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Characterization of the extensional rheometry of fluids with complex microstructures is
of great relevance to the optimization of a wide range of industrial applications and for
understanding various natural processes, biological functions, and diseases. However,
quantitative measurement of the extensional properties of complex fluids has proven
elusive to researchers, particularly in the case of low viscosity, weakly elastic fluids.
For some time, microfluidic platforms have been recognized as having the potential to
fill this gap and various approaches have been proposed. This review begins with a
general discussion of extensional viscosity and the requirements of an extensional
rheometer, before various types of extensional rheometers (particularly those of
microfluidic design) are critically discussed. A specific focus is placed on microfluidic
stagnation point extensional flows generated by cross-slot type devices, for which some
important developments have been reported during the last 10 years. Additional empha-
sis is placed on measurements made on relevant biological fluids. Finally, the operating
limits of the cross-slot extensional rheometer (chiefly imposed by the onset of elastic
and inertial flow instabilities) are discussed. © 2016 AIP Publishing LLC.
[http://dx.doi.org/10.1063/1.4945604]

1. INTRODUCTION

Extensional flows arise whenever there are streamwise velocity gradients present in a flow
field. Classical examples of flows with strong extensional components include changes in flow
cross-sectional area (i.e., contractions and expansions),' thinning fluid filaments (jetting, drip-
ping, etc.),” and flows with stagnation points (flow around obstacles and through bifurcations,
for example).” The extensional deformation of fluid elements plays a significant and often vital
role in a vast number of natural and industrial processes and applications. Important and often-
cited examples include fiber-spinning, film-blowing, ink-jet printing, turbulent drag reduction,
and porous media flows (e.g., filtration and enhanced oil recovery, EOR).* Extensional com-
ponents also exist in in-vivo flows of physiological fluids such as blood,'”!" mucus,'*'? and
synovial fluid.'*'> Most of these processes involve the flow of fluids with a complex micro-
structure composed of synthetic polymers, polysaccharides, or proteins, which are characterized
by the ability to undergo significant deformation given sufficiently strong hydrodynamic forces.
In general, microstructural deformation becomes significant if the streamwise velocity gradient
(or strain rate, &) exceeds the rate at which the microstructure can relax (1/4, where /1 is the
characteristic relaxation time of the ﬂuid).lf”17 In fact, it is found that deformation occurs when
the dimensionless Weissenberg number Wi = ¢ = 0.5.'®! Trouton showed that Newtonian flu-
ids in uniaxial purely extensional flows exhibit an extensional viscosity 1z exactly 3 times
higher than the viscosity 1 expected in a purely shearing deformation, such that the Trouton ra-
tio Tr=ng/n = 3.2° However, complex fluids in extensional flows at above Wi=0.5 may
show orders-of-magnitude increases in the extensional viscosity and hence Tr>>3.2'"2* This
extension-thickening is the vital property of complex fluids that is harnessed in controlling the
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stability or breakup of filaments in fiber-spinning and inkjet printing and in controlling viscous
fingering and generating high pressures for purposes of EOR. In the natural world, the exten-
sional viscosity contributes to the properties required from glues used on spider webs and by
carnivorous plants,”> " protein solutions used by spiders and insects for the spinning of silk,*®
and that controls many of the functions of mucus.'*!*2%3

The extensional viscosity is recognized as a fundamental material function that needs to be
quantified in order to enable a full predictive description of the response of a particular fluid to
an arbitrary applied deformation through the development of an accurate constitutive equa-
tion.?'**> However, the extensional viscosity has proved to be an extremely difficult and elusive
quantity to measure.”>”> While methods of applying steady homogeneous and viscometric
shearing deformations to a fluid are well established and reliable (by using, for example, cone-
plate or Taylor-Couette geometries in torsional rheometers), the same is not true for extensional
flows.>® An ideal purely extensional flow is described by a deformation rate tensor that only
has non-zero elements on its diagonal and is thus shear and vorticity free.”® In practice, it is
extremely difficult (perhaps impossible) to apply a purely extensional deformation to a bulk
sample of a mobile liquid; there are always surfaces and/or interfaces at which an element of
shear will be present, in which case shearing contributions to the measured quantities (i.e.,
stress) should be corrected for. A second problem with measuring the extensional viscosity is
its dependence on both the applied strain rate ¢ and the accumulated fluid strain &(7) = éf,
where ¢ is the time. This problem is complicated because the transfer of strain from a deformed
fluid element to the dissolved or suspended fluid microstructure contained within is generally
non-affine, and the degree of affinity also depends on the rate of strain, or equivalently on the
Wi.'”> Most techniques report what is commonly referred to as a “transient” extensional vis-
cosity since the strain rate is applied for a limited time period so that limited microstructural
strain can be accumulated in the system. In order to observe a steady-state extensional viscos-
ity, a persistent extensional flow is required; in other words, the applied strain rate ¢ must be
maintained for long enough times that the microstructural strain can reach saturation at that
rate. This requirement is most readily achieved at a stagnation point, where the residence time
is arbitrarily long. A third problem regarding extensional rheometry with complex fluids is the
occurrence of viscoelastic flow instabilities. Instabilities affect all kinds of rheometric techni-
ques, but this particularly applies to extensional flows because the deformations and elastic
stresses involved are generally much greater than they are in shearing flows. A fourth problem
is establishing a consistent and reliable initial condition.’*** In many techniques (e.g., flow
through contraction geometries), the fluid has to flow into the measurement region where the
extensional flow field is applied (i.e. the contraction throat), so the prior flow deformation his-
tory of fluid elements also comes into question. Considering these factors, it is not too surpris-
ing that extensional viscosity measurements of a single model fluid by different techniques can
yield results spread over several orders of magnitude.”” Trying to measure the extensional vis-
cosity can sometimes seem like a hopeless task, but the problem is important and interesting
enough to motivate continued efforts. Even if a true measure of the (¢, ¢) cannot be obtained,
tests with an extensional rheometer with a configuration that appropriately models the particular
application of interest are worthwhile as they can give valuable information about the rheologi-
cal response of a particular complex fluid.

There now exist a variety of options for performing extensional testing on mobile fluid
samples, all of which come with their own advantages and disadvantages and which tend to be
appropriate for particular kinds of fluids. Microfluidic technologies have been recognized as
having the potential to probe the extensional rheological response of the most challenging kinds
of fluid samples, those with low viscosity n and low elasticity (or short relaxation times). This
is because the inherently small length scales of microfluidic devices mean that high deformation
rates (i.e., high Wi) can be achieved while minimizing inertia (i.e., for low Reynolds number,
Re = pUl/n, where p is the fluid density, U is the flow velocity, and [ is the characteristic
length scale).’® Also due to the small length scales, microfluidic devices offer a platform for
the study of fluids for which only small sample quantities are available, as is the case for many
biological samples. The ability to test and characterize the properties of small volumes of
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biological specimens in microfluidic devices offers new opportunities in the fields of medical
diagnostics and therapeutics, and for enhancing the fundamental understanding of the functional
mechanisms of the fluids.*” "

The remainder of this review is organized as follows: in Section II, we will critically dis-
cuss some of the existing methods for applying extensional deformations to mobile fluids in
order to contextualize the contribution of microfluidics to the field. These methods are broadly
subdivided into the categories of “filament thinning,” “contraction flows,” and ‘“‘stagnation point
flows.” In Section III, we will focus attention on the specific example of stagnation point flow
within the microfluidic cross-slot geometry, briefly discussing the wider application of the de-
vice in microfluidic research applications before concentrating on its specific use as an exten-
sional rheometer in Section IV. We will highlight recent progress in physical understanding and
in technological advances that have resulted in a few significant recent developments. We will
also place some emphasis on investigations involving biological fluid samples that can be par-
ticularly challenging to measure due to their complex composition and properties. In Section
IV C, we will discuss the limitations of the technique arising from the onset of elastic and iner-
tial flow instabilities, before discussing the general outlook for the cross-slots and the potential
for future developments of this microfluidic extensional rheometry technique in Section V.

Il. METHODS OF GENERATING EXTENSIONAL FLOW FIELDS
A. Thinning of fluid filaments

Probably the closest approximations to homogeneous extensional flows are produced by Filament
Stretching Extensional Rheometer (FiSER) type devices, as schematized in Fig. 1(a).”>*'™* Here, a
fluid sample is contained between two circular endplates (diameter D, initial separation L) that are
subsequently moved apart at an exponentially increasing rate such that L(¢) = L exp(ét), thus defin-
ing the imposed strain rate, ¢. The diameter of the resulting fluid filament is measured as a function of
time (D(f)) and one of the endplates is connected with a force transducer in order to simultaneously
measure the tension (F(¢)), and hence the stress, see Fig. 1(b). The instantaneous Hencky strain is
given by ¢y = In[L(¢)/Lo] = 2In[Do/D(t)]. These devices have been hugely successful at measuring
transient extensional viscosities of fluids in almost ideal uniaxial extensional flow. However, due to a
combination of the limit on the maximum velocity at which the endplate motors can run and the dis-
tance over which they can be physically separated, such devices are quite limited in both the range of
strain rates and the total strain that can be applied. For these reasons, filament stretching rheometers
are only really suited for testing fluids with rather long relaxation times 2 ~ O(1 — 100s). In addition,
fluids must be quite viscous (typically 7 > 10 Pa s) so that gravitational sagging of the filament can be
neglected at low strains before the onset of strain hardening.** At high strains or strain rates, endplate
instabilities are problematic*® and the free surface poses additional problems including bead-on-string
instabilities,*” evaporation in the case of volatile solvents, and adsorption of surface active species that
can stabilize filaments to break up.*®

A commercially available variant of the filament stretching rheometer is the Capillary
Breakup Extensional Rheometer or CaBER device, Fig. 1(c).**”° This device is essentially
based on a controlled “finger stretch” test and at this time is probably the most well-known and
widely used of all extensional flow devices. Here, as with the FiSER, a cylindrical fluid sample
is contained by surface tension between a pair of circular end plates (diameter D) with initial
separation L,. Unlike the FiSER, however, the sample is not stretched by a prolonged separa-
tion of the plates. In the case of the CaBER, the plates are only moved apart by a relatively
small distance to reach a final separation Ly At the final position L the two plates are suffi-
ciently far apart that capillary forces act to drive the fluid to separate into two hemispherical
droplets. Uniaxial extensional flow is generated as the fluid neck thins down between the two
endplates. For Newtonian fluids, it has been shown that the hour-glass-shaped fluid neck thins
linearly with time at a viscosity-dependent rate.”’ For a complex fluids, such as polymer solu-
tions, extra elastic stresses generated as the microstructure deforms retard the thinning process,
resulting in an “elasto-capillary” thinning regime.’® Here, a long and slender cylindrical fluid
filament develops between the endplates and the filament thins exponentially with time. Using a
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FIG. 1. Examples of extensional rheometric techniques by measuring the thinning of fluid filaments: (a) Schematic drawing
of a FiSER device, consisting of: (1) linear stage, (2) and (3) traveling linear motors, (4) force transducer, (5) top end-plate,
(6) fluid filament, (7) bottom end-plate, and (8) laser micrometer. (b) Parametric description of the stretching fluid filament
in the FiSER. (c¢) Example data from a capillary thinning (CaBER) measurement, showing mid-filament diameter as a func-
tion of time for a semidilute poly(ethylene oxide) solution contained in a viscous solvent. The characteristic relaxation time
A can be found from the slope of the exponential decay within the elasto-capillary regime indicated by the central white
region of the plot. Reprinted with permission from Keshavarz et al., J. Non-Newtonian Fluid Mech. 222, 171 (2015).
Copyright 2015 Elsevier.

laser micrometer or video camera, the diameter of the fluid filament D(¢) is monitored as a func-
tion of time at the midpoint between the endplates (where pure uniaxial extension is best approxi-
mated), and this information is used to back out the extensional rate ¢ = —(2/D(t)) - [dD(¢)/dt|
and accumulated Hencky strain ey = 2In[Do/D(¢)]. The rate of exponential decay of the fila-
ment diameter can be used to extract a relaxation time for the fluid.**~° In addition, assuming a
balance between elastic and capillary forces, a measure of the transient extensional viscosity as
a function of the strain can be obtained. The CaBER device is a compact and simple-to-use de-
vice that is useful in quality control applications and is also a very convenient laboratory tool
for a quick assessment of the extensional properties of fluids. The CaBER device shares many
features with the FiSER apparatus and shares the same advantages and disadvantages associated
with the free-surface and asymmetry due to gravitational effects.”>>> It is able to access fluids
with rather lower viscosities and relaxation times than the FISER: although in normal operating
mode it is still restricted to fluids with relaxation times of several milliseconds and viscosities
of several mPa s,>* separating the CaBER endplates using the Slow Retraction Method (SRM)
can probe even more weakly viscoelastic samples while avoiding inertia-induced oscillations of
the fluid.>> In addition, several techniques have been developed for generating liquid bridges
and measuring capillary-driven filament thinning of microlitre fluid samples, which effectively
obviate gravitational and inertial effects entirely.>’°> Many of the aforementioned techniques
have recently been reviewed in detail by Galindo-Rosales er al.®® A recently developed related
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technique that can probe extremely low viscosity and low elasticity fluids is Rayleigh-
Ohnesorge Jetting Extensional Rheometry (ROJER), in which thinning sections of an unstable
fluid jet during breakup are observed.®®? In CaBER-type techniques, if the elasto-capillary
thinning regime is of sufficient duration, then the fluid strain can be sufficient for the exten-
sional viscosity to reach steady state. However, probably the most important problems with cap-
illary thinning-based techniques in general are: (1) the correct identification of the elasto-
capillary regime can sometimes be difficult,®® thus leading to concern about the validity of
measurements; (2) the fluid column thins at a self-determined rate governed by its own particu-
lar properties (viscosity, relaxation time, and surface tension). It can be shown that in the
elasto-capillary thinning regime (where properties of viscoelastic fluids can be derived), the
Weissenberg number should be a constant Wi =2/ 3499 1t is not possible to impose a con-
trolled deformation rate to a fluid sample by using capillarity-driven thinning.

B. Flow through contractions and expansions

Over many years, much research has been conducted into viscoelastic extensional flows
generated in contraction and expansion type geometries.®*’" In flow through a contraction-
expansion geometry, the fluid experiences a positive streamwise velocity gradient as it
approaches and traverses the contraction plane and a negative streamwise velocity gradient as it
enters an expansion.’”> Contraction geometries, both axisymmetric and planar, have long been
of interest in the complex fluids community owing to their ability to generate strong extensional
flows, their perceived potential to serve as simple extensional rheometers, and to the great vari-
ety of nonlinear instabilities that can be observed.®”***7>~% Although axisymmetric exten-
sional flows are stronger than planar extensional flows (for a given extension rate),”"”’* planar
flows are generally preferred experimentally due to the relative ease of performing flow visual-
izations. The contraction geometry is representative of a class of flows encountered widely in
natural and industrial settings and the planar 4:1 abrupt contraction is considered as a bench-
mark problem for viscoelastic fluids in strong flows."”>”® This is because numerical simulations
(though challenging, especially at high Wi) are relatively straightforward compared with stagnation
flows, allowing more ready comparison between experiment, simulation, and theory though testing
of constitutive models.””*? For the same reasons, contraction and expansion flows have remained
of significant interest in the era of microfluidics, which owing to the small characteristic length
scales allow nonlinear dynamics to be accessed in regimes of large deformation rates (high Wi)
and low inertia (low Re) that were unattainable in earlier macroscale pipe flows.*>

Although a contraction geometry provides only a transient elongational flow while fluid
elements travel through the contraction, the nominal extensional deformation rate ¢ is readily
controlled via the volumetric flow rate through the contraction.”*™® The applied fluid strain & is
effectively constant for a given device and is approximated by the contraction ratio (i.e., the ra-
tio of upstream to downstream channel cross-sectional area).”* Flows of viscoelastic polymer
solutions through planar abrupt microfluidic contractions have been quite widely studied experi-
mentally using streak imaging, velocimetry, pressure loss, and flow-induced birefringence (FIB)
measurements.*> %% These generally show a sequence of instabilities that develop with
increasing flow rates or Wi, beginning with the observation of diverging streamlines upstream
of the contraction plane and proceeding through to the development of lip vortices at the reen-
trant corners, then upstream vortices in the salient corners which grow in size as the Wi is fur-
ther increased. At higher Wi, time-dependent and three-dimensional (3D) flow instabilities are
observed, see Fig. 2(a). The exact onset conditions and nature of this progression of flow insta-
bilities are highly dependent on the fluid properties, particularly the elasticity number of the
fluid El:Wi/Re,83’84 and details of the flow geometry, i.e., contraction ratio, aspect ratio, and
downstream length of the contraction.®*"*> Apart from only applying a fixed fluid strain, pla-
nar abrupt contractions suffer from several addition drawbacks as extensional rtheometers. First,
even for creeping Newtonian flows, the strain rate along the center line of the channel is not
constant for a given imposed flow rate. Further, with viscoelastic fluids, the growth of vortices
in the region upstream of the contraction plane causes even more severe consequences on the
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FIG. 2. Examples of devices for producing transient elongational flows in microfluidic devices: (a) Flows of aqueous
poly(ethylene oxide) solutions through a microfluidic planar abrupt contraction geometry. Fluids with different shear vis-
cosities and relaxation times have different elasticity numbers and follow different trajectories through Wi-Re parameter
space, defining stability boundaries for the onset of vortices upstream of the contraction plane. Reprinted from with permis-
sion from Rodd et al., J. Non-Newtonian Fluid Mech. 129, 1 (2005). Copyright 2005 Elsevier. (b) Schematic diagram of a
hyperbolic contraction geometry with integrated MEMS pressure sensors, used as an extensional viscosity indexer and
(below) combined streak imaging and flow-induced birefringence measurements made on a wormlike micellar solution in
the hyperbolic contraction. Adapted with permission from Ober et al., Rheol. Acta 52, 529 (2013). Copyright 2013
Springer Science + Business Media. (c¢) Schematic drawing of a lubricated microfluidic hyperbolic contraction incorporat-
ing pressure taps up- and downstream. The inset image shows a viscous Newtonian fluid entering the contraction from the
left and lubricated by water entering from the top and bottom lateral inlets. Reprinted with permission from J. Wang and D.
F. James, J. Rheol. 55, 6103 (2011). Copyright 2011 The Society of Rheology. (d) (top) Illustration of the experimental
setup for filament formation in a cross-slot microchannel and (below) examples of filaments formed by a Newtonian fluid
and a DNA suspension at different fractions of the final filament breakup time #,. The plot to the right shows the extensional
viscosity of various fluids determined by the technique. Adapted with permission from G. Juarez and P. E. Arratia, Soft
Matter 7, 9444 (2011). Copyright 2011 The Royal Society of Chemistry.

flow field, meaning that the actual extension rate applied to fluid elements may be significantly,
and unpredictably, modified compared with expectations. In addition, although pressure loss
measurements for viscoelastic fluids may show a clear non-linearity due to the extra elastic
stresses associated with microstructural deformation, it is very difficult to extract the purely
extensional component from the bulk measurement without making some significant assump-
tions and approximations.®®?

Hyperbolic contractions (Fig. 2(b)) have been predicted to impose a nominally constant
extension rate along the centerline without the generation of upstream vortices.”>’® However,
experiments with viscoelastic fluids in hyperbolic contractions have shown that this is unfortu-
nately not the case, 09493

Ober et al.”® studied a range of complex fluids (including viscoelastic polymer solutions,
wormlike micellar solutions, and consumer products) in flow through a hyperbolic contraction
using flow visualization, birefringence, and pressure measurements. The etched glass micro-
device used by Ober er al.”” is illustrated in Fig. 2(b). The device includes four flush-mounted
MEMS pressure sensors in order to measure the pressure losses upstream of, downstream of,
and across the contraction. The wormlike micellar solution used in that work was a shear-
banding fluid composed of 100mM cetylpyridinium chloride (CPyCl) and 60mM sodium
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salicylate (NaSal). Ober et al. argued that the effective lubrication layers present at the channel
walls (formed due to shear localization of of the fluid) should result in a plug-like flow in the
bulk and be beneficial for the generation of a more homogeneous extensional flow field through
the contraction region.”> However, at large enough Weissenberg numbers, i.e., sufficient to
cause microstructural reorganization (as evidenced by birefringence measurements), large and
almost stagnant vortical regions developed upstream of the contraction throat, and micelle ori-
entation was clearly localized into a central band along the flow axis through the contraction
(see streak images and birefringence visualization in Fig. 2(b)). Although such perturbations to
the flow field are clearly undesirable for the purposes of performing “true” extensional rheome-
try, Ober et al. demonstrated how careful pressure measurements could enable such a device to
be used as an effective indexer for the transient extensional viscosity of complex fluids.”

Wang and James”® used flow in a microfluidic hyperbolic contraction which included side
channels through which a lubricating fluid was introduced, see Fig. 2(c). Miscible lubricant flu-
ids were found to completely encapsulate the core fluid, whereas immiscible lubricants were
found to flow only along the side walls of the microchannel. Immiscible lubricants were thus
preferred since they generated an almost shear-free plug flow in the core test fluid that was sub-
jected to planar elongation through the hyperbolic contraction. Calculations were made to quan-
tify the pressure drop arising from shearing at the core-lubricant interface and the top and bot-
tom surfaces of the microchannel. This was subtracted from the total measured pressure drop in
order to quantify elastic stresses and compute the extensional viscosity of dilute aqueous poly-
mer solutions. The approach shows some promise, though care must be exercised since the
results are highly dependent on the flow rate ratios between the core and lubricating fluids. In
many cases, the core fluid does not follow the hyperbolic contours of the flow geometry, with
the lubricating layer impinging into the region upstream of the contraction and filling the areas
normally occupied by recirculating upstream vortices (which would be present in the case of a
single phase flow without lubricant). In this case, the extension rate needs to be estimated from
measurements of the thinning of the core fluid as a function of the distance along the channel
and is found to be rather inhomogeneous. The ratio of flow rates between the core fluid and the
lubricant may also affect the degree of shearing at the fluid-fluid interface, thus influencing the
degree of polymer stretching and also the relative contributions to the total pressure drop.”®

Arratia and coworkers’’ % used a cross-shaped microchannel with three entry ports and
one exit in order to form filaments of Newtonian and viscoelastic test fluids, see Fig. 2(d). The
test fluid was injected into one of the entry ports and an immiscible sheath fluid was injected
into two orthogonal entry ports, thus focussing the test fluid into a thinning filament within the
outlet channel. The result is similar to a combination of the lubricated contraction experiment
of Wang and James”® and a capillary thinning or CaBER experiment, except the filament is pla-
nar, not uniaxial as in the CaBER device. As with a CaBER experiment, the filament width is
measured as a function of time in order to compute the extension rate. Measurements at various
locations along the filament showed reasonable homogeneity of the planar elongational flow
over an extended period of time. By controlling the flow rate of the lubricating sheath fluid, the
experiment of Arratia et al. allows some variation of the exponential rate of filament thinning,
from which the steady extensional viscosity can be estimated. This interesting approach shows
some promise and has so far been tested with Newtonian fluids and dilute aqueous poly(acryl-
amide) (PAA) solutions over a range molecular Weight,97’98 and also with DNA solutions.”
Interestingly, while PAA solutions showed extensional thickening with increasing strain rate,
some DNA solutions showed significant extension thinning (Fig. 2(d)), an effect which is not
predicted theoretically'® and is still not well understood.

C. Stagnation point flows

A well established method to apply a persistent extensional flow to a fluid element,
required to achieve a steady state deformation of the microstructure at a given elongation rate,
is achieved by having a continuous flow that incorporates a stagnation point. At a stagnation
point, the strain rate is finite but the local flow velocity is zero. Hence, fluid elements become
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trapped in the velocity gradient at the stagnation point for an undefined length of time and arbi-
trarily high fluid strains can accumulate. Fluid elements that pass through the region surround-
ing the stagnation point are still subjected to a velocity gradient, but for a finite time period
and therefore accumulate a limited strain, which can still be very high, but which depends on
the flow path line. The spatial distribution of fluid strain through the cross-slots is discussed fur-
ther in Section IV B. A number of devices have been developed for the generation of idealized
flow fields incorporating isolated stationary stagnation points that can be studied in the labora-
tory. The first of these was Taylor’s 4-roll mill'® for the study of the deformation and breakup
of liquid drops, as schematized in Fig. 3(a). During the 1970s and 1980s, the four-roll mill was
utilized extensively, along with the opposed jets apparatus (Fig. 3(b)), for the study of macro-
molecular dynamics of polymer molecules (and associated viscoelastic effects) in extensional
flows using FIB measurements.'”'%7'% While the 4-roll mill is capable of producing a very
good approximation to a purely planar extensional flow field with a stagnation point, the
mechanically driven rollers are quite large with diameters on the centimeter scale. A significant
volume of fluid ~O(11) is required to immerse the system and inertia can become high at rather
moderate extension rates, leading to flow instabilities.'”> More recently, microfluidic analogues
of the 4-roll mill have also been developed and demonstrated to produce stagnation point planar
elongation along with other flow types (see right-hand panel in Fig. 3(a)).'°'"” These devices
have been used for studies of the dynamics of vesicles'® and of DNA tumbling'® and have
potential applications in exploring drop deformation behavior in mixed flows."'"''? However,
so far, they have not actually been configured for the purpose of performing extensional rheom-
etry per se.

The opposed-jets device (illustrated schematically in (Fig. 3(b)), originally conceived and
developed by Frank and coworkers'”'"? is capable of generating either a uniaxial extensional
flow (with the jets in “sucking mode”) or a biaxial extensional flow (in “blowing mode”). The
device was originally configured as an extensional rheometer by measuring the pressure drop
across the jets as a function of the elongation rate (controlled via the macroscopic flow
rate).' !> However, the measurement was only ever considered as providing an extensional
viscosity index since shear contributions to the pressure drop arising from flow within the jet
nozzles could not be accurately quantified and had to be estimated from pressure drop measure-
ments made with the pure solvent. Further development of the opposed-jets by Fuller and co-
workers'?*!17 requlted in the once commercially available Rheometrics REX instrument,
which used a pivoting jet and torque rebalancing transducer to maintain a constant jet separa-
tion and obtain a measurement of the tensile stress. This device was used throughout the 1990s
for extensional measurements of various complex fluids.''®'*! While the REX method obviated
the contribution of shear stresses coming from flow within the connecting pipework, it was later
shown that the stress measurement was nevertheless often dominated by inertia.'** Additional
drawbacks of the apparatus include the inability to observe the flow field (leading to uncertainty
in the assumption of symmetry) and the rather large sample volumes that are required to
immerse the jets (>100ml).

Many of the drawbacks of the 4-roll mill and the opposed-jets were overcome by the intro-
duction of the cross-slots device by Scrivener et al.'** for the study of drag reducing polymer
solutions. The cross-slot device consists of mutually bisecting orthogonal rectangular channels,
as shown in Fig. 3(c). Flow enters through two oppositely facing inlets and exits through the
diametrically opposed pair of outlets. Assuming symmetry of the flow field, a stagnation point
is formed at the exact center of the cross-over region and fluid is stretched in the vorticity and
shear-free flow along the outlet axis.

The cross-slot device has several advantages over alternative apparatus for the purposes of
extensional rheometry: (1) the flow is planar, which facilitates the use of optical techniques
such as fluorescence imaging, birefringence measurement, and velocimetry; (2) the flow is
bounded on both the inlets and the outlets, which aids in maintaining flow stability up to higher
flow rates; (3) there is no air interface, which is attractive for biological samples containing
surface-active species, and also eliminates evaporation of volatile solvents; (4) the applied strain
rate is easily controlled via the macroscopic flow rate through the device; and (5) the
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symmetry
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u axis

100 pm

FIG. 3. Examples of devices for producing stagnation point elongational flows: (a) Schematic drawing of a four-roll mill
device. If w, = —w;, an approximation to pure planar elongation flow is generated. Images to right show examples of
microfluidic four-roll mill analogues (Reprinted with permission from Hudson et al., Appl. Phys. Lett. 85, 335 (2004),
Copyright 2004 AIP Publishing LLC and from Lee er al., Appl. Phys. Lett. 90, 074103 (2007). Copyright 2007 AIP
Publishing LLC). (b) Schematic drawing of an opposed-jets apparatus in “sucking mode,” which generates a uniaxial exten-
sional flow along the symmetry axis. The jets can also be reversed into “blowing mode” in order to generate a biaxial exten-
sional flow over the symmetry plane. (c) Light micrograph of a microfluidic cross-slot device (w = 200 um) to produce
planar elongation. Superimposed streamlines were generated from the ideal streamfunction and indicate the direction of
flow. (Right) Experimental streamlines measured in the midplane of same device using particle image velocimetry (PIV)
on a Newtonian fluid seeded with fluorescent microparticles. The symmetry planes are indicated by the superimposed red
lines. Reprinted with permission from S. J. Haward, Biopolymers 101, 287 (2014). Copyright 2013 Wiley Periodicals, Inc.

extensional viscosity can be assessed by either applying the stress-optical rule to measurements
of the birefringence124_128 or measuring the bulk pressure drop (AP) across the device (a
detailed discussion of this will be given in Section IV).
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The cross-slot device is quite versatile, since it is readily scalable. Larger devices with typ-
ical channel width w ~O(1-10mm) have been constructed that are suitable for extensional
measurements with high viscosity elastic fluids such as polymer melts.'?>"'*7-'2*130 The simplic-
ity of the cross-slots geometry also makes it amenable for fabrication at the microscale. The
strain rate in the cross-slot scales with the inverse of the channel dimension (¢ =~ 2U/w, where
U is the average flow velocity), while inertial effects, as quantified by the Reynolds number,
scale linearly with the channel dimension (Re = pUw/n). By suitable reduction in length scale
and appropriate driving of the flow, very high extension rates are achievable while keeping
inertia low, meaning that microfluidic cross-slots can probe the elasticity of fluids with low
shear viscosities and short relaxation times. In fact, the advantages of miniaturization were rec-
ognized early on in the development of the cross-slot by researchers at the University of
Bristol, who were fabricating micro-scale devices (by hand) for the study of dilute polymer sol-
utions at high Wi but low Re as early as the 1980s."*'~!**> Miniaturization provides further ben-
efits since smaller sample volumes are required, allowing investigations with exotic fluids and
biological samples, for example.

lll. USE OF THE CROSS-SLOTS IN MICROFLUIDIC EXPERIMENTS

We will define the cross-slot as having a channel width, w, depth, d, and aspect ratio,
o = d/w. As depicted in Fig. 3(c), in normal operating mode, fluid is injected into one pair of
opposed channels (here shown vertically, along the y-direction) and is either withdrawn from or
simply forced to exit, through the remaining pair of opposed channels (here horizontally, along
the x-direction). The neutral direction through the depth of the device (normal to the xy plane)
is defined as the z-direction. The origin of the reference system x =y =z = 0 is located at the
geometric center of the device, which coincides with the stagnation point (provided that the
flow is symmetric). Ideal planar elongation, which is approximated by flow in the cross-slot de-
vice, is described by a deformation rate tensor D with components given by D, = Juv,/0x = &
and Dy, = 0v,/dy = —¢, and with all other components equal to zero.” The ideal streamfunc-
tion is described by yy = &xy, which traces out hyperbolic streamlines with the stagnation point
located at the singularity. The experimental streamlines shown to the right in Fig. 3(c) were
measured at the midplane (i.e., the z=0 plane) of a microfluidic cross-slot device with w =
200 pm and d =1 mm (i.e., «=35) for a Newtonian fluid flowing at low Reynolds number. The
ideal hyperbolic streamlines are clearly perturbed by the four reentrant corners; however,
approaching the stagnation point the flow field approximates the ideal situation increasingly
well. It has been shown from two-dimensional (2D, o = co0) fluid dynamics simulations that the
elongation rate varies by less than 5% within a radius of w/16 around the stagnation point."**
Flow velocimetry measurements made in the midplane of a lower aspect ratio (« = 0.53) cross-
slot device have shown reasonable agreement with expectations for planar elongational flow
over a wider radius around the stagnation point of approximately w/ 4.'3 However, it is impor-
tant to note that even in deep planar devices with high «, the flow only approximates to 2D.
The no-slip boundary condition at the top and bottom surfaces will always result in some varia-
tion in the flow velocity (and hence the strain rate) through the channel depth. In addition, it
has been found that at quite moderate Reynolds numbers (20 < Re < 100, depending on o), the
flow around the corners of the cross-slot can result in the formation of Dean vortices'*® in the
channel outlet and the onset of fully 3D flow instabilities.'*”~"*' Care must be taken to maintain
the Reynolds number as low as possible in cross-slot flow experiments in order to maintain
flow symmetry and stability and the best approximation to 2D planar flow. Flow instabilities
resulting from fluid inertia (and elasticity) are discussed further in Section IV C.

Early experiments with polymer solutions in cross-slot devices showed the formation of
highly localized birefringent strands extending downstream from the stagnation point, indicating
the extension and alignment of polymer chains as the strain rate was increased beyond a critical
value &, such that the Weissenberg number exceeded approximately 0.5—1."7'3'=133 The inverse
of &. could thus be considered as the macromolecular relaxation time, and the molecular
weight dependence of the relaxation time agreed well with the theoretical predictions.'?*'*?
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The birefringence signal reached saturation levels as the strain rate was increased, which was
taken as evidence of polymer chains approaching full extension. Further evidence of this behav-
ior came from the discovery that chains would undergo central scission.'*

More recently, Chu and coworkers'**>'** used a microfluidic cross-slot in order to trap flu-
orescently labelled DNA at the stagnation point and watch individual molecules unravelling in
real time. Fig. 4(a) shows several time-series of individual A-DNA molecules with different ini-
tial conformations accumulating strain in the planar elongational flow field at & > é&..
Depending on the initial configuration and orientation relative to the flow direction, the mole-
cules unravel at different rates and can become trapped in metastable kinked, folded, or knotted
configurations. However, in general, after sufficient residence time in the extensional flow field,
all molecules become highly aligned in the direction of the velocity gradient. Ensemble-
averaged data showed that the macromolecular deformation became increasingly affine with the
fluid strain as the Weisenberg number increased.”® The ensemble-average steady-state stretch
approached around 80% of the DNA contour length at very high deformation rates. Later,
Schroeder er al.'*? confirmed the coil-stretch relaxation time hysteresis predicted by De
Gennes.'® A detailed review of these studies has been provided by Shagfeh.'** Rather similar
experiments have also been conducted showing the deformation and orientation of individual
wormlike micelles, also for Wi> 0.5.'%

Dylla-Spears et al."** have shown how the extension of DNA in cross-slot microchannels
can be used for accurate single-molecule sequence detection using fluorescence imaging. Xu
and Muller'*® demonstrated the detection of sequence-specific DNA-bound enzymes via cleav-
age of the linearized DNA trapped hydrodynamically at the stagnation point, as reproduced in
Fig. 4(b). In the works of both Dylla-Spears'** and Xu and Muller,'"*® DNA was trapped by
manipulating the flow rate in one of the two exit channels via manual control of the hydrostatic
pressure head. Schroeder and coworkers'*”">! have developed a more advanced system of
active feedback between real-time flow visualization at the stagnation point and control of the
flow rates through each channel of the cross-slot using microfluidic valves in order to achieve
extremely precise hydrodynamic trapping, control, and manipulation of particles and cells (see
Fig. 4(c)). The approach holds the promise to significantly enhance the ability to observe the
effects of the extensional flow field at the stagnation point on the deformation of microscopic
structures over much extended residence time durations. Very recently, Toh et al.'”* have
shown similar control over the location of the stagnation point in a modified cross-slot device
in which confined and well-controlled chemical gradients can be generated. The device shows
promise for the study of hierarchical decision making processes that occur during intercellular
communication of bacteria and neutrophils and of cell chemotaxis.

Neéve et al.'”? have used optical tweezers in order to trap live single osteoblast and myo-
blast cells at the stagnation point of a cross-slot device and to observe their deformation as a
function of the imposed extensional rate. Recently, there has been growing interest in the poten-
tial of using microfluidic cross-slots to perform single cell phenotyping based on cell deform-
ability at the stagnation point.'>*">” Di Carlo and coworkers'>*'3® have used inertial flow
focussing to align single cells on the inlet axis of a microfluidic cross-slot device with very
small dimensions (w = 68 um, d = 28 um) in which strain rates ¢ > 10° s~ ' could be reached.
The deformation of the cells as they passed through the stagnation point was imaged at high
speed and used to perform mechanical phenotyping at high throughput (2000 cells per second).
Differences in the deformabilities of cells found in pleural fluids could potentially diagnose a
range of conditions including various cancers.'>*'%® Cha et al.'” performed similar experi-
ments on Red Blood Cells (RBC’s) and human Mesenchymal Stem Cells (hMSC’s), but used
viscoelastic flow focussing'”® to guide the cells into the stagnation point. The deformability of
hMSC’s was found to vary depending on the state of nutrient starvation and may be used as an
indicator of cell quality or health, while the deformability of RBC’s may be used as a diagnos-
tic for various pathophysiological conditions including malaria and diabetes.'>>'>” It is also im-
portant to mention very recent work examining the deformation of bio-microcapsules formed
from human Serum Albumin (hSA).">” An interesting experimental design allowed the capsules
to be viewed at the stagnation point from both above (in the xy plane) and from the side
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FIG. 4. Examples of the use of stagnation point extensional flow in microfluidic cross-slot devices: (a) Accumulation of
strain in individual DNA molecules held at the stagnation point. Panels show (left-right) DNA molecules in folded, half-
dumbbell, knotted, and dumbbell conformations unravelling over time (top-bottom). Reprinted with permission from
Perkins et al., Science 276, 2016 (1997). Copyright 1997 AAAS. (b) Enzyme-bound DNA (injected through channel “a”)
stretching at the stagnation point and being cleaved at the binding site by the addition of Mg*" ions that are injected
through channel “b.” Reproduced with permission from W. Xu and S. J. Muller, Lab Chip 11, 435 (2011). Copyright 2011
The Royal Society of Chemistry. (c) Hydrodynamic trapping of a 2.2 um diameter particle at the stagnation point. (left-
right) The particle is initially isolated from a group and held at the stagnation point as the remainder are advected away by
the flow over the subsequent 25 s period. Reprinted with permission from M. Tanyeri and C. M. Schroeder, Nano Lett. 13,
2357 (2013). Copyright 2013 American Chemical Society. (d) Stretching of tubular vesicles at the stagnation point at dif-
ferent strain rates: (1—r) &£ = 0.09 s~, 0.14s~" (showing dumbbell instability), 0.19 s™', and 0.92s™" (showing pearling
instability). Yellow numbers indicate accumulated fluid strain, ¢ = é7. Reprinted with permission from Kantsler ez al.,
Phys. Rev. Lett. 101, 048101 (2008). Copyright 2008 The American Physical Society.

(xz plane), and the capsules were observed to deform into discus-like ellipsoids. Measurements
of the axial deformation with the applied strain rate (prior to capsule bursting) enabled the cal-
culation of the Poisson ratio of the hSA membrane. Kantsler er al.'® made observations of
giant vesicle dynamics at the stagnation point, reporting the appearance of a wrinkling instabil-
ity subsequent to a sudden switch in direction of the extensional flow field. In another work, by
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stretching of tubular vesicles in the cross-slots, Kantsler er al.'®" observed significantly non-

affine vesicle deformation and instabilities characterized by dumbbell and “string of pearls” for-
mation as the strain rate was increased (Fig. 4(d)). A slowing-down of the dynamics of the ves-
icle extension close to the critical transition to dumbbell formation was interpreted as being due
to the large number of configurational states available to the vesicle when entropic elasticity is
balanced by the hydrodynamic stretching force.

IV. EXTENSIONAL RHEOMETRY USING MICROFLUIDIC CROSS-SLOTS

As discussed above, cross-slot devices have many qualities suggesting their suitability as
extensional rheometers. To briefly summarize, the flow near the stagnation point approximates
pure planar elongational flow and the flow along the symmetry axes is shear and vorticity free.
Arbitrarily high fluid strains are applicable, and the imposed strain rate is easily controlled by
manipulation of the volume flow rate. In addition, high aspect ratios ensure that the strain rate
is nominally uniform through the neutral z-direction. The planar nature of the device also
makes it amenable to the use of optical probes such as fluorescence imaging and flow velocim-
etry, which allows confirmation of the symmetry and stability of the imposed flow field. Flow
birefringence measurements may also be made in order to register the deformation of any
microstructure,'®> and in certain cases, directly assess the stress field.'** Devices have also
been made suitable for x-ray and small angle neutron scattering studies.'®>'®* The use of
microfluidic scale cross-slot devices allows access to high strain rates for low inertia so that
elastic effects can be probed in samples with low shear viscosities and short relaxation times
and by means of small sample volumes. Additionally, samples are completely enclosed in the
clean, inert environment inside the geometry, eliminating surface tension and gravitational
effects, and evaporation of volatile samples. Also, there is no air interface, so measurements
are not affected by surface film formation by hydrophobic species.*®'9%1%¢ All of these charac-
teristics make the cross-slot device a suitable candidate for testing biological samples.

Extensional rheometry can be performed in the cross-slots by making measurements of the
bulk pressure drop across an inlet and an outlet. The most effective approach is to make two
measurements of the pressure drop for each imposed average flow velocity, U, see Fig. 5. First,
the pressure is measured with flow through all four channels in order to obtain AP, (U),
which contains pressure contributions from shear at the channel walls and extension along the
flow axis. A second measurement is made for flow around one corner of the device in order to
obtain APy (U), which approximates the shearing contributions to AP,,,. A subtraction
between these two quantities enables the estimation of the excess pressure drop due to the
extensional component in the stagnation point flow field AP ,..;s(U), wWhich can be related to
the tensile stress difference At(U)

AT(U) X APexcess(U) - APmtal(U) - APshear(U)- (1)
A strain rate-dependent apparent extensional viscosity can then be computed according to**

B Az(E)

nEﬁapp(é) - é 9 (2)

where & =~ 2U /w.

Such a straightforward and direct quantification of the extensional stress component as
described by Eq. (1) has not been achieved in other fluidic geometries involving stagnation
point or transient extensional flows, where significant assumptions and approximations must
generally be made in order to remove stress contributions due to shear,’?-8¢-93:9%.122

A local value for the principal stress difference At can also be estimated from measure-
ments of the flow-induced birefringence and applying the stress-optical rule.'**'®” The stress-
optical rule states that, for limited deformations of the microstructure, the tensile stress-
difference is directly proportional to the birefringence, An
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FIG. 5. Extensional Flow Oscillatory Rheometry (EFOR): (a) Schematic representation of the EFOR apparatus, with piezo-
actuated micropumps on all four inlet-outlets. Detail to bottom left shows a cross-slot with w = 200 um, d = 1 mm («=5).
Inset to bottom right illustrates the two measurements of the pressure drop required to extract the extensional stress differ-
ence, At. (b) Graphical representation of the piezo pump displacement applied in order to obtain a constant volume flow
rate over each half-cycle period, 7//2. (c) and (d) False color birefringent strands observed in the cross-slot for flow of a
0.03 wt. % solution of 10.2 MDa a-PS in DOP during the first and second half cycles of the piezo pumps, respectively. The
conditions applied to the piezos are A = 50 um, T=2s, providing a strain rate of &£ = 1025 s~ ' and Wi~ 6. (e) Pressure
drop measured over one pump cycle under the same conditions as part ((c) and (d)).

At(é) = , 3)

where the constant of proportionality, C, is called the stress-optical coefficient. Hence, from
birefringence measurements made in the vicinity of the stagnation point, a local extensional vis-
cosity can be computed according to

ne(8) = =5 4)
From inspection of Eqs. (1)—(4), it is apparent that if the two measures of the extensional
viscosity are to be consistent, then a plot of An vs AP, should yield a straight line with gra-
dient equal to the stress optical coefficient C. This relationship has been shown to hold up to
surprisingly high strains for a variety of fluids including dilute and semi-dilute solutions of flex-
ible and semiflexible polymers and also shear thinning wormlike micellar solutions.®''26:128
However, the linear relationship has been observed to break down for shear banding wormlike
micelles'*® and for human saliva,'*® in which the MUC5B mucins form a complex proteina-
ceous network structure that can rupture as the strain rate is increased.'?®!68
Birefringence measurements as a function of the strain rate also enable the assessment of the
relaxation time, 4, of the fluid microstructure on the basis that optical anisotropy will arise for
Wi = A& > 0.5. Furthermore, for dilute solutions of polydisperse polymers, it has been shown
that the An versus & curve can be considered as a cumulative molecular weight distribution; as
the strain rate is increased, progressively shorter molecules (i.e., shorter relaxation times) in the
molecular weight distribution stretch and contribute to the measured birefringence. If the relation-
ship between molecular weight and coil-stretch relaxation time for the polymer is known (or can
be determined), then the molecular weight distribution can be computed from the birefrin-
gence,!>120:133169-171 The technique has been termed “hydrodynamic chromatography” and
shows high sensitivity to high molecular weight tails of distributions (where An increases rapidly
with &). High molecular weight tails are highly important rheologically and difficult to resolve
using conventional techniques such as gel-permeation chromatography.'”®
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A. Oscillatory extensional rheometry: The extensional flow oscillatory rheometer
(EFOR)

The idea of performing extensional rheometry using an oscillatory flow within a stagnation
point device was originally proposed and demonstrated by Odell and Carrington'”® and was fur-
ther developed by Haward et al.'*®'"*'”® The principles behind the so-called EFOR are illus-
trated in Fig. 5. Briefly, the fluid sample is contained within the cross-slot device and four
stainless-steel bellows that terminate each of the four arms of the cross. The bellows can be
compressed or expanded by the displacement of pre-loaded piezo stacks that displace approxi-
mately linearly with the voltage applied across them (corrections can be made to the applied
voltage in order to account for hysteresis in the piezo voltage-displacement loop). Providing
that the total displacement of all four piezos at any instant in time is zero (thus conserving the
volume of the sample fluid), arbitrary displacement profiles can be applied to the piezo stacks.
In order to obtain a planar elongational flow with a constant strain rate, the bellows should be
compressed or expanded at a constant rate, thus leading to a constant total volume flow rate
through the cross-slot device. To achieve this, each piezo stack should be displaced with a tri-
angular profile in phase with its opposing partner and 180° out of phase with the orthogonal
pair of piezos, see Fig. 5(b). The displacement profiles of the piezo pumps are variable over a
range of amplitude A and period T, which allow control of the strain rate thus

oy 4aeffA
* S 2ar )
where a.; is the effective cross-sectional area of the bellows. The bellows used by Haward
et al."**"">'" had a,; ~ 400 mm”®, but it can be seen that significant flexibility in available
strain rates is possible through the selection of bellows, the choice of piezo-stack operating
range, and of course the dimensions of the cross-slot device itself.

The result of applying such a triangular pump profile to a dilute solution (c¢=0.03 wt. %,
c¢/c* = 0.1) of a high molecular weight (M,, = 10.2 MDa), low polydispersity (M,,/M, = 1.17) atac-
tic polystyrene in a room temperature theta solvent dioctyl phthalate (a-PS in DOP) is illustrated by
Figs. 5(c) and 5(d), which shows birefringence (indicating macromolecular orientation) aligned along
the x-axis for the first pump half cycle and along the y-axis for the second pump half cycle. The corre-
sponding pressure drops (APgeqr and AP,,,;) are shown in Fig. 5(e). It can be seen that the pressure
drop reaches a steady value within each half cycle. This indicates that the flow has achieved steady state
and that the microstructure has relaxed within the timescale of the flow. This can also be expressed by
the Deborah number of the flow, which compares the relaxation time to the observation time of the
experiment, De = 4/7,p5. In the case illustrated in Fig. 5(e), A =~ 6.0 ms and 7,5, = T/2 = 1 s, thus
De « 1 suggesting the flow should be steady state.

The EFOR system has been well characterized using flow velocimetry, pressure drop,
and flow birefringence measurements with Newtonian fluids and model polymer solu-
tions.'?*!7%172173 Eig 6 shows some data obtained with the same 0.03wt.% a-PS solution pre-
sented in Figs. 5(c)-5(e). In Fig. 6(a), the birefringence (measured at the stagnation point,
x =y =0) and the excess pressure drop are presented as a function of the applied strain rate;
both follow identical sigmoidal trends as & is increased. When the two quantities are plotted
against each other, a straight line through the origin is obtained (Fig. 6(a), inset). As indicated by
Egs. (1)—(4), the gradient of the straight line gives a value for the stress-optical coefficient of the
polymer solution, here C = —5.7 x 10~ Pa~'."*® This is in close agreement with the literature
values obtained by accepted and established methods.'”*'7® The use of the less noisy birefrin-
gence measurement to obtain the extensional viscosity according to Eq. (4) provides the curve
shown in Fig. 6(b). Compared with the (constant) shear viscosity of the fluid (y =~ 50 mPa s), the
Trouton ratio varies with the Weissenberg number as shown in the inset. As the Wi increases
beyond 0.5, the extensional viscosity and Tr undergo a rapid increase, as expected. However, the
curves do not increase monotonically, as would be expected from theoretical considerations,'’’
but begin to decrease with Wi = 1. Such extensional thinning was also observed in the experiments
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FIG. 6. EFOR with a 0.03 wt. % solution of 10.2 MDa a-PS in dioctyl phthalate: (a) Excess pressure drop and birefringence
(measured at the stagnation point) as a function of the applied strain rate. The birefringence is well described by a sigmoi-
dal function. Inset shows the birefringence as a function of the excess pressure, showing a linear relationship and yielding a
stress-optical coefficient, C, for the fluid. Adapted with permission from Haward e al., Soft Matter 7, 9908 (2011).
Copyright 2011 The Royal Society of Chemistry. (b) Extensional viscosity as a function of the strain rate in the cross-slot
device for the same polymer solution shown in part (a) and, inset, Trouton ratio as a function of the Weissenberg number.
For a Newtonian fluid in planar elongation flow, Tr = 4.%

of Arratia and Juarez” with DNA solutions. A possible explanation is the impedance of macromo-
lecular strain accumulation at high deformation rates due to chains becoming trapped in metastable
kinked or knotted states.'*'*

A minor adaptation to the EFOR hardware involved the addition of a fluid injection point
upstream of the central cross over region of the cross-slot device.'*!?® In this case, the pipe-
work and bellows could be filled with pure solvent in order to act as a hydraulic fluid to drive
the flow, while a small quantity of the test fluid was loaded only into the region of extensional
flow around the stagnation point. By this method, data could be gathered using sample volumes
of ~0(10-100 ul) per test point, depending on driving parameters (A and T) imposed to the
four micropumps. The system has been used to examine physiological fluids including human
Whole Saliva (hWS) and porcine Synovial Fluid (pSF), see Fig. 7.'%!312%171 The ability to
characterize the extensional properties of such fluids has been a long standing challenge and
may lead to improved understanding of the development of conditions such as osteoarthritis,
cystic fibrosis, oral mucositis, Sjogren’s, and asthma, in which fluid rheology is drastically
altered from its healthy state.'’®'%2 In addition, the characterization of biological fluid samples
under extensional deformations should enable improved design and formulation of the pros-
thetic fluids that are used in the palliative treatment of many such conditions.

The EFOR system presents some interesting features compared with continuous flow sys-
tems. For example, fluid can be cycled repeatedly through the stagnation point while being
maintained within the measurement region of the cross-slot, facilitating investigations of ther-
momechanical degradation of macromolecules. This feature has recently been employed to
demonstrate mid-chain mechanical scission of Hyaluronic Acid (HA), a high molecular weight
polysaccharide abundant in the synovial fluid, which becomes degraded during the progression
of joint disease (see Fig. 8).'>'"'"817% Moreover, it is apparent that for a given imposed pump
profile parameters (A and T), the stretching along each orthogonal flow direction (x, y) is
applied for a time r = T/2. We therefore have a system in which we have control of both the
strain rate and the fluid strain accumulated at the stagnation point

2a,¢rA
e =it~ egf .
w?d

(6)

Comparing Egs. (5) and (6), it is clear that by fixing the piezo amplitude A constant and
varying T, a strain rate sweep can be performed for a fixed value of the strain. By varying A
and T in proportion with each other, the strain can be swept for a fixed strain rate. This feature
of the device has yet to be fully investigated.

The EFOR is also an excellent platform for the study of transient extensional rheological
effects and has been used to show apparent stress overshoots on flow startup,'’® buckling
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FIG. 7. Extensional Flow Oscillatory Rheometry with physiological biofluids: (a) Birefringence observed in the cross-slots
for a sample of pSF at the imposed strain rates indicated on the images. Reprinted with permission from S. J. Haward,
Biopolymers 101, 287 (2014). Copyright 2013 Wiley Periodicals, Inc. (b) Birefringence (measured at the stagnation point)
for a diluted pSF sample over a range of strain rates. Inset shows the molecular weight distribution derived from the birefrin-
gence measurement, fitted with a log-normal distribution function. Reprinted with permission from S. J. Haward,
Biopolymers 101, 287 (2014). Copyright 2013 Wiley Periodicals, Inc. (c) Birefringence and excess pressure drop measured
for hWS in the cross-slots. In this case, the stress-optical coefficient, C, is not single valued because a power law relationship
is observed between An and AP, (inset, red line). Adapted with permission from Haward et al., Soft Matter 7, 9908
(2011). Copyright 2011 The Royal Society of Chemistry. (d) Trouton ratio of hWS determined from the pressure measure-
ments in part (c). The large reduction in Tr for strain rates ¢ = 1000 is attributed to breakup of the MUCS5B mucin network.
Adapted with permission from Haward et al., Soft Matter 7, 9908 (2011). Copyright 2011 The Royal Society of Chemistry.

instabilities of elastic strands during the transition in flow direction,183 and slow relaxation of
birefringence following the cessation of flow.'?®!”? The latter two effects have been attributed
to coil-stretch hysteresis of the flexible polymer that was employed in the experiments.'®

Quite recently, a new system has been proposed for performing dynamic extensional rhe-
ometry by superimposing pulsations onto a continuous flow in a cross-slot micro-channel using
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FIG. 8. Degradative effect of repeated cycling of a dilute solution of high molecular weight hyaluronic acid (nominal
MW =4.8 MDa) through the stagnation point. (a) Birefringence (measured at the stagnation point) for fresh fluid and after
1000 cycles at the indicated strain rates. (b) Molecular weight distributions derived from the data in part (a). The distribu-
tion for the fresh fluid is well-described by a single log-normal function. The distribution for the most degraded sample can
be fitted by a sum of two log-normal functions, with peak molecular weight values that indicate chain halving. Reprinted
with permission from S. J. Haward, Biopolymers 101, 287 (2014). Copyright 2013 Wiley Periodicals, Inc.
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a syringe pump and a reciprocal diaphragm pump connected in series.'® The device has been
characterized with Newtonian fluid and for various superposed waveforms using flow velocime-
try methods, but so far no rheometric data have been presented using the system. Finally, we
note that oscillatory flow in cross-slots has also been proposed as an effective method for per-
forming active micro-mixing. '8¢

B. Optimizing the cross-slots: The optimized shape cross-slot extensional rheometer
(OSCER) geometry

A drawback of performing extensional rtheometry using the standard type cross-slot geome-
try with square corners is that the flow field only approximates to the assumption of hyperbolic-
ity quite close to the stagnation point.]34’135 Along the outlet flow axis, the strain rate has a
maximum at the stagnation point and decays rapidly with distance along the outlet channels.'®’
Alves'®® proposed a numerical scheme for optimizing the shapes of flow geometries in order to
achieve specific desired flow characteristics and applied the method to the cross-slot with the
aim of obtaining a homogeneous elongation rate over a wide region around the stagnation point
spanning both the orthogonal flow axes. A 2D shape was optimized over a length of L., = 15w
and was predicted to provide a quasi-uniform strain rate ¢ = 0.2U/w (here, w is the channel
width up- and downstream of the optimized region, as shown in Fig. 9(a)). A device was fabri-
cated with a high aspect ratio (d/w = 10) in order to closely approximate the 2D configuration
used for the optimization.”* Characterization tests with Newtonian fluids for Re<3 in the opti-
mized device provided excellent agreement with the numerical predictions, as shown in Fig.
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FIG. 9. The optimized cross-slots: (a) Light micrograph of an OSCER geometry with characteristic channel width
w = 200 um and depth d =2 mm (o = 10). The numerically determined shape is superimposed in green. (b) Flow character-
ization with Newtonian fluid over a range of imposed flow rates shows a constant velocity gradient over the optimized
region in good agreement with the numerical prediction. Inset shows streak imaging of fluorescent seed particles in a
Newtonian fluid at low Re, providing a qualitative impression of the flow field. (c) Streamlines in one quadrant of the
OSCER device superimposed on velocity vectors determined using u-PIV. The Newtonian fluid consists of 66 wt. % glyc-
erol in water; the colors of the velocity vectors indicate the velocity magnitude according to the scale bar. The inset shows
the streamlines plotted on a log-log scale and indicates that the flow is close to ideally hyperbolic (slope —1). (d) Steady-
state strain field in the OSCER device, calculated over the domain demarcated by the red dashed hyperbolae, and assuming
the flow field is described by ideal planar elongation.
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9(b). In addition, streamlines determined from flow velocimetry experiments have been shown
to have close to the ideal hyperbolic form through a large portion of the device, i.e., away from
the salient corners (which serve to self-lubricate the central flow), see Fig. 9(c). A calculation
of the fluid strain, ¢, based on the assumption of hyperbolicity gives the result shown in Fig.
9(d). Strain is constant along x and varies hyperbolically along y, diverging for y =0. The strain
exceeds ¢ > 100 within a 30 um wide band (|y| < 15 um, or |y| < w/13.3) and exceeds ¢ > 500
within a 6 um wide band (|y| < 3 um, or |y| < w/66.7).

The so-called OSCER has been tested using model non-shear thinning polymer solutions
consisting of dilute, high molecular weight poly(ethylene oxide) (PEO) dissolved in an aqueous
solvent.?* Over a range of strain rates, highly localized and uniform birefringent strands have
been observed to develop along the outflow axis, providing a clear visual demonstration of both
the homogeneity of the flow field and the high strains available along the flow axis, see Fig.
10(a). Bulk pressure drop and local flow-induced birefringence measurements were used to
assess the extensional viscosity, resulting in good agreement with each other, see Fig. 10(b).
The experimental measurements also agreed well with model predictions using a finitely exten-
sible non-linear elastic dumbbell (FENE) model, with parameters determined from the fluid rhe-
ology and the known characteristics of the polymer-solvent system.

The OSCER has also been used for the study of HA solutions.'® It has been suggested
that strain hardening of the synovial fluid may play a role in protecting joints such as the knee
from high-load compressional impacts (such as running and jumping motions).'* The compres-
sional flow along the inlets of the OSCER device can be considered as a model of the squeeze
flow between the joint surfaces of the knee during compressive motions and the experiments
clearly show that HA solutions can undergo significant extension thickening under such condi-
tions at physiologically relevant strain rates.'®’

Despite its advantages, the fabrication of the OSCER device with a quasi-2D aspect ratio
required a rather specialized fabrication method (wire electrical discharge machining, wire-
EDM).?* Using this method, the smallest characteristic channel dimension was limited by the
radius of the machining wire to w = 200 um. In the final geometry with the long optimized
region (15w) shown in Fig. 9(a), it was difficult to achieve very high extensional rates with
aqueous fluids in inertialess conditions. In fact, the experiments of Haward et al. were arrested
for & < 500 s~ " due to the onset of flow instabilities.**'*’

With the motivation of achieving higher extensional rates while minimizing inertia, and
also of making the optimized cross-slot geometry accessible to the wider microfluidics commu-
nity, Galindo-Rosales er al.'”® have recently investigated the fabrication of moderate aspect
ratio (0.5 < o < 2) devices in poly(dimethyl siloxane) (PDMS) using standard soft-lithography
methods. Some examples of these 3D OSCER devices, with various aspect ratios and optimization
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FIG. 10. (a) Birefringence observed with a dilute PEO solution in the OSCER device at the strain rates indicated in the
images. Reprinted with permission from Haward et al., Phys. Rev. Lett. 109, 128301 (2012). Copyright 2012 The
American Physical Society. (b) Extensional viscosity and Trouton ratio of the dilute PEO solution assessed using birefrin-
gence and pressure drop measurements and compared with the prediction of the FENE model. Inset shows a linear relation-
ship between the birefringence and the excess pressure drop. Reprinted with permission from Haward et al., Phys. Rev.
Lett. 109, 128301 (2012). Copyright 2012 The American Physical Society.
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lengths, L., are shown in Fig. 11. In general, the devices performed as expected with a quasi-
homogeneous extension rate measured over L,,,. However, due to the low aspect ratios, the flow is
rather inhomogeneous through the depth.'” Devices fabricated in this way may have useful appli-
cations in microfluidic hydrodynamic trapping and stretching experiments'®® but are perhaps not
ideal for the purposes of extensional rheometry.

C. Flow instabilities in stagnation point micro-devices

As previously mentioned, extensional rheometry experiments using the OSCER device
were limited by the onset of flow instabilities encountered as the flow rate was increased.”*'’
Flow instabilities are a limiting factor in all kinds of rheometry, and it is important to charac-
terize them in order to evaluate the operating space of a particular rheometer. The planar flow
in the cross-slot device allows relatively straightforward flow visualization and therefore offers
the opportunity to examine flow instabilities of viscoelastic fluids near a stagnation point.

Arratia et al.'®" originally reported a purely elastic flow instability in a microfluidic cross-
slot with a dilute polymer solution consisting of high molecular weight poly(acrylamide) in an
aqueous solvent. At low Wi and Re, the flow was steady and symmetric, but for flow at high
Wi=4.5 (though still low Re <1072) a flow asymmetry developed in which the flow through
each inlet divided unequally between the two outlets, see Fig. 12(a). At higher Wi = 12.5, the
instability became time-dependent with broadband temporal fluctuations. The initial instability
was characterized as a forward bifurcation, and this was confirmed by subsequent numerical
simulations using the upper-convected Maxwell model performed at Re =0, see Fig. 12(b).'"*
Using a FENE model, Rocha er al.'®? investigated the effects of the polymer concentration (as
reflected by the ratio of polymer to solvent viscosity) and polymer chain extensibility on the
onset of the bifurcation and found that the critical Weissenberg number was reduced as either
the concentration or extensibility was increased. Recent experimental studies of these phenom-
ena suggest that the onset conditions for steady asymmetric flows and time-dependent flows
may strongly depend on the cross-slot aspect ratio; at low aspect ratios, the bounding walls
have a stabilizing effect, preventing the transition to steady asymmetric flow and delaying the
transition to time-dependence to higher Wi.'* Similar instabilities have also been reported in
shear thinning and shear banding wormlike micellar solutions, see Fig. 12(c), although different
as yet unexplained scalings for the instability growth with Wi have been reported depending on
the fluid formulation.'*®'3>187:195 Recently, it has been suggested that this bifurcation phenom-
enon could serve as a numerical benchmark flow problem for viscoelastic fluids.'”® There is
current debate over whether or not these purely elastic instabilities in extension-dominated
flows are driven by the same mechanism of tension along curved streamlines that governs insta-
bilities observed in viscometric rotational flows such as the Taylor-Couette geometry.'*’>"!

Flow instabilities have also been investigated in the 2D OSCER device using a wide range
of viscoelastic fluids composed of PEO and HA solutions of various molecular weight, concentra-
tion, and solvent viscosity in order to generate a range of several elasticity numbers El = Wi/Re,
see Fig. 13.2%% Fluids of high El > 1 displayed purely elastic flow asymmetries for Wi =3 simi-
lar to those reported previously by Arratia e al.'”' and Poole er al.,'”* see Fig. 13(a). However,
as the elasticity number was reduced to El < 1, instability occurred beyond a critical Re and was

FIG. 11. Scanning electron micrographs of 3D OSCER geometries fabricated by soft lithography in PDMS with various as-
pect ratios and optimized over various length scales, L,,,: (a) w = d = 100 um, L., = 2w, (b) w = d = 100 um, L.,y = 3w,
(©) w=d=100um, Loy = 5w, (d) w =2d = 100 um, L.z = 5w, and (¢) w = 0.5d = 100 um, L., = 5Sw. Adapted with
permission from Galindo-Rosales et al., RSC Adv. 4, 7799 (2014). Copyright 2014 The Royal Society of Chemistry.
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FIG. 12. Purely elastic flow instabilities in microfluidic cross-slot devices: (a) Fluorescence imaging of fluid flow in a
cross-slot at Re < 1072 performed with a Newtonian fluid (left) and a dilute poly(acrylamide) solution at Wi=4.5 (right).
Reprinted with permission from Arratia et al., Phys. Rev. Lett. 96, 144502 (2006). Copyright 2006 The American Physical
Society. (b) Numerical simulations of cross-slot flow at Re =0 of a Newtonian fluid and an upper-convected Maxwell fluid
at Wi=0.3, 0.32, and 0.4 ((a)—(d), respectively). Outflow is along the vertical direction. Reprinted with permission from
Poole et al., Phys. Rev. Lett. 99, 164503 (2007). Copyright 2007 The American Physical Society. (c) Flow streamlines
(left) and corresponding flow birefringence images (right) for a wormlike micellar solution consisting of cetylpyridinium
chloride and sodium salicylate (CPyCl-NaSal) at the Reynolds and Weissenberg numbers indicated. Outflow is along the
horizontal direction. Reprinted with permission from S. J. Haward and G. H. McKinley, Phys. Rev. E 85, 031502 (2012).
Copyright 2012 The American Physical Society.

manifested as an oscillatory motion of the birefringent strand resulting in a varicose or sinuous
appearing structure, see Fig. 13(b). Due to the clear importance of both inertia (Re > 10) and
elasticity (El > 1), for the onset of this second class of instabilities, they were termed “inertio-
elastic.” A stability diagram for purely elastic and inertio-elastic instabilities in Wi-Re space was
constructed (see Fig. 13(c)) where the region labelled “stable symmetric flow” indicates the oper-
ating space of the OSCER device for performing rheometric measurements.?’>

It is worthwhile to mention that purely inertial flow instabilities in cross-slot devices have
also been investigated, chiefly in the context of microfluidic mixing of Newtonian fluids at low
to moderate Re.'**'*! In this case, a steady symmetry breaking bifurcation has been observed
for flow above a critical Reynolds number (20 < Re, =< 100), resulting in the formation of a 3D
spiral vortex structure aligned along the outlet channel. Within the spiral, the mixing between
the two incoming fluid streams is significantly enhanced.'*>"'*! Recently, experiments and nu-
merical simulations have shown that value of Re, for the transition depends strongly on the as-
pect ratio of the cross-slots and occurs near a tricritical point, switching from a forward (super-
critical) to a backward (subcritical) bifurcation as the aspect ratio is increased above o ~ 0.5.14
Much more work is required to understand the physical mechanism underlying these transitions,
their dynamics, and also how they are affected by fluid elasticity.13 8.203.204

V. SUMMARY AND PERSPECTIVES

In this review, we have presented an overview of current methods of applying extensional
deformations to mobile fluids, focussing on the use of stagnation point flows in microfluidic
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FIG. 13. Purely elastic and inertio-elastic flow instabilities in the OSCER device. (a) A steady purely elastic flow instability
in 0.3 wt. % solution of a 2.6 MDa hyaluronic acid flowing at Re =0.3, Wi=35, and El = 16.7. Reprinted with permission
from Phys. Fluids 25, 083104 (2013). Copyright 2013 AIP Publishing LLC. (b) A sinuous inertio-elastic instability in a 0.3
wt. % solution of a 1.6 MDa hyaluronic acid flowing at Re =30.6, Wi= 18, and El = 0.6. Reprinted with permission from
Phys. Fluids 25, 083104 (2013). Copyright 2013 AIP Publishing LLC. (c) Stability map for viscoelastic fluids in Wi-Re
space in the OSCER device. The colored lines indicate the trajectories of different test fluids through the dimensionless pa-
rameter space as the flow rate is varied. Reprinted with permission from Phys. Fluids 25, 083104 (2013). Copyright 2013
AIP Publishing LLC.

devices (i.e., the cross-slots), which can probe the extensional rheological response of particu-
larly low viscosity and low elasticity fluids using small sample volumes. Recent advances in
cross-slot extensional rtheometry such as the use of micro-oscillatory flow (EFOR) and the nu-
merical optimization of the geometric shape of the cross-slots (OSCER) have been discussed.
The combination of experiments and numerical simulations in the development of the OSCER
has resulted in a major stride towards the goal of achieving a true planar extensional rheometer.
An obvious next step in the development of microfluidic stagnation point rheometry is to com-
bine the OSCER geometry with the oscillatory micropumps of the EFOR. In principle, this is
trivial to do, but hardware modifications are required in order to permit a useful range of exten-
sion rates. This will include enhancement of the operating range of the micropumps along with
miniaturization of the OSCER geometry. From a practical perspective, miniaturization of the
OSCER device is highly desirable to further reduce required sample volumes and minimize
inertia. Recent advances in 3D printing are envisioned as a promising solution for achieving the
fabrication of devices with microfluidic lengthscales and the high aspect ratios required of rheo-
metric fluidic devices. As with any rheometric technique, the operating range of the cross-slot
type extensional rheometer is limited by flow instabilities. These turn out to be interesting dy-
namical phenomena in their own right, which are affected by a wide range of fluid parameters
(e.g., viscosity, elasticity, and degree of shear-thinning) and are only just being characterized in
any detail. A combination of experiments, numerical simulations, and theory will be required to
achieve a thorough understanding of the physical mechanisms at play.
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