is predictable. To accomplish this validation, we investigated the CNC dispersion 
that was previously described as a model inelastic shear thinning fluid, since the direction of orientation of non-
spherical particles at low Per may be predicted even without the benefit of a rheological model.

In this section, we discuss the full spectrum of experiments required for FFoRM-SANS to probe the orien-
tation of the CNCs near the stagnation point in so-called strong flows (Λ2D > 0), where we expect measurable 
microstructure orientation due to a combination of hydrodynamic and interparticle interactions22. In particular, 
we first measure the velocity and velocity gradient fields generated in the device using PTV for quantitative 
comparison to CFD simulations of a model inelastic shear thinning fluid (Fig. 2a–c). The measured microstruc-
tural response in the dispersion determined by SANS is then compared to asymptotic results for the orientation 
distribution of dilute rods in steady, homogeneous 2D flow to validate that the FFoRM achieves a measurable 
steady-state microstructural response (Fig. 2d).

CNC dispersion flow visualization. In order to validate the ability to generate nearly homogeneous 2D 
flows of the CNC dispersion in the FFoRM, we now investigate in greater detail the fluid’s flow uniformity and 
stability in the device. If uniform flows are generated in the probing beam region of the device, this provides 
confidence that FFoRM-SANS measurements will probe the CNC structure under the desired, uniform flow 
conditions, provided that the strain accumulated is sufficient for the dispersion to reach steady state. PTV was 
performed in a similar manner to the experiments for the Newtonian fluid, and velocity gradients were calculated 
for fluid flows near the mid-plane of the device. Furthermore, using this data, we seek to validate the use of a 
simple generalized Newtonian fluid (GNF) model – in this case, the Carreau model fit to the shear rheology data 
in Fig. 6bi – for numerical (CFD) simulations of the flow. The model, including best-fit values of the parameters, 
is reported in the method section. The CFD simulations were performed in COMSOL Multiphysics with the same 
2D and 3D FFoRM geometries and corresponding boundary conditions. If successful, this validation indicates 
that CFD simulations can be used to predict operating conditions corresponding to a particular generated flow 
condition, circumventing the need for flow measurements at all possible flow conditions.

Representative results from the 2D CFD simulations and PTV experiments (Fig. 9) demonstrate that the 
FFoRM can generate extensional, shear, and rotational flows (and arbitrary combinations thereof) for the CNC 
dispersion well into the shear thinning regime. When evaluating the differences between the flows of a Newtonian 
fluid (Fig. 4) and the shear thinning CNC dispersion (Fig. 9), we find only minor differences in device operation 
(Fig. 10, solid and dotted lines). Notably, the shear thinning of the suspension decreases the maximum deforma-
tion rates achievable before Re = 0.2 by approximately half. As with the Newtonian fluid, we find excellent agree-
ment in the flow type mapping between the Carreau fluid simulations and experiments with the CNC dispersion. 
This finding was not necessarily expected given that our choice of constitutive model does not show an extension 
thickening response that one would expect from microstructural models of rod-like suspension microstructure45. 
We note that this agreement is likely due to only moderate increases in the extensional viscosity as predicted for 
semi-dilute, hydrodynamically interacting rods of the dimensions and concentrations that we are investigating 
(~2 times that of a Carreau fluid for Per  1)46.

Figure 8. Operating diagrams indicating accessible flows in the FFoRM. (a) Operational limits for average flow 
type (Λ) and magnitude of velocity gradient tensor (〈Γ 〉) for inelastic fluids tested in the FFoRM under strong 
flow conditions (Λ > 0). Practical limitations due to inertia (dotted lines) or the pump torque (dashed lines) 
define an upper limit on 〈Γ 〉 for a given Λ in the current setup for the fluids indicated (colored lines). (b) Limits 
for Λ and 〈Wi〉 for elastic and viscoelastic fluids tested in the FFoRM. Practical limitations due to inertia (dotted 
lines) or physical limitations due to the fluid elasticity (solid black line) define the upper limit of 〈Wi〉 for a given 
Λ, defining regions of modified (steady) and unstable (unsteady) flow.
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As we did for the flows of the Newtonian fluid, we map the flow fields generated for the CNC dispersion under 
nonlinear flow conditions (Per  > 1) in a 1 mm circular area near the stagnation point for quantitative comparison 
of generated velocity gradients in 3D CFD simulation and experiment (Fig. 10a). We find good agreement in both 
the generated deformation rate magnitude and flow type. As noted already, the addition of shear thinning only 
slightly modifies the operation of the FFoRM. Additionally, we measure the variation of velocity gradient through 
the thickness of the device under extensional flow conditions (Per = 3.5, Λ2D = 0.93) to assess the 3D variation in 
the out-of-plane direction (Fig. 10b). We find that the simulations capture the variation in the magnitude of the 
strain rates through the thickness of the device. We note that the simulations predict a more parabolic variation 
in the strain rate through the device than the experiments, which indicate a plateau of nearly constant strain 
rate at the center of the device. We attribute these differences to particles being tracked from outside the focal 
plane of the measurement which would lead to a smoothing of the parabolic profile. From these measurements, 
we consider the simulations to provide a good representation of the flows generated for the CNC dispersion. 
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Figure 9. Streamlines (upper) and local flow type parameter (Λ2D, lower) comparisons between simulated (top) 
and experimentally determined (bottom) flow of a 5 wt% CNC dispersion (shear thinning fluid) at the center 
plane of the FFoRM geometry. All test conditions correspond to Q2 = 1.0 mL/min (Re = 0.005) and the values of 
Q1/Q2 indicated. Experimental conditions correspond to 〈Per〉 ~5 for extension, ~3 for shear, and ~1 for rotation 
in the center plane of the device.

Figure 10. Experimental (points) and simulated (lines) flow mapping for a shear thinning fluid in the FFoRM 
geometry. Simulation results included are for a GNF fluid with viscosity described by the Carreau model (solid 
lines). Results for a Newtonian fluid are included for reference (dashed lines). The volume averaged 2D flow 
type parameter (Λ2D, red) and rotational Peclét number (〈Per〉, black) are included as a function of (a) the 
operating parameter (Q1/Q2) at the center plane of the geometry for constant Q2 = 1.0 mL/min (Re = 0.005) and 
(b) the depth through the device for constant Q1 = Q2 = 1.0 mL/min (Re = 0.005). Error bars in the experimental 
measurements are the standard deviations of the measured average value in the beam region.
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Furthermore, the experiments indicate that significant gradients along the device thickness (coincident with the 
SANS beam path) only occur in a region within 10% of the confining walls of the device. As such, the flow can be 
approximated as an effective 2D flow, which significantly simplifies the interpretation of the SANS data to follow. 
Moreover, with the fluid flow mapping of the CNC dispersion in the FFoRM geometry as well as a validation of 
the CFD simulations, we gain the ability of imposing arbitrary, uniform flows of the nanoparticle dispersion in 
the beam region of the device.

FFoRM-SANS measurements and data analysis. We turn to validate the final step in the FFoRM-SANS 
workflow (Fig. 2d), measuring the microstructural response of the CNC dispersion using FFoRM-SANS. 
Validation of the FFoRM-SANS technique requires that we observe nanoparticle orientation under flow con-
ditions consistent with previous studies of similar dispersions, including more recent experimental studies on 
CNC dispersions in shear flows33,47, and models of colloidal nanoparticle orientation under steady flows45. In this 
validation study, we seek to measure the absolute direction and strength (how probable the rods are to exist in the 
aligned conformation) of orientation as we vary the flow type and strain rate.

FFoRM-SANS measurements were performed to determine how the microstructure of the CNC dispersion 
responds under flow at moderate strain rates relative to their effective rotational diffusivity (as indicated by Per, 
equation (5)). Large changes in the orientation distribution of rod-like dispersions are expected in extension 
dominated (“strong”) flows (Λ2D > 0) in the nonlinear regime (Per > 1). To achieve these deformations in the 
FFoRM, we use the previously validated 3D simulations to calculate the operating parameters (Q2 and Q1/Q2) 
that yield a desired average range value of Per and Λ2D through the beam region of the device. As mentioned 
previously, these values correspond to the average strain rates achieved in the scattering volume including the 
regions near the upper and lower walls of the device which will generate lower Per (<20% of the total scattering 
volume experiences less than half of the strain rate generated in the center plane, see Supplementary Materials 
Fig. S5), albeit with uniform Λ2D. In this study, we performed SANS measurements where Λ2D was varied from 0 
to 1 and Per was varied from 0.02 to 50. Measurement of shear dominated flows at high Per was limited by inertial 
effects due to the higher volumetric flow rates required to generate shearing flows compared to extensional flows 
at similar Per.

For rod-like dispersions such as the CNC solution studied here, the orientational distribution of the particles 
is reflected in the degree and orientation of anisotropy in the two-dimensional scattering pattern (Fig. 11). In 
order to quantify the scattering anisotropy, we perform an angle-dependent annular average of the data in the 
q-range of 0.009–0.016 Å−1 to match previous rheo-SANS studies of similar dispersions33. The chosen range 
corresponds to a local maximum in the equilibrium scattering intensity, in which the scattering is dominated by 
interparticle correlations. As such, the degree of scattering anisotropy in this q-range reflects the degree of orien-
tational order of the nanorod dispersion. To quantify this ordering, the angle-dependent scattering intensity was 
fit to a Maier-Saupe type distribution48,
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using nonlinear least-squares regression where φ is the azimuthal angle in the qx-qy (velocity/velocity gradient) 
plane with φ = 0 corresponding to the positive-qx axis and Imax, α, and φ0 are adjustable fitting parameters corre-
sponding to the maximum scattering magnitude, amplitude of anisotropy, and the location of the minimum in 
the scattering intensity respectively, the latter of which represents the average orientation of the microstructure. 
We note that, as defined, the angle φ0 describes the average orientation relative to the positive-qx axis in the detec-
tor plane, and is defined independently from any local coordinate frame of the flow in the FFoRM device.

Figure 11. (a) Spherical coordinate system defined relative to the velocity-velocity gradient plane for 
FFoRM-SANS experiments. (b) 2D scattering pattern from a FFoRM-SANS experiment with 〈Λ2D〉 = 0.95 
and 〈Per〉 = 10. Colors correspond to the intensity at (qx, qy) with blue corresponding to low intensity and red 
corresponding to high intensity while black lines indicate contours of constant intensity. Region included in the 
annular average (0.009 Å−1 < q < 0.016 Å−1) is outlined in white. Inflow and outflow directions are indicated 
with white arrows. (c) Annular averaged scattering intensity profile (black points) as a function of the azimuthal 
angle φ defined relative to the positive qx-direction. The included fit is to the Maier-Saupe function with 
parameters determined using a nonlinear least squares fitting routine.
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A representative scattering analysis is included in Fig. 11, and depicts the azimuthal averaging of 2D data and 
fitting to extract the orientation angle, φ0. For these anisotropic scattering patterns, we correlate the minimum in 
the scattering intensity to a maximum in the real space orientation probability distribution function, indicating 
the most probable particle orientation. Additionally, the alignment factor with respect to annular scattering inten-
sity is calculated numerically using the trapezoidal rule via
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The alignment factor is commonly utilized in flow-SANS experiments to provide a measure of the degree to 
which the microstructure is aligned along the φ0 direction48,49, and ranges from 0 to as high as 1 for isotropic and 
some perfectly oriented microstructures, respectively.

The modeling of dilute, non-spherical Brownian suspensions subject to arbitrary flows can be accomplished 
by solving a Fokker-Planck equation describing the orientation probability density function (OPDF) of particle 
conformations50. Microscopically, the effect of increasing strain rate is to preferentially orient particles along the 
principle strain-rate axis which competes with rotational diffusion due to Brownian motion. While an analytical 
solution only exists in the case of steady, irrotational flows, asymptotic approximations in the limits of small and 
large Per can provide insight into the expected behavior of the CNC in the intermediate Per regime45. In the limit 
of low Per, the first deviation in the OPDF from isotopic is for the rod-like particles to align along the principal 
strain-rate axis (see Supplementary Materials Section A). In the limit of large Per, particles align along the flow 
direction in planar flows other than pure shear. From streamline images of the flow, we can determine the abso-
lute orientation of the outflow axis (φoutflow). Then, assuming a region of uniform, linear flow within the beam 
(equation (3)), the absolute direction of the principal strain-rate axis (φstrain) is given by
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This enables comparison of the orientation of the principle strain-rate axis φstrain in the scattering (qx − qy) 
plane with the average particle orientation φ0 determined from the anisotropic scattering patterns measured in 
FFoRM-SANS measurements on the CNC dispersion. Again, φstrain, φoutflow, and φ0 are all defined relative to the qx 
direction to allow direct comparison for all applied flow types. Similar to mechanical four-roll mills, the absolute 
orientation of the principal strain-rate axis in the FFoRM does not vary appreciably with changes in the flow type 
parameter (Fig. 12), as confirmed through measurements of the outflow axis from simulated streamlines.

Figure 12 shows representative results of this comparison for constant Per ~ 2. For reference, the outflow direc-
tion from the stagnation point measured with PTV is also shown. We find that for Per ~ 2, the CNCs align pref-
erentially along the principal strain-rate axis for all flow types from 0 to 1, in agreement with the asymptotic 
prediction for low Per. This agreement between the orientation of CNCs and the principal strain-rate axis means 
that the current device configuration provides a sufficient amount of accumulated strain to orient the microstruc-
ture in the direction dictated by the local deformation field. The implications of this result will be discussed later.
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Figure 12. Absolute orientation of CNCs with respect to the qx direction, φ, from nearly shear (Λ2D ~ 0) to 
nearly extensional (Λ2D ~ 1) flow for a constant rotational Peclét number Per ~ 2. Lines indicate the absolute 
direction of the principal strain-rate axis (solid line), φstrain, and outflow axis, φoutflow determined from PTV 
(dotted line). The inset streakline images indicate φoutflow (dotted arrow) for (i) Λ2D = 0.03, (ii) Λ2D = 0.37, and 
(iii) Λ2D = 0.92. Error bars for φ correspond to the 68% confidence interval from the nonlinear least squares fit 
of equation (7).
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We further examine the dependence of the degree of alignment, as measured by Af, on various measures of the 
strength of the flow (Fig. 13). We find that Af increases monotonically with increasing deformation rate for con-
ditions with similar flow type. However, this trend varies when plotted against 〈Γ 〉 (Fig. 13a). If instead the defor-
mation rate is quantified in terms of Per = |E|/Dr (i.e. the dimensionless rate of strain), the measured Af values 
exhibits modest collapse, with a trend that is independent of the flow type. This observation is consistent with the 
theoretical prediction for dilute, nonspherical particles at low Per, where the orientation distribution function 
(and therefore the alignment factor) is only a function of the Per. This result would be non-obvious in the absence 
of theoretical predictions, since the collapse of Af with strain rate is observed despite the larger upstream fluid 
velocities (proportional to Q2) required to generate flows with lower flow type in the probing beam region.

From the FFoRM-SANS measurement of the CNC dispersion, we have extracted the direction of orientation 
and degree of alignment of a semi-dilute dispersion of CNC particles in the device. These results compare favora-
bly to the asymptotic behavior of a model for dilute, rigid, rod-like dispersions in steady, 2D flows. The agreement 
between model and experiment suggests that, for the range of Per and Λ2D measured, the orientation behavior 
of this semi-dilute CNC dispersion can be captured by defining the flow in terms of the dimensionless applied 
rate of strain, Per, which accounts for both the non-dilute concentration as well as the flow type. Additionally, 
this agreement suggests that the deformations applied in the beam region are sufficiently uniform such that the 
measured structure is similar to the expected steady state structure in a homogeneous flow. Thus, we conclude 
that the microstructural response being measured by SANS in the device represents a near microstructural 
steady-state, with little or no Lagrangian variation through the beam region. We attribute the achievement of near 
steady-state microstructural configuration on the fact that there is a stagnation point within the scattering region, 
where convection out of the region of uniform flow is slowed (i.e. the accumulated strain is high) compared to 
‘flow-through’ geometries such as contractions and expansions.

To illustrate the importance of the stagnation point, Fig. 14 compares flow-SANS measurements when the 
probing beam is placed at different points in the FFoRM device, including locations near the stagnation point 
with large accumulated strains as well as those further from the stagnation point where material is rapidly con-
vected into and out of the scattering volume. SANS spectra (Fig. 14a) correspond to measurements at various 
locations, flow types, and Per (Fig. 14b–d) within the FFoRM geometry. In this experiment we probed entry (1 
and 9), exit (3 and 7), and transition (2, 4, 6, and 8) regions in addition to the previously reported stagnation point 
flow (5) under conditions corresponding to Per = 10 and Λ2D = 0.95 in the beam region. From these results, the 
impact of the Lagrangian unsteady nature of the flow outside the stagnation point, as well as non-uniformity of 
flow type within these regions, is made apparent. Specifically, in several spectra (1, 4, and 7), the microstructure 
shows no preferred alignment (Af < 0.01) in any direction despite the presence of a sufficiently large local defor-
mation rate (Per > 1) for extension-dominated (Λ2D > 0) flows in the beam region. We attribute this observed lack 
of alignment to the lack of a preferred orientation direction in the average orientation distribution function when 
averaging CNC orientations from different flow histories. One spectra (3) shows a very high degree of alignment, 
despite the lack of strong flows in the beam region. We attribute the increased alignment to the convection of 
highly aligned microstructure from near the stagnation point along the outflow axis. Due to the high velocities in 
this region, the microstructure does not have enough time to adopt a near steady-state orientation distribution 
before being convected out of the beam region. This result clearly illustrates the significance of the FFoRM’s ability 
to produce arbitrary flow types in the stagnation region of a nearly 2D flow for SANS measurements, as otherwise 
the interpretation of the resulting scattering anisotropy is convoluted by a number of effects including Lagrangian 
unsteady (i.e., history-dependent) responses of the fluid microstructure as well as large variations in flow type and 
deformation rate magnitude within the probing neutron beam.

Figure 13. Af vs. (a) average magnitude of velocity gradient tensor (Γ ) and (b) average rotational Peclét 
number (Per). The color of plotted points indicates the average flow type (Λ2D) where red indicates an 
extensional flow (Λ2D = 1) and green indicates a shear flow (Λ2D = 0). Data for which Af falls below the lowest 
resolvable value (Af ~ 0.01) are suppressed. The black line in (b) is a spline fit included as a guide to the eye. Error 
bars correspond to variability in the SANS pattern over the q-range used in Equation (8).
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Conclusions
In this work, we have reported the first flow-SANS sample environment and associated measurement methods 
capable of probing complex fluid microstructure under near-2D steady state flows with a range of variable flow 
types within a single device, the fluidic four-roll mill (FFoRM). Modification of a previously designed microflu-
idic four-roll mill geometry using 2D CFD simulations resulted in the ability to produce relatively uniform, steady 
state flows of varying flow type in fluids with both Newtonian and some non-Newtonian rheological responses. In 
cases where the flow can be easily controlled, the modified FFoRM enables unambiguous measurement and inter-
pretation of microstructural changes within a probing neutron beam. Inelastic fluids (shear thinning and yield 
stresses) generate stable, Newtonian-like flows while fluid elasticity generally modified flows from their nominal 
behavior beyond Wi = 1, requiring further characterization of the flow fields of elastic and viscoelastic fluids for 
FFoRM-SANS studies. The resulting FFoRM-SANS workflow was validated through measurement of a shear 
thinning, rod-like Brownian dispersion. Quantitative agreement between PTV measurements and flow simula-
tions verify the achievable flows within the device, and demonstrate that simulation can be used to predict the 
mapping between device control variables and the resulting flow. FFoRM-SANS experiments confirmed that the 
device achieves near steady state, spatially uniform microstructural responses when the probing beam is placed 
in the stagnation region of the flow. Furthermore, the measurements on rod-like suspensions confirm a number 
of theoretical predictions including the preferred particle orientation and scaling of the degree of interparticle 
alignment with both the type and strength of the applied deformation. These results provide a small glimpse of 
the new scientific insights and structure-property relationships enabled by the ability of FFoRM-SANS to make 
microstructural measurements of fluids under controllably variable complex flows.

Methods
Materials. Newtonian fluid and solvents. Glycerol (Thermo Fisher, CAS # 56-81-5), de-ionized filtered water 
(Milli-Q), and deuterium oxide (Sigma-Aldrich, CAS # 7789-20-0) were used as received.

Inelastic shear thinning fluid. An aqueous dispersion of rod-like cellulose nanocrystals (University of Maine 
Process Development Center, Lot 2013-EPL-CNC-053) was used as a model shear thinning fluid with minimal 

Figure 14. Flow field scan of CNC dispersion in FFoRM under extensional flow conditions (Per = 10, 
〈Λ2D〉 = 0.95). Numbered SANS spectra (a) correspond to the approximate location of the neutron beam 
(indicated with the D = 1 mm circles around the stagnation point region, 5) in the flow field (b) streaklines, 
(c) flow type parameter and (d) Per. Streaklines, flow type parameter, and Per are shown at the center plane of 
the device and correspond to the experimental conditions of the SANS measurements with inflow and outflow 
directions indicated with arrows. Streaklines were generated from experiments while flow type parameter and 
Per fields were generated from simulations. In the SANS spectra, blue color denotes low intensity while red 
denotes high intensity. Calculated Af and φ are included underneath the corresponding spectra.
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elasticity. We prepared the sample by adding 5 wt% of the dry, white CNC powder to the solvent (10 wt% glycerol 
and 90 wt% D2O) and stirring overnight.

Yield stress fluid. Carbopol 934 (Lubrizol, CAS # 9003-01-4) was used as received and dissolved in water. The 
solution was then neutralized with 25 wt% potassium hydroxide (EM Science, CAS # 1310-58-3) solution by 
drop-wise addition. The final Carbopol concentration was 0.2 wt%.

Elastic (Boger) fluid. Polyethylene glycol (Mv = 8000 g/mol, Sigma-Aldrich, CAS # 25322-68-3) as received 
was dissolved in filtered water at 37.5 wt% and mixed for one hour. Polyethylene oxide (Mv = 4 × 106 g/mol, 
Sigma-Aldrich) as received was then dissolved in this solution at 0.08 wt% and mixed for two weeks with a mag-
netic stir bar at low speed (60 rpm) to avoid polymer degradation.

Viscoelastic fluid. 300 mM sodium nitrate (Sigma-Aldrich, CAS # 7631-99-4) and 100 mM hexadecyltri-
metylammonium bromide (CTAB, Sigma-Aldrich, CAS # 5709-0) were used as received and dissolved in water, 
sonicated for 20 minutes, and allowed to rest for one day.

Rheology. The rheological tests were performed with an AR-G2 rheometer (TA Instruments) at constant tem-
perature of 25 °C. To measure the rheological properties, steady-shear viscosity tests were performed using a 
Couette geometry for materials with low viscosity (cup diameter = 30.42 mm, truncation gap = 0.5 mm, and bob 
diameter and length of 27.95 mm and 42.15 mm, respectively) or a cone-plate geometry for materials with high 
viscosity and for normal stress measurements (diameter = 60 mm, angle = 2.00° and truncation gap = 0.055 mm). 
To prevent solvent evaporation, for the cone-plate, the material was thermally isolated with a solvent trap. 
Steady-shear viscosity tests were run in the range of shear rate 0.001 < γ


 <100 s−1. Data were collected once every 

300 s, in order to reach the steady state.

Computational fluid dynamics (CFD) simulations. CFD simulations were carried out with the COMSOL 
Multiphysics software package for inelastic fliuds or in OpenFOAM using the viscoelasticFluidFoam solver 
for elastic fluids39. Flow fields for the inelastic fluids were generated from simulations for a Newtonian fluid 
(ρ = 1.261 g/mL, η = 1.412 Pa s) and a generalized Newtonian fluid with viscosity described by the Carreau model

η γ η λγ= + .
−

 
( ) (1 ( ) ) (10)

n

0
2 1

2

where η0 is the zero shear viscosity, λ is the relaxation time, and n is a parameter that determines the degree of 
shear thinning. Parameters were chosen as a fit of the steady shear rheology of the 5 wt% CNC dispersion, thus 
giving η0 = 2.51 Pa s, λ = 2.06 s, and n = 0.3. A critical shear rate can be defined as the inverse of the relaxation 
time (γ

critical = 0.49 s−1) and corresponds to the onset of shear thinning. The generalized Navier-Stokes and conti-
nuity equations were solved numerically for a meshed representation of the geometry using a finite element 
method. Constant volume flow rate boundary conditions were specified at the ends of the channels correspond-
ing 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. Geometries were simulated in 3D when comparing to 
experimental data to ensure maximum accuracy and in 2D for geometry design to enable faster simulation times.

Fluidic four-roll mill (FFoRM) Fabrication. Devices consist of two outer plates squeezed around an inner plate 
containing the FFoRM geometry. The outer plates were constructed out of stainless steel and contain holes for 
the flow of temperature controlling fluid and holes for quartz windows to allow for light or neutrons to pass 
through the device. The inner plate was constructed out of titanium and the geometry was cut using a wire EDM. 
The central device geometry was cut according to the design in Fig. 1 and 35 mm channels were added as inlets/
outlets into the center geometry to allow time for the fluid to relax from entry effects. Holes were drilled though 
the sides of the center plate, connecting to the eight entry channels, to allow for fluid flow straight into the device.

Particle tracking velocimetry (PTV). Flows of the fluids in the FFoRM were experimentally determined using 
particle tracking velocimetry (PTV). The test fluid was seeded with 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. The device temperature was maintained at 25 °C by using a water bath con-
nected to the device’s outer plates. A CMOS camera (Point Gray Gazelle 2.2 MP Mono Camera Link) with 12x 
total magnification and variable frame rate (from 1 to 280fps) was focused on the center plane of the device geom-
etry. The focal depth for the measurement is ~0.3 mm. Particle velocities were determined from videos using PTV 
algorithms that track individual particles with subpixel resolution and determine their velocities29. The velocity 
gradient tensor was calculated by fitting a second order surface using a weighted method of least squares30,51 
adapted for 2D. The search radius is an adjustable parameter and the fit is weighted using the tri-cube kernel:

= −w r d r( ) ( ) (11)3 3

where w is the weight a particular distance, r, from the point of interest and d is the distance one searches for 
velocity information. The local surface fit is differentiated to determine the components of the velocity gradient 
tensor. The process is repeated for the entire measured velocity field and results are binned to reduce numerical 
and experimental noise.
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Flow-small-angle neutron scattering (flow-SANS). SANS measurements were performed using the NGB 
10 m SANS instrument at the National Institute of Standards and Technology Center for Neutron Research 
(Gaithersburg, MD). A 1 mm diameter beam was collimated at the stagnation point of the geometry. Material of 
interest was flowed into the device using the same protocols as for PTV experiments. Measurements were delayed 
for 5 minutes after startup to ensure the flow had reached steady state. The scattering from the sample was col-
lected in the q-range from 0.005-0.1 Å−1 with the wavelength λ = 6Å and a wavelength spread of Δλ/λ = 0.14. 
The scattering vector q is defined as q = 4π sin(θ/2)/λ where θ is the angle at which the neutron is scattered and 
λ is the neutron wavelength. The temperature was maintained constant at 25 °C through the entire experiment 
with a water bath. The 2D scattering intensities in 128 by 128 channels were corrected for empty cell, plexiglass 
standard, and detector efficiency. Scattering spectra were reduced using standard NCNR protocols with Igor PRO 
software52.

Data Availability
The datasets generated during and/or analysed during the current study are available from the corresponding 
author on reasonable request.
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