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Abstract. Forming capillary bridges of low-viscosity (S10mPas) fluids
is difficult, making the study of their capillary-thinning behavior and the
measurement of the fluid’s extensional viscosity difficult as well. Current
techniques require some time to form a liquid bridge from the stretching of a
droplet. Rapidly stretching a liquid bridge using these methods can cause its
breakup if the viscosity is too low. Stretching more slowly allows the bridge
to thin and break up before a suitable bridge geometry can be established to
provide reliable and accurate rheological data. Using a pulsed surface acoustic
wave to eject a jet from a sessile droplet, a capillary bridge may be formed
in about 7.5ms, about seven times quicker than current methods. With this
approach, capillary bridges may be formed from Newtonian and non-Newtonian
fluids having much lower viscosities—water, 0.04% by weight solution of
high-molecular-weight (7 MDa) polystyrene in dioctyl phthalate and 0.25%
fibrinogen solution in demineralized water, for example. Details of the relatively
simple system used to achieve these results are provided, as are experimental
results indicating deviations from a Newtonian response by the low-viscosity
non-Newtonian fluids used in our study.
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1. Introduction

Many branches of science and engineering rely upon accurate and complete knowledge of the
behavior of fluids. For hydrodynamically simple—Newtonian—{fluids, this knowledge is usually
obtained without much difficulty: a constant viscosity to go with a density and surface tension.
But for arguably a majority of fluids, neither the behavior nor the measurement is so simple.
Complex fluids, common in biology and engineering and as diverse as blood to adhesives,
possess deformable microstructure that gives rise to at least one non-constant and perhaps time-
dependent viscosity. Fortunately, elongational flows offer a strong irrotational deformation;
within such fluids these flows are capable of aligning such microstructure, whether flexible
polymer molecules, red blood cells or asymmetric rigid bodies, along the direction of the flow.
The flow-induced alignment of flexible polymer molecules enables the study of properties that
arise from the intrinsic connectivity of the molecular backbone and from peculiarities in the
architecture of the molecule [1]. One can employ elongational flows to determine the properties
of fluids from simple to complex, and in recent times the application of elongational flows
to the study of the dynamics of complex fluids has become an area of significant research
activity.

Creating and sustaining uniaxial elongational flows in the laboratory, however, has been
challenging, and reliable rheometric techniques using elongational flows have only been
developed in the past two decades. One such technique that is particularly relevant to this study
is capillary breakup elongational rheometry (CaBER), using surface tension-driven necking of a
liquid bridge to study the evolution of fluid microstructure under elongational deformation [2].
However, the technique is currently limited to fluids possessing modest to extremely large
viscosities. A remarkable variety of low-viscosity fluids, including biological fluids and
nano-particle suspensions, cannot be currently studied using CaBER. In the following, we
demonstrate that microjets generated using surface acoustic waves (SAWs) [3] can be used
to replicate the CaBER technique at much smaller length scales using fluids of lower viscosities
outside the range of CaBER. Because the new approach works at a physical scale much smaller
than is typical with CaBER, quantitative measurements of non-Newtonian behavior of low-
viscosity fluids undergoing extensional flow can be made using much less fluid, only a few
microliters. This new technique permits an improved characterization of low-viscosity fluids
having a small but finite elastic component, and may provide insight into the mechanisms that
lead to the finite time singularity that occurs when a liquid column necks down and breaks under
the influence of surface tension [4]—[7] in the limit of low fluid viscosity. As we aim to focus
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upon the concept and system rather than an in-depth study of non-Newtonian fluids whatever
the viscosity, we will show the behavior of the system with Newtonian and non-Newtonian
fluids, while only noting the deviation from typical Newtonian behavior in the latter case. Such
deviations for very low-viscosity polymer solutions are reported here for the first time.

The CaBER technique allows the study of the dynamics of a fluid over a broad range
of length scales, limited at the smaller end by the spatial resolution of the measurement
instruments. With CaBER, a small volume of a fluid to be tested is placed in the gap formed
between two parallel end-plates. By rapidly separating one of the two plates along a direction
perpendicular to their faces, a liquid bridge is first formed. The motion of the end-plate is
stopped when a predetermined separation between the plates is reached. The bridge then
subsequently necks down and breaks under the influence of surface tension forces. The flow
at the plane of the minimum neck radius is well approximated as a uniaxial extensional or
stretching flow. Further, the time dependence of the approach to breakup of the minimum neck
radius Ry of the fluid strand under these conditions depends on the stress response of the
fluid to an imposed extensional flow, and is well understood for Newtonian fluids, whereas in
more complex non-Newtonian fluids, it is governed by the dynamics of the fluid microstructure.
The central idea of the CaBER device is that the observed R,..(#) can be used to understand
the behavior of complex fluids in extensional flows. An additional advantage of CaBER is
the reliable location of the minimum (instantaneous) neck radius, R,..(?), at the mid-plane
of the fluid column due to the confined geometry of the liquid bridge. This makes following the
necking processes easier than other techniques like jet breakup [8] and drop pinchoff [9, 10]
where the position of the neck varies in both time and space from one test to another.

For complex fluids, as the liquid bridge narrows and the length scale of the flow (¢) near
the narrow neck region of the bridge decreases, non-Newtonian effects can be dramatically
amplified as the Deborah number De = AV /¢ and the elasticity number EI = nyA/p£? both
increase to values greater than unity. Here 7, is the zero-shear-rate viscosity of the fluid, A is the
characteristic relaxation time of the viscoelastic fluid, V is the characteristic velocity of flow
and p is the density of the fluid. At small length scales, the influence of inertia decreases with
the Reynolds number Re = pV{/n, and the non-Newtonian effects become more conspicuous
even for small values of ny and V.

Extending the CaBER technique with current technology to low-viscosity non-Newtonian
fluids is prevented by the difficulty in forming liquid bridges of these fluids. A bridge is created
in a CaBER system from a fluid drop by separating the two end-plates holding the drop. If
the duration of this ‘opening time’ 8¢, exceeds the viscous time, t, = 14.199R/y, where R is
the radius of the droplet and y is the surface tension coefficient of the fluid, the liquid thread
can disintegrate even before the separation of the plates is completed. Additionally, inertio-
capillary oscillations of the bridge that result from the abrupt halting of the end-plates in CaBER
can disrupt the liquid bridge immediately after its formation if the viscosity is too low. The
other problems associated with the use of the CaBER technique for extensional rheometric
characterization of low-viscosity fluids are discussed in detail elsewhere [11].

Returning to the problem of bridge formation, we can estimate 7y i, the minimum
viscosity necessary for bridge formation, by equating plate separation and viscous times,
i.e. 8ty = 1,. Hence, 1o min ~ 19y /(14.1R), and for a typical Newtonian fluid with y =60 x
103 Nm~!, and for values of R = 3 mm and 8, = 50 ms typical of current CaBER designs, we
find that 1y i, ~ 50 mPas. In fact, CaBER has been used to create observable bridges for fluids
with g ~ 11 mPas [12], but aqueous solutions of lower viscosities have not been studied. Thus,
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No.min = 10 mPa s represents a conservative estimate for the lower limit of operability of current
designs of CaBER.

The use of SAW-induced microjets circumvents this problem by allowing the creation of
liquid bridges within much smaller intervals 8¢y, while avoiding the problems induced by the
mechanical separation of end-plates in conventional CaBER designs. A SAW is an electroa-
coustic wave that travels along the surface of a material, possessing an amplitude that decreases
exponentially with depth in the medium. The use of SAWs to generate liquid jets from sessile
droplets has been recently demonstrated [3] using a simple yet specific electrode configuration
that acts to focus the energy of the electroelastic SAW (typically of 1-10 nm in amplitude). The
SAW propagates along the substrate surface to a spot with a size equivalent to the wavelength
of the acoustic radiation such that a part (determined by the relative acoustic impedance) of
the concentrated energy ‘leaks’ into a droplet placed at the acoustic focal point. With sufficient
acoustic wave intensity, acoustic streaming [13] results in the fluid, elongating the droplet
perpendicular to the substrate and into a column of fluid—a jet—a few centimeters in length.

Over the following pages, the technique used to generate fluid bridges suitable for
rheometry from Newtonian and non-Newtonian fluids possessing low viscosities is introduced.
Results on the rheometry of water, polystyrene solutions and solvents follow, and are concluded
by measurements of the rheology of dilute solutions of fibrinogen (FN) in water. We aim to show
with these results that our system, described here for the first time, is capable of measuring the
extensional rheology of low-viscosity fluids that are otherwise impossible to test using current
technology.

2. Experiment

The SAW device used in these experiments is a variant of the device reported in [3] with
a resonance frequency of 30 MHz. Details of the fabrication of the device are documented
elsewhere [14, 15]. Briefly, the SAW was generated by supplying a sinusoidal voltage to an
interdigital transducer (IDT) fabricated on a 0.5-mm-thick lithium niobate (LN) piezoelectric
crystal. The section between the IDTs was coated with a thin layer of Teflon (Teflon AF, DuPont,
Wilmington, Delaware, USA) in order to provide a hydrophobic surface. Single drops were
placed with a pipette (Eppendorf PhysioCare Concept 0.1-2.5 €, Hamburg, Germany) at the
focal point of the IDTs before subjecting the fluid to a SAW burst, a controlled, intense exposure
of the droplet to SAWs driven by a signal generator—amplifier combination. A photograph of
the configuration with the quiescent droplet is shown in the left panel of figure 1(a). A 20 MHz
waveform generator (33220A, Agilent, Santa Clara, CA, USA) was used to determine the burst
time by triggering a second signal generator (WF1966, NF Corporation, Yokohama, Japan)
over a fixed, predefined amount of time. The latter delivered a sinusoidal signal to an RF power
amplifier (411LA, ENI, West Henrietta, NY, USA), providing a fixed frequency and amplitude
signal near the resonance frequency of the SAW device. In order to obtain a liquid bridge, a
glass plate was placed directly opposing the plate containing the SAW device as shown in the
right panel of figure 1(a). Using this technique we have been able to create liquid bridges in
7.5 ms, about seven times quicker than existing technology, presenting us with the ability to
observe the capillary-thinning behavior of fluids with viscosity of the order of 1 mPas, much
lower than 7¢ min-

An advantage of using SAWs for creating liquid bridges is that §¢,, the time taken to
create a bridge using a given fluid, can be reduced by increasing the voltage driving the IDTs.
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Figure 1. (a) Left panel: two focusing electrodes at the ends of an LN substrate
are shown. The electrodes provide a focused SAW that progresses beneath and
into the drop placed on the substrate at the focal point, causing it to deform into
a coherent elongated jet. Right panel: schematic of the experimental setup for
creating the liquid bridge. During experiments the setup is inverted so that the
droplet jets downward and along the direction of gravity. (b) Solutions used in
the study are indicated with respect to their viscosity and relaxation time in a
manner similar to previous work [11]. The shaded region is difficult to access
in conventional CaBER experiments due to limitations of current technology.
(c) Using this system, a coherent jet forms from the droplet and subsequently
becomes a liquid bridge as it reaches the opposite surface. The bridge necks
down under the influence of capillary forces acting at the interface. The numbers
correspond to the time in milliseconds. The gray line on the top refers to the
surface of the plate containing the SAW actuator. For rheometric measurements
the start time is fy = 7.5 ms, the time at which the SAW actuation is terminated
for the shown experiment.

In figure 2, the decrease in time required to make a liquid bridge of DOP across two glass plates
separated by 10 mm with increasing voltage is shown. The volume of test fluid required for use
in the system is only about 1-5 ul, three orders of magnitude smaller than the volume required
in current techniques.

The energy that leaks into the droplet is dependent on the size of the droplet relative to
the aperture of the SAW IDT, the contact angle of the fluid, and the amplitude of the induced
SAW in a complex, most nonlinear manner [16]. Further, as the viscosity is reduced, more
accurate control of the separation distance and the alignment of the end-plates were found to be
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Figure 2. Voltage against time taken to create a liquid bridge of DOP from a
1 1 droplet. Plate separation is held constant at 10 mm. Note how the time taken
to form a fluid bridge dramatically increases once the voltage falls below about
0.7 V.

necessary. The design described here allows only limited control of these variables. However, it
was observed that careful control of the excitation voltage was sufficient to significantly enhance
the reproducibility of the breakup time of liquid bridges (especially for water). Without due care
in ejecting the droplet, the droplet either failed to jet or atomized—simply burst into droplets,
which is indeed useful for other applications [14], [17]-[19]—in a complex manner illustrated
by the non-dimensional relationship plotted as a map in figure 3.

The map was generated using several glycerol-water solutions of different viscosities. The
basis for constructing the phase map is the idea that jetting occurs in sessile drops when they
acquire sufficient momentum due to acoustic streaming driven by SAW irradiation. We define
here a non-dimensional number that represents the ratio of SAW forcing imposed on the droplet
to the resistance offered by surface tension to change in surface area,

P/cg

YRy’
where P is the power of SAW forcing, c; is the speed of sound in the fluid and Ry is the original
droplet radius. Lighthill’s [20] analysis suggests that acoustic streaming can be expected when
the ratio p P/(csng) = I1/ Oh* exceeds a value of around 10, where

oh=2 =141 1

R N PYR4

measures the relative importance of viscous over inertial effects, the time-scale of the latter
being quantified by the Rayleigh time, 7 = /pR3/y. Thus, on a plot of I against Oh, we

expect jetting in the region above the line IT ~ 10 Oh?.

For any given Oh, we find that at relatively low non-dimensional values of the power, the
droplet only slightly deforms from the surface as a ‘stub’. As power input is increased, however,
there is a transition to jetting (demarcated by + symbols). Although the expectation is that the
transition from stubs to jetting should occur across a straight line of slope 2 on a log—log plot, the

M= (1)

2)
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Figure 3. A map of the phenomena that can be generated by passing a SAW
into a droplet sitting at the focal point atop the device shown in figure 1.
Equations (1) and (2) in the text define the dimensionless numbers IT and the
Ohnesorge number Oh. The photograph on the right shows typical behavior in
the atomization regime at large values of IT.

transition line is actually slightly curved upwards in figure 3. We believe this is due to the effects
of compressibility. Under most conditions in microfluidics, compressibility is negligible, but
high-frequency acoustic waves induce significant density gradients, an important mechanism
for acoustic streaming. The Ohnesorge number contains the density p in the denominator, and
as the power is increased, the value of this density is left constant for the purposes of the plot,
whereas in reality the actual density becomes larger as a consequence of the compression during
exposure to the SAW [21]. The plotted Ohnesorge number is thus actually lower than it actually
is in the experiment if we were to use the true value for the density. The problem is that the
determination of the correct density value is very difficult.

At very high powers, we observe that jets atomize (demarcated by @ symbols and
illustrated with the image to the right of the graph). Further, at large values of Oh we find
that drops tend to atomize directly as power is increased without first forming jets. The
phenomena that lead to atomization are currently not well understood. Nonetheless, the gray
region represents the parameter space where SAWs can be used to create liquid bridges, and is
thus useful for rheometry and rheology.

Following excitation of the droplet by SAWs and formation of the liquid bridge between
the two plates, SAW excitation was turned off when a near-equal distribution of the material
between the plates was obtained. As discussed above, SAW-induced jetting is the result of
acoustic streaming. Therefore, once the liquid bridge is formed, we shut off SAW forcing to
avoid any complications that may arise from a coupling between acoustic streaming and fluid
rheology. The bridge then thins solely under the influence of surface tension, and we analyze
the subsequent time evolution of R, as in the conventional CaBER device.

Images of the necking process were captured using a high-speed camera (Mikrotron
MC1310, Germany) with a lens (InfiniVar CFM-2/S, Infinity Photo-Optical Company, Boulder,
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Table 1. Physical properties of the fluids used in this study, organized by
decreasing viscosity 7. PS1 is a 0.04% by weight solution of high-molecular-
weight polystyrene (M, = 7.0 MDa) in dioctyl phthalate (DOP) (Hopkin and
Williams Ltd). MX1 is a 1 : 3 solution of DOP (Hopkin and Williams Ltd) and
diethyl phthalate (DEP) (Aldrich Chemical Company, Inc.). The c¢/c* ratio for
the polystyrene solution is 0.887 and its Deborah number De = A /7, is 0.198°.

Fluid y (Nm™') 15y (Pas) 7, (8) R (8) Oh
PS1 30x1072 7.1x1072 1.0x107' 29x10? 3.4
DOP 30x1072 63x1072 89x1072 29x 102 3.0

MX1 32x1072 21x10%2 28x1072 29x102 0.92
Water 7.2x1072 1.0x1073 59x10™* 19x1072 3.6x 102

>The diluteness of a polymer solution is characterized in terms of the ratio of the polymer
concentration ¢ over its critical value ¢* at which polymeric coils begin to interpenetrate in
solution. Both ¢* and the time constant A for the polymer solution, have been calculated using
standard methods [38].

CO, USA) attachment. A single LED lamp was used to illuminate the liquid bridge in bright-
field view (the bridge was placed between the lamp and the camera) and a 1.25 mm diameter
wire was used as a visual reference during recording. Images were collected at 5000 frames per
second and were analyzed using ImageJ (National Institutes of Health, Bethesda, MD, USA).
The breakup event could be ascertained within £0.5 ms using this approach. An example of
bridge formation and necking behavior is demonstrated in figure 1(c). It can be observed from
figure 1(c) that the liquid bridge is formed at around 7.5 ms and breaks up at around 12 ms.

3. Results

3.1. Benchmark solutions

Details of the fluids studied with the technique discussed above are provided in table 1, where
the viscous time, t, = 14.1n9R/y, and the Rayleigh time, tr = /pR3/y, presume a length
scale of R =3 mm, a typical radius used in a CaBER experiment, and is used to facilitate
comparison. Also listed in the table are the values of Oh = 7,/tx. Strictly speaking, only
fluids having t, < tr can be considered to be low-viscosity fluids [11]. However, due to
the restrictions imposed by the opening time (§7y) this limit is seldom accessible in CaBER
experiments. The present experiments are, thus, significant in this context. The range of CaBER
is shown in figure 1(b), where the shaded region denotes the area where CaBER experiments
are impractical due to the limitations of current technology. The diagram follows the one shown
by Rodd et al [11], although in the present case the boundaries are marked by straight lines,
instead of a curve, for simplicity. These limits can be marginally altered by a judicious choice
of the geometry and operating conditions, but the differences are not remarkable. The points on
the diagram in figure 1(b) identify the fluids used in this work.

In figure 4 the capillary-thinning behavior of Newtonian liquids used in this work is shown.
The ratio of the minimum (instantaneous) radius (R (?)) normalized by the initial radius of
the liquid bridge (R)) is plotted against time (7). On all occasions the minimum in the radius was
observed to occur near the mid-point of the liquid bridge. Figure 4(a) presents our measurements
for viscous samples for which Oh = 1. We have also included data on glycerol from McKinley
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Figure 4. (a) Normalized minimum filament radii of bridges of viscous (Oh 2 1)
fluid samples, namely, DOP (Hl) and MX1 (A), plotted against time ¢ expressed
in terms of the normalized time to breakup, (t; — t)/t;, t; being the breakup time
observed in the experiments. Previous data using glycerol (LJ) by McKinley and
Tripathi [22] are also included for comparison. Viscous Newtonian liquid bridges
are expected to thin linearly with time close to breakup. (b) Data for inertia-
dominated (Oh < 1) water liquid bridges using falling-drop (<) and SAW (@)
experiments, which are expected to thin such that R(#; — #)*/3 near breakup.

and Tripathi’s work [22] for comparison. For viscous fluid threads undergoing surface tension-
driven necking, it is expected that Rk () ~ (tr —t)(y/no), where t; is the time at which the
breakup event occurs, y is the surface tension coefficient and 7, is the zero-shear rate viscosity
of the fluid [23]. The predicted linear trend is observed in the data in figure 4(a). It can also
be seen that as the viscosity of a fluid decreases, breakup occurs earlier. For water, however,
Oh < 1, and inertial effects become significant. In figure 4(b), we compare the data obtained
on liquid bridges with the data obtained in falling-drop experiments by Amarouchene et al [9].
In this case, the observed decay approaches the asymptotic behavior Ry.q ~ (f; — t)*/* expected
for thin filaments in the limit of vanishing viscosity [24].

The change in the capillary-thinning behavior due to the addition of a small quantity of
long-chain polymer molecules is shown in figure 5(a). Here the response of the polystyrene
solution PS1 is compared with that of the solvent, DOP. The neck radius for both viscous
solutions initially decreases in a linear fashion with respect to time, although the rate of decrease
for PS1 is slower due to its slightly higher viscosity from the dissolution of the polymer.
Unlike DOP, which quickly undergoes breakup, PS1 abruptly transitions to a regime where
Rk (1) decreases exponentially with time; the bridge narrows to a slightly smaller diameter
but survives for approximately six times as long. In a capillary-thinning experiment involving a
polymer solution, the elastic stresses can grow large enough to overwhelm the viscous stresses
in the neck [2, 25, 26]. In fact, when the elasto-capillary stress balance dominates, the filament
radius decays as Ry (f) ~ e~/ where A is a characteristic relaxation time of the viscoelastic
fluid [2, 11]. For polymer solutions, there is currently some debate concerning the interpretation
of this relaxation time extracted from CaBER experiments and its relationship to the intrinsic
relaxation time of polymer molecules [12, 27]. Nevertheless, this measured A is a clear signature
of polymer-induced elasticity.
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Figure 5. (a) Capillary-thinning behavior of a polymer solution PS1 (A) shows
distinctly different behavior when compared to that of the solvent DOP (H).
While the radius of the DOP filament decreases linearly with time, the breakup
process in PS1 is arrested, and a pronounced exponential-decay regime is
observed, as indicated by the solid line corresponding to an exponential fit, pro-
ducing a slope of 1/(3A). Data corresponding to the first 5 ms are shown in the
inset. It can be observed that the initial necking process progresses linearly with
respect to time in both cases. (b) Transient Trouton ratio evaluated using equa-
tion (3) for the solutions PS1 (A), DOP (@) and MX1 (L) plotted against Hencky
strain €. Note that PS1, DOP, MX1 and water are in order of decreasing viscosity.

Based on an analysis by McKinley and Tripathy [22], the following semi-empirical relation
was suggested by Tuladhar and Mackley [28] to fit filament-thinning data and extract the
transient Trouton ratio 7r, which is defined as the ratio of the transient extensional viscosity
to the zero-shear rate viscosity of the fluid:

_ ne() Y /Mo
o 2 dRyeq/dr |

For a Newtonian fluid, the extensional viscosity ng = 31, and hence Tr = 3, whereas for
viscoelastic fluids such as polymer solutions, 77 is in general time dependent. The constant
X is a lumped parameter that accounts for the combined effects of inertia, gravity and deviation
of filament shape from a perfect cylinder. Theoretical analyses have shown that X ranges from
0.53 to 0.71 for Newtonian fluids, depending on whether inertial or viscous effects dominate.
For polymer solutions, Tuladhar and Mackley used the equation to empirically fit X to ensure
that 7r = 3 in the initial stages of filament thinning, when the contribution of the polymer to
fluid stresses is negligible, and the fluid behaves as a viscous Newtonian fluid. Once the elastic
stress induced by stretching polymer molecules becomes significant, 7r begins to increase above
the initial Newtonian plateau. We use the same procedure to estimate the transient extensional
viscosity from the data in figures 4(a) and 5(a), numerically calculating d R,k /d? from the data
with a three-point central-difference formula. The values of X for PS1, MX1 and DOP are
between 0.53 and 0.71. In figure 5(b), we plot the transient Trouton ratio against the Hencky
strain at the necking plane, € = —2In(Rck/ Rp), for the fluids listed in table 1. The dotted line
in figure 5(b) corresponds to the constant value of 7r = 3 for any Newtonian fluid. It can be

Tr =2X-1) [ (3)
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observed from figure 5(b) that the Newtonian fluids DEP and MX1 show a constant value of
Tr = 3 up until the resolution limit of our optical system was reached. For the polymer solution
PS1, on the other hand, the value of 7r rapidly increases from a value of 3 to around 100
after a lag. It has been shown [29, 30] that polymer stresses in a dilute solution undergoing an
extensional flow become significant after a Hencky strain of €, = 0.51In(Nk), where Nk is the
number of Kuhn segments in the polymer. For the polymer in PS1, Nx ~ 10* and €, ~ 4.5.
The data in figure 5(b) therefore indicate that typical benchmark behavior of viscoelastic fluids
can be reproduced in these systems in a manner consistent with the literature, particularly
with dilute polymer solutions in low-viscosity solvents, which are routinely used for polymer
characterization. Although a detailed analysis is beyond the scope of this study, it is possible for
instance to use €}, as a simple relative test of molecular weight across several samples.

It must be mentioned here that in both conventional CaBER and our experiments the exact
deformation history during the creation of the liquid bridge is difficult to ascertain. The initial
flow of the fluid in this ‘pre-strain’ time interval 8¢, is quite complex: the fluid jet is formed
and then ejected to make contact with the top end-plate. In our experiments, drop volumes are
typically 5 ul, with initial diameters of 1.5-2 mm. The time interval 67, < 81, for the ejected
jet to bridge the 3 mm gap between the fixed end-plates is O (1) ms for all the fluids we have
tested. An upper bound on the extensional strain may hence be estimated by assuming ideal
extensional flow during this entire process, and a cylindrical drop shape that gives a pre-strain
€ps = In(Lpinar/Cinisia) ~ In(3/2) < 1. The strain rate €y = €p5/86,s ~ O(10%) s™!, which seems
high. However, for the polymer solution (PS1) we have studied, the measured viscoelastic
relaxation time A ~ O(1072), which gives a Weissenberg number estimate Wips = Aéps ~ O(1)
for the pre-strain phase. For these typical values of Wi, and €, we do not expect any significant
elastic stresses during bridge formation. Figure 5 further provides evidence for this: the initial
necking of the PS1 liquid bridge is quite similar to that of the solvent DOP, showing that the
initial deformation during liquid bridge formation does not cause polymers to stretch.

3.2. Fibrinogen

We now apply the SAW-induced microjets to observe the behavior of a multimeric blood
protein, FN, in elongational flow. FN is a soluble plasma glycoprotein that plays an important
role in hemostasis and cell adhesion [31]. Within the vasculature, vascular proteins such
as FN encounter hydrodynamic deformation rates that can be of the order of 1000s~! or
more [32]. These deformation rates are capable of bringing about large changes in conformation
that become important in a number of mechano-chemical responses like clotting via platelet
aggregation [33, 34].

In figure 6(a), the thinning behavior of a 0.25% solution of FN (F2629, Sigma, USA) in
demineralized water is shown. The zero-shear rate viscosity of the solution is close to that of
water and therefore extensional rheological studies of such solutions have not been possible
in the past. It can be observed from figure 6(a) that the initial profile of the thinning jet is
identical to that of water (control) and deviates from it at a later time. The surface tension
coefficient of FN solutions has been measured to lie between 0.04 and 0.05 N m~! [35, 36]. We
thus estimate Oh for these solutions to be around 5 x 1072, whereas for water Oh = 3.6 x 1072
(table 1). Therefore, despite changes in surface tension, the value of O/ for FN solutions is still
much smaller than 1, and one would expect inertia-dominated thinning as observed for water.
However, figure 6(a) shows that the thinning of the FN solution is substantially different from
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Figure 6. (a) Evolution of the normalized instantaneous diameter of 0.25% FN
solution in demineralized water (O) compared with that of demineralized water
alone (@). (b) Temporal evolution of the radius superposed on the calculated
instantaneous Trouton ratio demonstrating the correspondence with each other.
The horizontal line Tr = 3 is the value for a Newtonian fluid.

that of water. Further, the thinning rate for the FN solution substantially decreases (marked in
figure 6(a) to facilitate identification) in between regions where the diameter shrinks steadily in
time. At least two such regions can be identified in the present data.

As observed in figure 5(a) earlier, polymer-induced elastic stresses can resist the thinning
of the filament, and it is possible that the two slowdowns in events in figure 6(a) are
due to elastic stresses caused by the dissolved FN molecules. This is further highlighted
in figure 6(b), where we plot the transient Trouton ratio calculated using equation (3) and
the procedure described earlier (for the data in figure 6(b): y =0.4mNm~!, 5y = 1 mPas,
X = 0.51). Although equation (3) is only strictly valid for viscous fluids when Oh 2 1, we use
it as a qualitative tool to facilitate the discussion below. We have also retained the information
on R (¢) in figure 6(b) to emphasize that the maxima in the transient Trouton ratio correspond
to regions where the rate of capillary thinning is dramatically reduced.

The complexity in the response in the FN solution probably arises from the multimeric
structure of the molecule, in contrast to the simple backbone architecture of a homopolymer
like polystyrene. It can be observed from figure 6(b) that as time (and the strain) increases,
the transient Trouton ratio ascends above the Newtonian level of 3, and is over an order of
magnitude above this value when the maxima are reached. At intermediate values of strain,
however, the apparent Trouton ratio rapidly decreases, almost to the Newtonian level, and
suggests that the stress accrued within the filament somehow relaxes. This is particularly
interesting because the strain continues to increase during this time. With a further increase
in strain, the transient Trouton ratio rises again and reaches approximately the same maximum
level as previously corresponding to the second region of relatively slow reduction in Rpeck (7).

Single-molecule measurements using atomic-force microscopy have shown that compact
domains in the secondary structure of proteins unfold under axial tension, and the
force—displacement curves that result assume a sawtooth-like form that is characteristic of the
protein studied [37]. The unfolding of protein domains typically manifests as sudden reductions
among regular increases in the measured force with increasing elongation. It is tempting to
speculate that the peaks in 77 in figure 6(b) are due to such stretch-and-yield events caused by
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the rearrangements brought about by strong elongational flow. What is however demonstrably
clear is that the behavior of low-viscosity biological fluids in extensional flows can now be
studied using the apparatus described in this study. These types of fluids have been difficult
to characterize due to their low viscosity (which impedes filament formation) and relatively
restricted availability in large quantities (which prevents studies using large volumes of highly
concentrated fluids). Both these impediments have been overcome by the application of SAWs
in forming the fluid bridge.

4. Conclusions

In summary, we have demonstrated a method of using SAW-induced fluid jetting phenomena
for extensional rheometry of low-viscosity Newtonian and non-Newtonian fluids. The technique
thus opens up the possibility of measuring the elastic properties of low-viscosity fluids such as
biological fluids and protein solutions. Understanding their viscoelasticity could complement
other methods such as single-molecule force spectroscopy in the study of the molecular structure
of complex macromolecules such as FN. Another application could be the development of
an inexpensive portable microfluidic analytical kit to characterize viscoelastic samples, by
combining the technique presented here with electrical resistivity or capacitance measurements
to measure the neck radius.
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