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Abstract
We report a disposable microfluidic extensional viscometer based on an optimized hyperbolic contraction–expansion geometry.
This BeCapillary^ device works by measuring pressure drop as a function of flow rate while accounting for viscous contribution
to the pressure drop. The viscometer operates by applying a constant pressure and using an image-based approach to measure the
flow rate. The device is fabricated entirely out of polydimethylsiloxane with no embedded sensors, making it disposable. We
tested our approach using weakly elastic polymer solutions whose relaxation times were characterized by dripping-on-substrate
rheology. Flow visualization was used to determine the onset of inertioelastic instabilities in the eCapillary device, thereby
establishing the operating limits for extensional rheological measurements. Holography-based velocimetry analysis showed that
extensional strain rate is uniform in a narrow section of the contraction throat necessitating correction for the shear contribution to
the measured pressure drop. We observed the onset of extensional thickening to occur at Deborah number ≈ 1 and found that the
apparent extensional viscosities are 2–4 orders of magnitude higher than the shear viscosities. Finally, we compared our data with
those from other microfluidic extensional viscometers reported in the literature and found good agreement.

Keywords Semi-dilute polymer solution . Contraction flow .Microfluidic rheometry . Extensional viscosity . Flow visualization

Introduction

The resistance to extensional deformation by a viscoelastic
fluid is characterized by its extensional viscosity (ηE) which
depends on both the elongational strain rate (ε̇ ) and the
Hencky strain (ϵH). For the case of a cylindrical viscoelastic
filament subjected to uniaxial extensional flow, its extensional
viscosity is given by ηE ε̇ð Þ ¼ − τ zz−τ rrð Þ=ε̇ where τzz and τrr
are the axial and radial stresses in the fluid (Morrison 2001),
respectively. The ratio of extensional viscosity to shear viscos-
ity (η) is characterized by the Trouton ratio (Tr = ηE/η)
(Trouton 1906). For a Newtonian fluid, Tr = 3; however, fluids

with long-chain polymers (e.g., high molecular weight poly-
ethylene oxide solutions), even at nominally dilute concentra-
tions, have Tr ≈ 100–104 (Anna and McKinley 2001;
Tirtaatmadja and Sridhar 1993). This dramatic enhancement
in ηE is due to extensional flow-induced stretching of long-
chain polymers.

Characterization of the extensional viscosity of viscoelastic
fluids is important for a wide range of applications. In polymer-
melt applications such as fiber spinning, blowmolding, and film
extrusion, the extensional viscosity affects the kinematics of
extrusion (Cogswell 1972) and dictates the final product quality
(Gupta and Sridhar 1998). Likewise in printing applications, the
extensional viscosity determines the jet performance and overall
print quality (Tuladhar and Mackley 2008). In biofluids such as
saliva and blood, the extensional viscosity is also important. In
the case of saliva, the extensional rheology impacts oral health,
digestion, and taste perception (Mandel 1993; Schipper et al.
2007), while in blood, the relaxation time can be an indicator
of an individual’s hematocrit (Sousa et al. 2018) and extensional
stresses can cause hemolysis (Down et al. 2011).

A significant advancement in the measurement of the ex-
tensional rheology of viscoelastic fluids was the development
of a filament-stretching extensional rheometer (FiSER)
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(McKinley and Sridhar 2002). Its earliest version involved a
free-fall extensional viscometer, where a liquid bridge was
stretched between two plates at a constant velocity, thus
allowing for uniaxial extensional flow (Matta and Tytus
1990). Refinements have been made to this initial approach
to induce exponential separation of plates and produce a con-
stant elongational strain rate (Anna et al. 1999; McKinley et al.
2001; Tirtaatmadja and Sridhar 1993). The midplane radius of
the filament and the tensile force exerted by the fluid on the
plate are measured to determine the extensional viscosity. The
FiSER method is well suited for fluids with long relaxation
times (e.g., Boger fluids) and not for low-viscosity solutions
(μ < 1 Pa/s) with short relaxation times (<O (1 s)) whose liquid
bridge would break before a constant strain rate is achieved
(Haward 2016; McKinley and Sridhar 2002).

For low-viscosity and weakly elastic polymer solutions,
methods based on the thinning of viscoelastic filaments with
a free surface have been developed. In the capillary breakup
extensional rheometry (CaBER), the elastocapillary thinning
dynamics of a free-surface liquid neck are monitored
(Bazilevsky et al. 1990; McKinley et al. 2001) and the poly-
mer relaxation time and extensional viscosity are calculated
from a model developed by Entov and Hinch (1997). Under
its standard operating conditions, the CaBER device can mea-
sure the extensional rheology of fluids with relatively low
viscosities (μ = 2–10 mPa/s) and relaxation times of several
milliseconds (Rodd et al. 2005b). However, with modifica-
tions, the limitations imposed by gravitational and inertial ef-
fects can be removed and sub-millisecond relaxation times can
be measured (Campo-Deano and Clasen 2010).

More recently, the same principles have been used to de-
velop dripping-on-substrate (DOS) rheology (Dinic et al.
2015) where a drop of fluid is slowly dripped from a nozzle
onto a substrate and the thinning dynamics are imaged. This
configuration simplifies the setup and has been used to quan-
titate fluid relaxation times as low as milliseconds (Dinic et al.
2017a, b). Another variant of the CaBER method referred to
as Rayleigh Ohnesorge jetting extensional rheometry
(ROJER) exploits forced-convection capillary-thinning insta-
bility to measure elongational properties of low-viscosity and
weakly elastic fluids (Ardekani et al. 2010; Keshavarz and
McKinley 2016; Keshavarz et al. 2015). Additionally, pulsed
surface acoustic waves have been used to create a liquid
bridge in low-viscosity fluids, eliminating the need to stretch
the bridge between parallel plates (Bhattacharjee et al. 2011).

In contrast with macroscale extensional rheometers, where
inertial and gravitational effects can hinder accurate measure-
ments of low-viscosity polymer solutions (Pipe andMcKinley
2009), in recent years, there has been significant interest to
develop microfluidic extensional rheometers. The interest
stems from benefits of microfluidics such as access to high
extensional strain rates at low Reynolds numbers due to small
length scales, precision control over channel geometry, and

ability to visualize kinematics of the imposed flow (Galindo-
Rosales et al. 2013; Gupta et al. 2016; Haward 2016).

Current approaches to microfluidic extensional rheometry
include cross slot (CS), contraction–expansion (CE), and
filament-thinning (FT) devices (Alves 2008). Both the cross slot
(Haward et al. 2012) and contraction–expansion (Kim et al.
2018; Ober et al. 2013; Wang and James 2011) devices involve
themeasurement of the pressure drop versus flow rate relation to
quantify extensional viscosity as a function of strain rate. The
distinction is that in a CS device, homogeneous strain rate along
with large fluid strain can be achieved in the vicinity of the
stagnation point, while in the CE device, transient elongational
flow is generated and fluid strain is determined by the contrac-
tion ratio. In the FT devices, immiscible fluids are used in
microfluidic cross- or T-junction devices to create viscoelastic
filaments and droplets that self-thin similar to the CABER de-
vice (Arratia et al. 2008; Christopher andAnna 2009; Juarez and
Arratia 2011; Steinhaus et al. 2007). The FT devices are able to
achieve higher strain rates [ε̇ ~O (100 s−1)] than the filament
thinning rheometers [ε̇ ~O (10 s−1)], making them suitable for
dilute, low-viscosity fluids (Christopher and Anna 2009).

Despite significant advancements being made in develop-
ing microfluidic extensional viscometers for weakly elastic
fluids in the last decade, there are still some unmet needs.
For example, in the CS and CE devices, pressure sensors are
used to measure the additional pressure drop due to elastic
stresses and these sensing elements are in contact with the
flow. Such approaches are not ideal for handling biofluids
where use-and-throw capability is desired to avoid laborious
washing and sample cross contamination. Likewise, repeated
handling of particulate fluids in these devices may become
problematic due to adhesion of particles on channel and sensor
surfaces, unless rigorous washing protocols are implemented.
Also, the sensors are typically mounted on silicon substrates
which prevent any flow visualization unless a separate, trans-
parent device is fabricated (Ober et al. 2013). FT devices do
not require pressure sensors; however, they use high-speed
cameras to visualize the fast elastocapillary thinning process,
requiring a sophisticated setup. Therefore, there is a need for a
simple and disposable microfluidic extensional viscometer
that can facilitate point-of-care rheology.

Previously, we have developed an image-based method to
measure shear viscosity (Solomon et al. 2016). This method,
which we have coined as the BiCapillary,^ involves a thin-slit
high-resistance linear microchannel connected with a very low-
resistance glass capillary. We have shown that this approach
provides accurate measurement of shear rheology of polymeric
fluids that is in good agreement with macrorheometry. In this
study, we apply the iCapillary approach to a microfluidic hy-
perbolic CE channel design that was optimized previously
using computational modeling (Zografos et al. 2016) but was
not tested experimentally. We improved our previous approach
by replacing the external glass capillary with a molded capillary
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channel, thus making the eCapillary a monolithic device. The
technical novelty of the eCapillary method compared to
existing microfluidic extensional rheometers is in its simplicity;
no pressure sensors or other expensive specialty equipment are
required, just a commonplace smartphone camera. These fea-
tures make the eCapillary device disposable and attractive for
measuring extensional rheology of biofluids.

The key results of our study are as follows: (i) we identify
the operating thresholds for viscoelastic instabilities to occur,
thereby defining the regime for extensional viscosity measure-
ments; (ii) using holography-based velocimetry technique, we
show that a constant extensional strain rate can be achieved in
the CE channel although, in a narrow region of the throat,
necessitating a correction for shear contribution to the mea-
sured pressure drop; (iii) the onset of extensional thickening
was observed to occur at the Deborah number close to unity;
and (iv) we compare extensional viscosity data from the
eCapillary device with data from other microfluidic studies
and show that the data is in good agreement. Such a compar-
ison has not been done previously.

Results

Characterization of shear rheology and relaxation
time of polymeric fluids

In this study, we focused on measuring the extensional rheology
of polyethylene oxide (PEO) and polyacrylamide (PAM) solu-
tions (see Table 1) which have been previously shown to be low-
viscosity and weakly elastic fluids (Dinic et al. 2017b, 2015).
We used PEO with a molecular weight (MW) of 4 MDa, which
has an overlap concentration (c* ≈ 900 ppm), and varied the
concentration (c = 250–5000 ppm), to obtain dilute (c < c*) and
semi-dilute (c > c*) solutions with water as the solvent. We also
prepared PEO solutions of enhanced solvent viscosity by adding
60 wt% glycerol (μ = 10 mPa s). For PAM, we chose 5–6 MDa
(c* ≈ 670 ppm) and made dilute solutions. Prior to measuring
their extensional rheology, we characterized their shear rheology
and relaxation times since the properties of these fluids can be
sensitive to preparation protocols, shear, and age (Odell et al.
1990). In addition, as discussed further in the section
BDetermining instability thresholds using streakline imaging,^
we use the shear viscosity and the relaxation time data to com-
pute the Reynolds number (Re) and Deborah number (De), re-
spectively, to assess the onset of flow instabilities as well as the
viscous contribution to the pressure drop (ΔPV).

Shear viscosity

In Fig. 1, we show the shear rheology data for PEO/water,
PEO/glycerol, and PAM/water systems. The data lies above
the low torque limit, but below the flow instability threshold

of the double gap geometry (Rodd et al. 2005a). We observed
an increase in the shear viscosity and the shear thinning be-
havior as the PEO concentration increased from 250 to
5000 ppm (Fig. 1a). When the solvent was increased to
60 wt% glycerol (μ = 10mPa s), the shear viscosity was found
to increase by nearly 10-fold and behaved like a Boger fluid.
Both of the PAM solutions exhibited nearly identical shear
thinning behavior, where the shear viscosity was only margin-
ally increased with a concentration increase from 250 to
500 ppm (Fig. 1b). The shear thinning behavior of the PEO
and PAM fluids was fitted to a power-law model, and the fit
parameters are shown in Table 1. These power-law parameters
were used in the computational fluid dynamics (CFD) simu-
lations as discussed in the section BBasic principle and oper-
ation of the eCapillary extensional viscometer.^

Relaxation time

The extensional relaxation time of the dilute and semi-dilute
polymeric fluids was measured using dripping-on-substrate
rheology (Dinic et al. 2017a, b, 2015). For this technique, a
drop of the elastic fluid was dripped onto a glass substrate
where a thin liquid bridge was formed between the dripping
nozzle (with radius R0) and the substrate. The liquid bridge
would self-thin and inevitably break, as shown by the image
sequence in Fig. 2a. The thinning dynamics of the radius ratio
R/R0 is plotted in Fig. 2b where there is first a power-law
decay and then a slower, exponential decay, which corre-
sponds to the inertiocapillary (IC) and elastocapillary (EC)
regimes, respectively.

For our study, we focused on the EC regime where the
thinning of the liquid bridge is dominated by elastic and cap-
illary stresses. The thinning dynamics of the filament radius
(R(t)) can be modeled based on a theory for a finite-extensible
nonlinear elastic (FENE) fluid (Entov and Hinch 1997)

R tð Þ
R0

≈
GR0

2σ

� �1
3

exp
−t
3λE

� �
ð1Þ

In Eq. (1),G is the elastic modulus, σ is the surface tension,
and λE is the relaxation time. Since the radius exponentially
decays with time, the relaxation time can simply be calculated
from the exponential fit parameters.

The measured relaxation times for each of our polymer con-
centrations are shown in Fig. 2c. Here, we have three key ob-
servations: (i) For PEO, regardless of the polymer concentration
or solvent viscosity, we observe an almost linear relationship.
We note that for 1 MDa PEO, Dinic et al. (2017a) reported a
linear scaling when c/c* > 1 and a power-law scaling of 0.67
when c/c* < 1; however, they did not report a scaling for higher
molecular weight PEO and when c < c*. In our study, we used
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4MDa PEO, which has been shown to aggregate even in dilute
concentrations (Shetty and Solomon 2009); this aggregation
could increase the relaxation time of dilute solutions. (ii)
When the solvent viscosity for PEO was increased by a factor
of 10, the relaxation time for a given concentration increased by
nearly a factor of 10 as well. (iii) PAM solutions exhibited a
lower relaxation time than PEO, by approximately a factor of 3.
This decrease could be caused by the fact that PAMhas a nearly
three times longer Kuhn segment length, l (l/l0 = 2.5 and 6.5 for
PEO and PAM, respectively, where l0 is the segment length),
which causes PAM chains to be stiffer and thus exhibits less
elastic behavior (Banerjee and Tyagi 2011).

Basic principle and operation of the eCapillary
extensional viscometer

The eCapillary method is based on measuring the relation
between the pressure drop (ΔP) and flow rate (Q) of a

viscoelastic fluid though a CE microchannel where the flow
has both shear and extensional velocity gradients. The pres-
sure drop results from both viscous and elastic stresses,
ΔP =ΔPV +ΔPE, where ΔPV is the viscous contribution to
the pressure drop and ΔPE is the excess pressure drop due to
extensional viscosity. We will verify that there is no other
contribution to ΔP (i.e., from viscoelastic instabilities) using
flow visualization in the section BDetermining instability
thresholds using streakline imaging.^

It has been previously shown (Ober et al. 2013) that the
transient apparent extensional viscosity in elongational flow
produced using a CE channel can be defined as

ηþE;app ¼
1

ϵH

ΔPE

ε̇a
ð2Þ

where ϵH is the Hencky strain and ε̇a is the apparent strain rate.
Therefore, in order to calculate the extensional viscosity, we

Table 1 Measured shear and
extensional properties of polymer
solutions used in the study

Polymer c (ppm) c/c* λE (ms)* k (Pa/sn)+ n+

PEO 250 0.28 10.1 ± 0.4 0.0039 ± 0.0002 0.836 ± 0.011

500 0.56 19.4 ± 0.5 0.0033 ± 0.0002 0.883 ± 0.012

750 0.84 26.5 ± 1.8 0.005 ± 0.0004 0.851 ± 0.017

1000 1.12 33.4 ± 4.2 0.0066 ± 0.0003 0.845 ± 0.012

2500 2.8 105 ± 9 0.0182 ± 0.0005 0.817 ± 0.011

5000 5.59 182 ± 18 0.0943 ± 0.0004 0.698 ± 0.011

PEO/Gly 250 0.28 85 ± 17 0.0137 ± 0.001 0.963 ± 0.013

500 0.56 174 ± 22 0.0157 ± 0.001 0.959 ± 0.017

PAM 250 0.37 3.9 ± 0.5 0.0023 ± 0.0002 0.896 ± 0.020

500 0.75 5.6 ± 0.3 0.0025 ± 0.0002 0.901 ± 0.012

*Values represent the mean and standard deviation from at least 10 independent measurements
+Values represent the mean and standard error from the power-law fit of the shear viscosity versus shear rate data

Fig. 1 Shear viscosity of polymeric fluids. The shear viscosity curves as
measured using amacrorheometer for a PEO (circles) and PEO in 60wt%
glycerol (triangles) and b PAM solutions. The power-law fits are shown
as dotted lines. The colors red, green, blue, purple, yellow, and gray

represent concentrations of 250 ppm, 500 ppm, 750 ppm, 1000 ppm,
2500 ppm, and 5000 ppm, respectively. The blue and red dashed lines
represent the low torque and flow instability limits, respectively
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first must determine the ΔPV. There is no exact analytical
solution to determine pressure drop in the CE geometry when
it is of finite aspect ratio. Hence, three-dimensional CFD sim-
ulations were performed to determine the pressure drop
caused by a viscous, shear thinning fluid, without accounting
for elasticity.

Device geometry

Hyperbolic CE geometries are well suited for studying visco-
elastic fluids since they can, in theory, produce a constant
nominal strain rate along the centerline of the channel
(James et al. 1990). However, several design configurations
are possible based on contraction length. Studies have used
hyperbolic CE geometries with short-length contraction
which do not produce a constant centerline strain rate along
the entire contraction length (McKinley et al. 2007; Ober et al.
2013). To alleviate this issue, Zografos et al. (2016) studied
computationally several hyperbolic CE designs by varying the
channel geometry at the entrance/exit of the CE and identified
the hyperbolic CE designs with long-length contractions that
would produce a large region of constant centerline strain rate.
The optimization strategy involved adding Bhumps^ which
resulted in 75% of the contraction length, achieving a constant
centerline strain rate (Fig. 3a). However, the suitability of the
optimized hyperbolic CE designs for extensional viscosity
measurements was not assessed.

In this study, we selected one of Zografos et al.’s 2016
designs which had the best agreement between the encoded
and the numerically determined centerline strain rates, as
shown in Fig. 3a. The microfluidic CE has a main channel
width (wu) of 800 μm, a contraction width (wc) of 100 μm, a
contraction length (lc) of 1600μm, and a height (h) of 110μm.
The capillary sensor channel used to determine Q has a height
and width of hs =ws = 3.175 mm and a length of ls = 10 cm
(Fig. 3b). For our CE geometry, the apparent extensional rate
along the centerline of the channel is

ε˙ a ¼ Q
lch

1

wc
−

1

wu

� �
ð3Þ

The Hencky strain is maximum at the throat of the channel
where ϵH = ln(wu/wc).

Operation of the eCapillary extensional viscometer

The basis for the eCapillary extensional viscometer is the
quantification of the ΔP–Q relation. The fluid was driven at
a constant pressure through the device, and the flow rate was
calculated by tracking the interface in the capillary channel,
which has a negligible pressure drop (< 0.01%) compared to
the microchannel. Figure 3c shows the interface position as a
function of time, and the inset shows a time elapse image

(a)

(b) (c)

Fig. 2 Relaxation time measurement using the dripping-on-substrate rhe-
ology. a Time-lapse image sequence and radius thinning of 500 ppm PEO
liquid bridge. b Radius evolution of thinning filament for the same PEO
solution where the elastocapillary regime has been fitted to an exponential

decay (Eq. (1)) (red dashed line). c Measured relaxation times for PEO
(circles), PEO in 60 wt% glycerol (triangles), and PAM (squares). The
lines are fit to the data, showing a slope close to unity
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sequence of the fluid movement. We note that dye was added
to the polymer solutions to enhance the contrast of the moving
interface during image processing.

As previously shown (Keshavarz and McKinley 2016), at
high Reynolds number, inertial effects can be present, which
would taint extensional viscosity calculations. Therefore, we
performed experiments with Newtonian fluids (water–glycer-
ol mixtures) to assess inertial effects in the eCapillary device.
Figure 4a shows the normalized pressure drop (ΔP=με̇a ) as a
function of Re; Re here is defined as Re ¼ ρdhlcε̇a=η1, where
ρ is the fluid density, dh is the hydraulic diameter of the con-
traction [dh = 2hwc/(h + wc)], and η1 is the viscosity corre-
sponding to a shear rate of 1 s−1 for a non-Newtonian fluid

and is equal to μ for a Newtonian fluid. The consistency index
value (k) shown in Table 1 corresponds to the viscosity of a
power-law fluid at a shear rate of 1 s−1. Here, we find a nearly
constant normalized pressure drop over the entire range of
Re = 0.2–100, indicating a negligible contribution of inertial
effects to the measured pressure drop in the eCapillary device.

Determination of the viscous pressure drop (ΔPV)

There is no exact analytical solution available to determine
ΔPV in the CE channel. Previous studies using a microfluidic
CE channel for extensional viscosity measurement used a
two-dimensional (2D) approximation to determine the viscous

Fig. 3 Basic principle of the
eCapillary extensional
viscometer. a Geometry of the
hyperbolic contraction–
expansion microchannel. Also
shown are the upstream and
downstream humps. b
Measurement setup showing the
microfluidic device with a
contraction–expansion channel
(marked in red) and a capillary
sensor channel that is imagedwith
an iPod camera. c Tracking the
position of the interface in the
capillary channel as a function of
time provides the fluid velocity
and therefore the flow rate. Inset
shows an image sequence for
500 ppm PEO at 10 mbar, imaged
at 10 fps
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contribution (Ober et al. 2013). However, since our channel
has an aspect ratio (h/wc) of ≈ 1, a 2D approximation would
underestimate ΔPV by ≈ 60%. Therefore, we used 3D CFD
simulations to compute the viscous contribution to the pres-
sure drop in our CE channel.

We first performed simulations with Newtonian fluids
(glycerol mixtures of viscosities 1 mPa/s, 4 mPa/s, and
10 mPa/s) and compared the ΔPV=με̇a –Re relation with ex-
perimental data from the eCapillary (Fig. 4a). We found good
agreement (within 3%) between our simulations and experi-
ments, thus validating our simulations. For the polymeric
fluids, we implemented the non-Newtonian power-law fluid
model using the experimentally obtained power-law indices
from the shear rheology data (Table 1). TheΔPV thus obtain-
edwas subtracted from the total pressure drop to determine the
excess pressure drop due to extensional viscosity.We note that
when ΔPV≈ΔP, the subtraction procedure can result in sig-
nificant fluctuations. Therefore, in our analysis, we discounted
those values where ΔPE was less than 10% of imposed ΔP.

Determining instability thresholds using streakline
imaging

As previously stated, theΔP in the CE channel is the result of
viscous and elastic stresses, and in Fig. 4a, we have shown that
there is no appreciable contribution to the ΔP from inertial
stresses. However, the ΔP can be contaminated by viscoelas-
tic instabilities which makes the flow kinematics unsuitable
for extensional viscosity measurements. Therefore, we used
streakline imaging to visualize the flow field and determine at
which flow condition, if any, the instabilities occur. The insta-
bility onset was characterized in terms ofDe and Rewhere the
Deborah number (De) is equal to λEε̇a, as shown in Table 2.

We note that the elasticity number (El =De/Re) has been used
to describe the behavior of viscoelastic fluids (Astarita and
Marrucci 1974; Denn and Porteous 1971; McKinley 2005;
Ober et al. 2013; Rodd et al. 2007); however, since it is inde-
pendent of the strain rate, we do not use it to characterize the
onset of instability.

First, we confirmed via visualization that there are no ap-
preciable instabilities with a Newtonian fluid in the eCapillary
device as anticipated by the pressure drop data in Fig. 4a. At
low Re, we observed that the streaklines follow the contour of
the channel wall and there is no visible crossing of streaks in
the direction of flow, from left to right (Fig. 4b). As the Re is
increased, the flow becomes more focused as it exits the CE,
but there is still no observable instability.

For PEO solutions, we imaged the streaklines at the en-
trance and exit of the CE channel as a function of flow rate,
where Fig. 5a shows representative images for 500 ppm from
[De, Re] = [1.3, 3.4] to [De, Re] = [7.7, 20]. When De < 3.9
and Re < 10, we observe a stable flow field, similar to the

Fig. 4 Characterization of Newtonian flow behavior in the eCapillary
device. a Normalized ΔP as a function of Re for three Newtonian
fluids with viscosities of 1 mPa/s (triangles), 4 mPa/s (circles), and
10 mPa/s (squares). The red dotted line represents the normalized ΔP

obtained from CFD simulations. b Streakline images for water at Re = 45
(left), 90 (middle), and 134 (right) at the inlet (top) and outlet (bottom) of
the eCapillary microchannel. The scale bar represents 500 μm

Table 2 Dimensionless
numbers at the onset of
instability in the
eCapillary device

Polymer c (ppm) De* Re*

PEO 250 3.6 20.0

500 3.9 10.1

750 3.9 5.6

1000 4.7 3.8

2500 8.5 1.2

5000 8.4 0.2

PEO/Gly 250 4.6 1.1

500 5.4 0.7

PAM 250 1.0 43.6

500 1.5 35.6
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Newtonian case (Fig. 5a(i and ii)), but the flow becomes un-
stable beyond these values (Fig. 5a(iii)). The instability be-
comes even more pronounced as De and Re are increased
(Fig. 5a(iv and v)). Since the instability originates for De > 1
and Re > 1, it has an inertioelastic character to it, and we ob-
serve that it originates in the humps of the CE design, even-
tually propagating into the contraction channel.

The dimensionless parameters at the onset of instability
(Re* and De*) for the tested polymeric fluids are summarized
in Table 2. Here, we find that as the PEO concentration was
increased, the onset of instability occurred at a higher De and
lower Re, making fluids with a higher concentration of PEO

more conducive to extensional viscosity measurements. Also,
increasing the solvent viscosity by an order of magnitude de-
creases the Re* by nearly an order of magnitude, making the
PEO/Gly solutions amenable to extensional viscosity mea-
surements. Thus, the data in Table 2 informs on the operating
limits for conducting extensional rheometry with PEO solu-
tions. We note that although the eCapillary device is capable
of making pressure drop measurements for conditions beyond
Re* and De*, those data were not included in determination of
extensional viscosity of the tested fluids.

For PAM, Fig. 5b shows the streakline images for 250 ppm
from [De, Re] = [0.1, 4.8] to [De, Re] = [22, 97]. Here, there

Fig. 5 Flow behavior of polymeric fluids in the eCapillary device.
Streakline images for a 500 ppm PEO and b 250 ppm PAM in the
eCapillary microchannel, where the top and bottom rows are the inlet

and outlet of CE, respectively, and the fluid was flowing from left to
right. The De and Re are noted below each image pair, and the scale bar
represents 500 μm
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are no perceivable instabilities in the inlet of CE channel;
rather we observed an inertially dominated instability down-
stream of the CE channel (Fig. 5b(iii)), which became more
pronounced as Re was increased (Fig. 5b(v)). For the molec-
ular weights we have chosen, PAM exhibits less elastic be-
havior than PEO (evident from the relaxation times shown in
Table 1), whichmakes it less susceptible to elastic instabilities.
The instability in PAM occurs at De* ≈ 1 (Table 2), making
this molar mass sample unsuitable for extensional viscosity
measurements, since elastic stresses will only dominate when
De > 1. It is possible to obtain extensional viscosity data of
PAM solutions by choosing higher molar mass chains or in-
creasing solvent viscosity.

From our data in Table 2, we have not been able to identify
a unique criterion for the onset of instability since we observe
the onset to depend on both the Deborah and the Reynolds
number. The elasticity number also does not predict well the
onset of instability in the hyperbolic contraction–expansion
geometry. As a result, the onset of flow instability needs to
be determined for every new fluid tested.

Flow field characterization in the eCapillary device

Subsequent to identifying the thresholds for instability, we
focused on investigating the kinematics of the flow in the
eCapillary device. The hyperbolic CE geometry of the
eCapillary device contains both shear and elongational veloc-
ity gradients. We therefore mapped the flow kinematics focus-
ing on two objectives: (i) Previously, Zografos et al. 2016
computationally showed that their optimized design which
we use can produce a constant centerline strain rate up to x/
lc = 0.75, i.e., 75% of the contraction length from the center of
the throat. However, this finding has not been verified exper-
imentally. (ii) From an extensional rheometry perspective,
given the mixed character of the flow in the CE channel, it
is important to determine the region of the throat that is dom-
inated by extensional and shear velocity gradients, justifying
the need for correcting shear contribution to the measured
pressure drop in the eCapillary device. Here, we address these
two objectives using the 250 ppm PEO/water fluid because it
is more akin to a Boger fluid and has delayed onset for
inertioelastic instabilities compared to other test fluids.

To characterize the velocity field in the hyperbolic CE
channel, we used holography-based particle-tracking
velocimetry. Digital holographymicroscopy has the capability
to identify tracer particles in 3D image volumes (Salipante
et al. 2017; Sheng et al. 2006), thereby enabling determination
of 3D flow kinematics. This technique has been used to pre-
viously characterize flow fields in microfluidic devices (Choi
and Lee 2010; Ooms et al. 2009; Salipante et al. 2017; Satake
et al. 2006). Building on these prior works, we used this tech-
nique to determine the stream-wise velocity field ux(x,y,z) with
the origin being at the center of the throat (see Fig. 3a). The

measured velocity field ux(x = 0,y,z) is shown in Fig. 6a, i.e., at
the cross-sectional plane going through origin. As expected,
the velocity is maximum at the origin and decays close to the
walls. The width-wise and depth-wise velocity profiles are
also nearly the same due to the almost square cross section
at the throat.

Fig. 6 Flow field characterization in the eCapillary device. a Velocity
field at the cross section of the CE throat. b The centerline axial
velocity profile as a function of the normalized downstream distance. c
The axial velocity at different channel depths (z). The flow rate was
2.42 mL/h
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Next, we measured the centerline velocity ux(x,y = 0,z = 0)
from x/lc = 0 to 0.8. As shown in Fig. 6b, the velocity profile
decreases linearly with downstream distance, indicating that
the centerline strain rate is constant across the contraction
length as predicted by Zografos et al. (2016). We also mea-
sured the axial velocity at different depth locations and y = 0.
As shown in Fig. 6c, the velocity profiles are symmetric and
vary linearly with upstream and downstream distance. By
performing linear fits to the data, we observe that the strain
rate is nearly constant for z ≤ 30μm,with only a 10% decrease
in the strain rate from the centerline to z = 30 μm. At the
centerline (z = 0), we measured a strain rate of 54 s−1, which
was ~ 1.4 times greater than the apparent strain rate, calculated
from Eq. (3). Finally, from the velocimetry data, we computed
the magnitude of extensional strain rate (|dux/dx|) and shear
rate (|dux/dy|) at the throat. We find that about 5% of the region
in the throat has extensional strain rates greater than shear
rates, indicating that the flow is extension dominated in a very
narrow section of the throat. Thus, most of the contraction
flow is dominated by shear effects, necessitating the viscous
pressure drop correction discussed in the section BBasic prin-
ciple and operation of the eCapillary extensional viscometer.^

We note that the flow rate corresponding to the data in
Fig. 6 was 2.72 mL/h corresponding to De = 0.5; thus, the
results shown are strictly valid for this condition. From the
extensional rheometry perspective, it is important to map the
kinematics across the exploredDe range and a wider set of test
fluids, warranting additional investigations which will be re-
ported in the future.

Apparent extensional viscosity of PEO solutions

Given that we have identified the onset of instabilities and
provided insights into the flow kinematics, we obtained
ΔP–Q data for PEO solutions and determined their apparent
extensional viscosity. The normalizedΔP as a function of Re
for PEO is shown in Fig. 7, where the symbols are the exper-
imentally measured values and the solid lines are from the
CFD simulations where only viscous stresses are present.
We observe two regimes of behavior. For low pressures,
ΔP ≈ΔPV, which implies that the viscous stress is dominant.
For higher pressures,ΔP >ΔPV, and therebyΔPE > 0, imply-
ing that there are elastic stresses contributing to the pressure
drop. Both of these regimes are observed for almost all of the
polymer solutions; however, the ΔP at which the transition
between the regimes occurs varies based on the concentration
and solvent viscosity.

Using Eqs. (2) and (3), we calculated the apparent exten-
sional viscosity as a function of De, since polymer chains are
expected to undergo coil–stretch transition when De > 0.5
(Larson and Magda 1989), as shown in Fig. 8. We find that
for De < 1, ηþE;app is nearly constant and when De > 1, the

polymeric fluid undergoes extensional thickening, indicating
resistance to elongational stretching of polymer chains. For
the higher concentrations (> 1000 ppm), the extensional vis-
cosity decreases with polymer concentration for a given De
value. A similar trend is observed when the solvent viscosity
is increased where, for a given De, 500 ppm/Gly has a lower
ηþE;app viscosity than 250 ppm/Gly. Regardless of concentra-

tion, the ηþE;app is 2–4 orders of magnitude greater than the

shear viscosity, exemplifying the importance of measuring
this material property.

Comparison with other microfluidic
extensional viscometers

As discussed in the BIntroduction^ section, multiple
microfluidic extensional viscometers have been developed;
however, to the author’s best knowledge, no effort has been
made to directly compare the different techniques. In this sec-
tion, we will compare the results of the eCapillary extensional
viscometer to Haward et al.’s (2012) optimized shape cross-
slot extensional rheometer (OSCER) and Ober et al.’s (2013)
extensional viscometer–rheometer-on-a-chip (EVROC) de-
vices. We will also compare the microfluidic approaches to
the DOS rheology reported by Dinic et al. (2017a, b, 2015).

As previously discussed, the extensional viscosity of a vis-
coelastic fluid depends on fluid composition and kinematic
quantities such as strain rate and Hencky strain. In order to
compare to Haward et al.’s (2012) and Ober et al.’s (2013)

Fig. 7 Normalized pressure drop versus Reynolds number for PEO fluids
in the eCapillary extensional viscometer. The experimentally measured
ΔP versusQ is shown as points, and the viscousΔP versus Q calculated
from simulations is shown as lines for PEO (circles) and PEO in 60 wt%
glycerol (triangles) where the colors red, green, blue, purple, yellow, and
gray represent concentrations of 250 ppm, 500 ppm, 750 ppm, 1000 ppm,
2500 ppm, and 5000 ppm, respectively
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results, we first note that they tested PEO solutions with dif-
ferent molecular weights, concentrations, and solvent viscos-
ities as shown in Table 3. These variables can be collectively
captured in the measured polymer relaxation time. Therefore,
we choose to compare the results of our PEO fluids which had
comparable relaxation times (see Table 3). In terms of the flow
kinematics, the eCapillary and EVROC devices have Hencky
strains of ≈ 2 and similar flow fields. However, in the case of
the OSCER device, the flow is planar elongational and a
unique Hencky strain cannot be determined because it di-
verges at the stagnation point.

In Fig. 9, we compare the extensional viscosity measure-
ments of Haward et al. (2012) and Ober et al. (2013), whose
PEO solutions had relaxation times of 6.5 ms and 76 ms,
respectively, with our 250 ppm and 250 ppm/Gly, which had
relaxation times of 10.1 ms and 85 ms (Table 3). We find
relatively good agreement between our 250 ppm PEO and
Haward et al.’s (2012) 500 ppm in glycerol, where the onset
of extensional thickening behavior is De ≈ 2 and ≈ 0.5, re-
spectively. The minor difference in the onset arises due to
the different flow kinematics in the two geometries.
Interestingly, we observe that our 250 ppm/Gly data nearly

overlays with Ober et al.’s (2013) 3000 ppm/Gly measure-
ments, due to the fact that the device geometry and kinematics
are similar. For both sets, fluids with a higher relaxation time
exhibits more extensional thickening behavior than the lower
relaxation time fluids. Overall, we find that the eCapillary
device is capable of making the same extensional viscosity
measurements but in an easy-to-use, disposable device.

It is interesting to compare existing CE devices and
eCapillary for extensional viscosity measurements. Among
the CE devices, the extensional viscosity of polymeric fluids
has been characterized the most with the EVROC, where the
channels are etched in glass and the pressure sensors are
mounted on a silicon substrate. Due to the size of the sensors,
the contraction channel is larger in dimensions (≈ twice the
channel volume) than the eCapillary device. Because of the
larger geometry, low-viscosity, dilute polymer solutions are
susceptible to inertial instabilities in the EVROC device
(Keshavarz and McKinley 2016). In our device, we have
shown the ability tomeasure the extensional viscosity of dilute,
low-viscosity (μ ~ 2 mPa s), and weakly elastic (λE ~ 4 ms)
fluids.

Table 3 Characteristics of PEO
fluids shown in Fig. 8 Sample MW (MDa) C (ppm) η (mPa s) λE (ms) ϵH ε̇a (s

−1) Ref.

S1* 1 500 12.9 6.5 N/A 26–317 Haward et al. (2012)

S2* 2 3000 12.9 76 2 4–24 Ober et al. (2013)

S3+ 4 250 1 10.1 2.08 16–570 Current study

S4+ 4 250 10 85 2.08 8–78 Current study

*λE measured using the CaBER device
+λE measured using the DOS rheology technique, duplicated from Table 1

Fig. 9 Comparison of eCapillary measurements with data from the
literature. The apparent extensional viscosity as a function of Deborah
number is shown for PEO solutions studied byHaward et al. (2012) in the
OSCER device (open circles) and by Ober et al. (2013) in the EVROC
device (open triangles) along with the 250 ppm (black circles) and
250 ppm/Gly (red triangles) from this study

Fig. 8 Apparent extensional viscosity versus Deborah number. The
experimentally measured apparent extensional viscosities as a function
of the Deborah number are shown for PEO (circles) and PEO in 60 wt%
glycerol (triangles) where the colors red, green, blue, purple, yellow, and
gray represent concentrations of 250 ppm, 500 ppm, 750 ppm, 1000 ppm,
2500 ppm, and 5000 ppm, respectively
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Additionally, the eCapillary is transparent, enabling easy
flow visualization and assessment of the onset of instabilities,
which is essential for reliable extensional viscosity measure-
ments. Keshavarz and McKinley (2016), who used the
EVROC device in their study, determined the inertia-
dominated region using the normalized pressure drop of only
Newtonian fluids, which our results show may not be an ac-
curate indicator for inertioelastic instabilities. This study did
not report flow visualization results, presumably because of
difficulty in imaging flows in a device that is not fully trans-
parent. However, using streakline imaging, we were able to
ascertain the presence of inertioelastic instabilities at much
lower Re.

In this study, in addition to the eCapillary device, we
conducted DOS experiments. With the DOS technique, the
transient apparent extensional viscosity can be calculated
from the thinning dynamics as ηþE;app ¼ σ=ε̇aR tð Þ, where
ε̇a ¼ −2dlnR tð Þ=dt. In Fig. 10, we plot the extensional vis-
cosity as a function of Hencky strain, ϵH = 2 ln[R0/R(t)],
where the extensional viscosity for a fluid increases with
the Hencky strain and increases with polymer concentra-
tion. These trends are similar to those reported by Dinic
et al. (2015). Also, we find that when the solvent viscosity
is increased by a factor of 10, the extensional viscosity is
increased by nearly the same factor. We note that in the EC
regime, the liquid bridge thins exponentially, the strain rate
is constant for a given fluid, and the Weissenberg number
(Wi) can be calculated as λEε̇a ¼ 2=3. Therefore, with the
DOS technique, extensional viscosity as a function of
strain rate cannot be determined. In contrast, in the
eCapillary device, as shown in Fig. 8, the extensional

viscosity data of polymeric fluids can be obtained as a
function of strain rate and at a given Hencky strain.

Conclusions

In this study, we have developed the eCapillary extensional
viscometer which produces elongational flow using a hyper-
bolic contraction–expansion microchannel. We identified the
operating regime based on the onset of viscoelastic instabil-
ities and showed that the device can produce homogeneous
extensional strain rate in a narrow section of the throat. We
show that ΔP–Q measurements can be made using the low-
resistance sensor channel and a smartphone camera. We have
shown that this technique is capable of measuring the apparent
extensional viscosity of low-viscosity (μ = 2–10 mPa s) and
weakly elastic PEO solutions as a function of strain rate.
Extensional thickening behavior was observed to initiate at
De ≈ 1 consistent with the coil-to-stretch transition. Our ex-
tensional viscosity data agrees with previous microfluidic ex-
tensional viscometers.

We have shown that the eCapillary device is an easy-to-
use, disposable device that is suitable for extensional
rheometry of weakly elastic polymer solutions. We find that
an extensional viscosity curve of 10 data points requires
20 min of experimentation time, 20 min for image processing,
and 2 mL of sample volume. Such capabilities in a disposable
format have not been demonstrated in the literature before.
Thus, the eCapillary device has the potential to open new
opportunities for studying extensional rheology of biofluids
including blood and saliva. Additional improvements to our
approach are possible including parallelization since multiple
eCapillary channels can be imaged within the field of view of
the smartphone camera (Solomon et al. 2016). In addition, the
shear rheology can be concomitantly measured by including a
linear channel device, next to the CE channel, thereby elimi-
nating the need for macrorheology.

Materials and methods

Device fabrication

A master mold for the eCapillary device was fabricated using
standard soft lithography techniques (Xia and Whitesides
1998). First, SU-8 mold of the microchannel (h = 110 μm)
was made on a 6-in. silicon wafer (University Wafers).
Then, an aluminum rod (3.175 mm× 3.175 mm× 100 mm;
McMaster Carr) was adhered to the wafer using superglue,
where there was a slight overlap (~ 1 mm) with the SU-8
microchannel. Degassed 10:1 monomer:cross-linker polydi-
methylsiloxane (PDMS) (Sylgard 184, Dow Corning) was
poured over the mold and cured at 70 °C for at least 4 h.

Fig. 10 Apparent extensional viscosity versus Hencky strain. The
experimentally measured apparent extensional viscosities as a function
of Deborah number are shown for PEO in water (circles) and PEO in 60
wt% glycerol (triangles) where the colors red, green, blue, purple, yellow,
and gray represent concentrations of 250 ppm, 500 ppm, 750 ppm, 1000
ppm, 2500 ppm, and 5000 ppm, respectively
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Subsequently, the PDMS replicas were cut out from the mold
and 1-mm fluidic ports were created (Miltex Biopsy Punches).
The replicas were first plasma bonded (Harrick Plasma) to
0.02-in.-thick PDMS sheets (BISCO® HT-6240, Rogers
Corporation) and then bonded to two microscope slides
(25 mm× 75 mm; Fisher Scientific) for rigidity.

Sample preparation

Stock solutions of 1% PEO (MW = 4 MDa, WSR301, Dow
Corning) and 1 wt% PAM (MW = 5–6 MDa, Polyscience) in
water were mixed on a benchtop roller (Wheaton), set at
5 rpm, for 4 days until well mixed. Diluted solutions, ranging
from 100 to 5000 ppm, with 1% black food dye (McCormick),
were prepared fresh each day before experimentation. The
PEO/Gly solutions that were made with 60 wt% glycerol
(Sigma-Aldrich), 1 wt% black food dye, and the diluted
PEO stock solution were mixed on the benchtop roller for at
least 2 h until they were well mixed. The same batch was used
for the eCapillary, shear rheology, and dripping-on-substrate
experiments.

Shear rheology measurements

The shear viscosity versus shear rate measurements were
made on an AR 2000 rheometer (TA Instruments). The
double-concentric cylinder geometry was used with a gap of
500 μm, and the set temperature was the same as the room
temperature where the eCapillary experiments were done,
ranging from 20 to 22 °C.

Dripping-on-substrate rheology measurements

The DOS experiments utilized a standard silhouette imaging
setup, which consisted of a high-speed camera (Phantom
V711) with a macrolens (Nikon Micro-Nikkor 60 mm) and
two extension tubes (7mm and 28mm), a stainless steel pin as
the nozzle (outer diameter, D = 1.829 mm, Instech), a syringe
pump (PHD 2000, Harvard Apparatus), and a diffused light
source. The distance between the glass substrate and nozzle
tip (H) was set to be ~ 3D. The dripping flow rate was
0.02 mL/min (Dinic et al. 2015), and the drops were recorded
at frame rates between 500 and 10,000, depending on their
relaxation time.

Dinic et al. (2017a) wrote a MATLAB algorithm that was
used to analyze their DOS experiments. We modified the al-
gorithm to include a binary conversion before the liquid
bridge radius is measured. Also, we incorporated an exponen-
tial curve fitting to the elastocapillary region, which was used
to calculate the relaxation time and Hencky strain versus ex-
tensional viscosity. The surface tension of each solution was
measured using the pendant drop method (Stauffer 1965), and

the images were analyzed with a previously writtenMATLAB
algorithm (Bello et al. 2015).

Streakline imaging

For characterizing the onset of instability, we visualized the
flow using 0.1 vol% of 1-μm fluorescent microspheres
(FluoSpheres™, 2% solids, Thermo Fisher Scientific)
added to the diluted solutions. All experiments were done
at a constant flow rate using a syringe pump (PHD 2000,
Harvard Apparatus). The CE channel was imaged on an
inverted microscope (Olympus IX81) equipped with an au-
tomated translational stage (Thorlabs) and a CCD camera
(Hamamatsu). Images were taken at three locations of the
CE channel: its entrance, throat, and exit (Fig. 4) at a × 4
magnification with a frame rate of 10 fps and exposure time
of 100 ms.

eCapillary experimental protocol

The experimental setup included a pressure controller
(MFCS-Flex, Fluigent, France), the eCapillary device, a light
box, an iPod (fifth generation, Apple), and a phone stand. The
device was placed on the light box, and the phone stand was
placed 9 cm above it. The pressure controller was used to
drive the fluid from a sample vial, through a Tygon
Microbore tube (0.05 in. and 0.02 in., Cole Parmer) and a 1-
mm stainless steel coupler (Instech), to the microfluidic de-
vice. The movement of the fluid–air interface was recorded
using the FiLMiC Pro app on an iPod. The videos were re-
corded between 10 and 30 fps, where the interface movement
was at least 5 mm and the total length of the video was at least
50 frames.

A custom MATLAB algorithm was written to calculate to
the flow rate of the fluid in the capillary channel based on
liquid–air interface movement. In the algorithm, each video
was converted to binary and the interface position along the
centerline of the channel was tracked as a function of time.
The position versus time data was fitted to a linear function
where the slope was equal to the fluid velocity. This velocity
was multiplied by the capillary channel’s cross-sectional area
to determine the flow rate.

Holography-based particle-tracking velocimetry

To investigate flow kinematics in the hyperbolic CE geometry,
we used inline digital holography microscopy (DHM)
(Salipante et al. 2017; Satake et al. 2006; Sheng et al. 2006)
in conjugation with particle tracking velocimetry (PTV). Our
DHM optical setup has been described in detail elsewhere
(Singh et al. 2017a, b). The 250 ppm PEO solutionwas seeded
with polystyrene beads (2 μm diameter, Bang Laboratories)
and flowed at a rate of 2.42 mL/h. Holograms were recorded
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at a distance of 100 μm below the glass bottom of the PDMS
microchannel using a high-speed camera (Phantom V711).
The frame rate was adjusted so as to allow a maximum dis-
placement of 9–30 μm for the fastest particles, and the imag-
ing was done with a × 20 objective at an effective resolution of
1 pixel/μm over a 512 × 512 field of view. The CE channel
was imaged at upstream and downstream locations, and ap-
proximately 40,000 holograms were collected per location
having ~ 100 particles/hologram.

The holograms were then cleaned using background sub-
traction and reconstructed using an angular spectrum method
(Schnars et al. 2015; Singh et al. 2017b) in a MATLAB envi-
ronment. The 3D location of the particles’ center was deter-
mined based on the lateral and transverse intensity profiles
(within ± 0.5 μm) from the reconstructed intensity volume.
Finally, the velocity gradient tensor (VGT) algorithm
(Ishikawa et al. 2000) was applied for particle tracking
velocimetry and velocity vectors were calculated in order to
get information about the 3D flow kinematics in the entire
flow volume. The results of flow kinematic investigation are
used for analyzing the strain rates along the streamline in the
flow inside the hyperbolic channel. The advantage of DHM is
the availability of high-fidelity volumetric information with-
out attenuation of spatiotemporal resolution. As a result, we
are able to obtain 3D velocity profiles inside the hyperbolic
cross section over large distances.

CFD simulations

ANSYS Fluent (v. 17.1) was used to analytically determine
the ΔP–Q relation for our Newtonian and non-Newtonian
fluids. We imported our microchannel geometry from
AutoCAD (v. 2015, Autodesk), extruded the channel to half
the height of our device, and used the bottom surface as a
symmetry plane to reduce computational time. For the poly-
mer solutions, we fitted the shear viscosity versus shear rate
data to a power-law model and used the flow indices as our
parameters in the Non-Newtonian power-law fluid model in
Fluent. We ran the simulations at a constant inlet flow rate
which were the same flow rates measured from the
eCapillary experiments.
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