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Abstract

We propose an experimental and theoretical framework for the study of capillary filling at
the micro-scale. Our methodology enables us to control the fluid flow regime so that we can
characterise properties of Newtonian fluids such as their viscosity. In particular, we study a
viscous, non-inertial, non-Washburn regime in which the position of the fluid front increases
linearly with time for the whole duration of the experiment. The operating shear-rate range
of our apparatus extends over nearly two orders of magnitude. Further, we analyse the
advancement of a fluid front within a microcapillary in a system of two immiscible Newtonian
liquids. We observe a non-Washburn regime in which the front can accelerate or decelerate
depending on the viscosity contrast between the two liquids. We then propose a theoretical
model which enables us to study and explain both non-Washburn regimes. Furthermore,
our theoretical model allows us to put forward ways to control the emergence of these
regimes by means of geometrical parameters of the experimental set-up. Our methodology
allows us to design and calibrate a micro-viscosimetre which works at constant pressure.

Introduction

The study of fluid flow at the micro- and nano-scale [1, 2] has been the engine of a large num-
ber of new technologies, such as high-throughput techniques [3, 4], drug delivery [5], and com-
putation, encryption and biological processing [6]. These technologies are based on the control
and manipulation of objects such as droplets, cells, vesicles etc. [7-10]. Driven by the potential
applications of miniaturised devices in industrial and medical instruments, control of fluid
flow through microchannels is one the most currently studied topics in microfluidics. An addi-
tional advantage of the use of microdevices is related to the lower costs associated to small
amount of materials needed, portability, and fast data acquisition. Specifically, in the field of
microfluidics, it is well documented the use of devices as viscometers. Examples of such contri-
butions include [11], where a microviscometer is developed where the fluid to be studied flows
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side by side with a reference fluid of known viscosity. Other devices reported in the literature
are based on using the capillary-driven motion of a liquid front inside a microchannel for the
measurement of the viscosity of the fluid [12]. Concerning other methods based on particle
tracking (e.g. micro particle image velocimetry), Degre et al. [13] have addressed the study of
rheological properties of complex fluids in microchannels.

Besides potential technological applications, there are basic questions that remain to be
understood, in particular those related to the dynamics of the moving contact line [8, 14-17]. In
this context, a classical result dates back to the work of Washburn who showed that, in the
quasi-steady regime, the average advancement of the front in a capillary microtube obeys a diffu-
sive dynamics, i.e. h ~ t” where  is the position of the meniscus and the exponent v = 1/2 [18].

Our aim in this paper is to propose a method of control of fluid flow in a microchannel.
This enables us to analyse a flow regimes different from that studied by Washburn. Within
these regimes, we show that we can characterise rheological properties, e.g. viscosity, of the
fluid which is particularly suitable for potential automatisation. In a typical situation, where a
single fluid is pushed through a micro-channel, we show that a set-up (see Figs 1 & 2) is possi-
ble where, after the inertial regime has decayed, whose typical time scale in microchannels is of
the order of 107> s, and prior to the Washburn quasi-steady regime, a transient, viscous regime
ensues such that i ~ t,i.e. the front propagates at constant speed. We further propose a
method to experimentally control the cross-over time between our transient and the Washburn
regimes so that we can make the duration of the transient regime to last for an arbitrarily long
time, in particular, until the microchannel is completely full.

The fact that within the transient regime the front is moving with constant velocity enables
us to simplify the experimental measure of the viscosity. It can be therefore used to propose a
new type micro-rheometer based on the measurement of the position of the front in contrast
to methods based on tracer particles such as micro particle image velocimeters (uPIVs).

In addition, we extend our framework to the analysis of a two-fluid system, where we identify
a non-Washburn fluid-flow regime where the fluid front undergoes a transient acceleration. One
of the advantages of using micro- and nano-technological devices, such as lab-on-a-chip experi-
ments, is the small amount of often very expensive or difficult to come by substances. However,
it is often the case that one needs this valuable liquid to fill up a whole experimental device before
it enters the capillary where the actual analysis is performed. Besides costs, there are other factors
to take into account. For example, in the case of blood, one may observe sedimentation before it
enters the capillary of the lab-on-a-chip device where measurements are carried out. One possi-
ble way to circunvent these issues is to use two immiscible fluids in the setup shown in Fig 1. We
use a cheap, fully-characterised liquid which fills the parts of the device other than the microca-
pillary and pushes into the capillary the fluid whose properties we wish to investigate.

This situation justifies the analysis of the dynamics of front advancenment in a system con-
sisting of an immiscible two-fluid flow. We focus on the simplest situation in which both fluids
are Newtonian and with non-zero viscosity contrast.

Our aim in this paper is to present a general framework which allows us to study both non-
Washburn regimes in a unified way. We further use this framework to propose two methodolo-
gies to measure the viscosity for both the one-fluid and the two-fluid systems.

Materials and methods
Experimental setup

We study fluid flow inside a capillary microchannel using a pressure-driven flow. In this
method, a pressure difference is set and the velocity of the fluid-air interface inside the micro-
channel is measured.
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Fig 1. Schematic representation of the experimental set up. The upper pannel shows the single-fluid
setup whereas the bottom figure shows the two-fluid setup.

doi:10.1371/journal.pone.0153559.g001

The microsystem is a rectangular microchannel. We consider microchannels of different
heights: b = 300 ym, b = 200 ym, b = 150 ym, and b = 50 ym, and width w = 1 mm and length
I, = 4 cm, molded in a biocompatible hydrophobic silicone, PDMS (polydimethylsiloxane), on a
glass substrate according to Replica Moulding and Soft Lithography microfabrication methods
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Fig 2. Photographs showing the actual experimental setup in our laboratory. The left pannel is a general view. The right photo shows a more detailed
view of the microchannel being fed by the inlet tube.

doi:10.1371/journal.pone.0153559.g002

[19, 20]. The bottom surface of the microchannel is made of glass and the top and lateral sur-
faces are made of PDMS. The inlet and the outlet are perpendicular holes set at each extremity
of the channel. The observation of the flow inside the microchannel is made by an inverted
microscope (Optika XDS-3) with a 10x objective and a high speed camera (Photron Fastcam
SA3), recording between 1000 and 125 frames per second. This gives a minimal time between 2
contiguous images of 0.001 s and 0.008 s depending of the chosen frame rate. The 10x objective
allows us a 2 mm view of the channel. Photographs of the experimental setup are shown in Fig
2. The pressure is controlled through a fluid column inside a reservoir set at heights, H, ranging
from H = 0.420 to 0.050 m and connected to a microtube of biocompatible material with uni-
form internal circular cross-section of diameter d = 0.254 mm and length [, = 0.430 m (Fig 1).
Note that the gap of the microchannel and the diameter of the microtube are comparable. The
velocity of the fluid is obtained by tracking the mean fluid front position as a function of time
between several contiguous images and averaging its values thought the channel length.

We study the behavior of three fluids of different viscosities and densities: water, ethylene
glycol at two different volume concentrations and blood plasma. Plasma was obtained from
human blood samples from two anonymous donors randomly selected. Blood samples were
delivered for our experiments from the blood bank of the Hematology Department of the Clin-
ical Hospital of Barcelona, in tubes of 10 or 5 ml on an heparine based anticoagulant. The use
of these samples was authorised by the Bioethics Committee of the University of Barcelona. In
order to preserve the state of the samples their are stored on a refrigerator at 4C. Before any
intervention, the sample is set under an extraction hood to acquire room temperature, between
20 to 25°C. To separate the plasma from the cellular fraction, the blood sample in the tube is
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set on a centrifuge and spun for 5 minutes at 2500 rpm. When the spinning has finished, the
cellular fraction (RBC’s, WBC’s and platelets) is confined at the bottom of the tube and the
plasma on the top. The plasma is extracted using an sterile pipette, under the extraction hood
to avoid contamination of the sample.

In a second set of experiments, we consider a two-fluid system where we fill the reservoir with
a liquid of known viscosity, 771, (a glycerol solution at 19% of volume concentration). We then
study the properties of the dynamics of the fluid front of a second fluid of unknown viscosity, 7,,
which is being pushed into the microchannel by a column of glycerol solution. We have used
two Newtonian fluids to measure their viscosity using our microcapillary device, namely, water
and ethylene glycol at 44% volume concentration. We have used glycerol at this dilution because
its density, p, is then practically identical to ethylene glycol at 44% volume concentration.

Results

We study fluid flow inside a capillary microchannel using a pressure-driven flow using the
experimental set-up described in the Materials section. In this method, a pressure difference is
set and the velocity of the fluid-air interface inside the microchannel is measured.

Experimental results: One fluid system

Our experiments consist of measuring the average position of the front as the fluid fills the
capillary.

Fluid front velocity is approximately constant. Fig 3 shows the position of the fluid
front, h(t), as a function of time at a column height of H = 0.290 m. At this pressure the channel
is filled in less than 50 seconds. We observe that, for all three liquids, the mean position of the
front behaves as

h(t) =~ t" (1)

where v >~ 1, consistent with a constant front velocity. Note that this behaviour is different
from the predicted by Washburn’s law. According to Washburn’s result, the front velocity
should be expected to decay as t /2,

According to Eq (1), the velocity of the front is /i(t)  #*~'. Our experimental results show
that the velocity of the front remains approximately constant. The variation of velocity in the
whole channel (I = 4 cm) is 8% for water, 11% for ethylene glycol, and 13% for blood plasma
(see Fig 3).

In Table 1, we show the front velocity averaged over the length of the capillary for three dif-
ferent liquids, i.e. water, ethylene glycol, and blood plasma, which is then compared to a linear
fit of the data shown in Fig 3. The average velocity is measured from the data shown in Fig 3
(i.e. h(t) vs time). By measuring the position of the front, h(t), at different times (i.e. as the
front progresses along the length of the micro-channel), we can calculate the associated velocity
as the time derivative of h(t). The average velocity is then obtained as the by taking the mean of
all the “instantaneous” values over the length of the microchannel.

Changes of the front velocity as the height of the column is varied. We now proceed to
measure the velocity of the fluid front as the height of the liquid column, i.e. the pressure, var-
ies. Our results are shown in Fig 4. We observe that our experimental results can be fitted by
means of a linear relation:

pgH = mh + n (2)

The theoretical model that we present in the Methods section allows us to relate the parameters
m and n to physical properties of the fluid and geometrical parameters of our experimental
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Fig 3. Figure showing the position of the front as a function of time for water, ethylene glycol at 40%
dilution, and blood plasma. The value of the exponent v as defined in Eq (1) is v = 0.98 for water, v=0.98
for ethylene glycol, and v = 1.01 for blood plasma. Experiments were carried out with a liquid column of height
H =0.290 m. The value of the height of the capillary is b = 300 um. Thick lines correspond to experimental
measures. The dashed line shows theoretical results for water, dotted line corresponds to theoretical results
for blood plasma, and narrow-dashed line, to ethylene glycol.

doi:10.1371/journal.pone.0153559.g003

setup. The quantity »n corresponds exactly to the capillary pressure associated to the curvature
of the front. Regarding the parameter m, the theory developed in the Methods section enables
us to relate m with the viscosity of the liquid. Table 2 shows the values of m and » obtained
form linear fitting of the data shown in Fig 4.

Within the pressure range in which our experiments take place, the constant velocity regime
is preserved until the whole capillary is filled for each value of H, which takes an average of
t = 600 s. For each height, H, we obtain a velocity profile of the moving fluid front with a dis-
persion non superior to the 1.82% for water, 1.77% for ethylene glycol at 44% and 2.60% for
blood plasma.

Experimental results: two fluid system

Our experiments with the two-fluid system consist of measuring the velocity of advancement

of the front of the fluid being pushed, which fills the capillary, /1, as a function of its position in
the capillary, h. In Fig 5 we show experimental results for a two-fluid system consisting of

Table 1. Front velocities averaged over the length of the channel. Experiments have been carried out with a liquid column of height H = 290 mm. The gap

of the capillary is b = 300 ym.
Fluid

H>0

Ethylenglycol 40%

Blood Plasma

doi:10.1371/journal.pone.0153559.1001

Mean Velocity [um/s] Linear Fit [um/s] Theoretical [um/s]
1926 + 42 1919.79 £ 0.08 2000 + 200
672 + 20 671.56 + 0.02 800 + 100
959 + 61 954.8 + 0.4 1200 + 200
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Fig 4. Experimental data of the average velocity of the front for different liquid column heights H.
These experimental results in addition with the theoretical model Eq (10) is used to estimate the viscosity of
each liquid, given in Table 3. Colour code: red corresponds to water, blue to blood plasma, and green to
ethylene glycol. The value of the height of the capillary, b, is b = 300 um.

doi:10.1371/journal.pone.0153559.g004

Table 2. Fit for the parameters m and n as defined in Eq (2) from the experimental measurements
shown in Fig 4. The gap of the capillary is b = 300 um.

Fluid m [Pas/um] n [Pa]
H,0 1.396 - 10° 184
Ethylenglycol 44% 4.407 - 10° 149
Blood Plasma 2.17 - 10° 201

doi:10.1371/journal.pone.0153559.t002

ethylene glycol at 44% pushed by glycerol at 19%. We observe that, as the front of ethylene gly-
col advances through the microchannel pushed by a liquid column of fixed height, H = 200
mm, its velocity increases. By contrast, if the experiment is done with a single-fluid system (eth-
ylene glycol at 44%), we do not observe such an acceleration. Rather, consistent with our results
of our one-fluid systems, its front velocity remains constant as it fills the capillary.

This result has non-trivial implications in the way we measure the viscosity of the fluid
which fills the capillary. The method developed for measuring the viscosity in a single-fluid sys-
tem is based on the fact that the advancement of the front occurs at constant velocity. Since
this is no longer true for the two-fluid system, we must develop an alternative method.

Discussion
Theoretical model

In order to explain the experimental results reported in the Results section, we propose a gen-
eral mathematical model which accounts for the possibility of dealing with two fluids with pos-
itive viscosity contrast.

We assume Darcy’s law with a permeability of a microrectangular cell, k = %, where b is the
height of the micro-channel. We write the velocity of the fluid front inside the microchannel
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Fig 5. Experimental results showing the increase of the mean front velocity observed in a two-fluid
system as the front advances through the microchannel. We are considering a two-fluid system
composed by ethylene glycol at 44% pushed by glycerol at 19% (empty circles). We compare this behaviour
to that of a single fluid system consisting of ethylene glycol at 44%, where no such acceleration is observed
(solid circles). Solid and dashed lines are our theoretical results obtained by using Eq (6) for the two-fluid
system (with n; < o) and the single-fluid system (ny = o), respectively. The height of the liquid column is

H =200 mm and the height of the capillary is b = 300 um.

doi:10.1371/journal.pone.0153559.g005

as:

b* AP(t)

~12n, h(t) ®)

h(t)

where h(t) is the position of the front at time ¢ and 7, is the viscosity to be determined. AP(f) is
the total pressure drop:

AP(t) = Phyd - Pcap

— AP(1) (4)

where the hydrostatic pressure generated by the column of liquid is Py, = pgH, P, is the cap-
illary pressure, and, last, the pressure drop generated by the resistance of the microtube con-
necting the fluid container to the microchannel, APx(#), which is now time-dependent, due to
the presence of a second fluid of known viscosity, 77;, which progresively fills the microtube:

APR(t) — 8Vr(’7111(t) + ’72]2(t)) (5)

r2

where [,(f) and L,(f) are such that [;(¢) + L,(f) = ], at all time, where [, is the length of the micro-
tube feeding the capillary (see Fig 1). Furthermore, r is the radius of the microtube, and v; is the
average flow velocity in the microtube. Both the container and the end of the microchannel are
open and exposed to the atmosphere. Other contributions to the pressure drop, e.g. variations
of the channel width and microtube cross-section are assumed to be neglegible. To estimate
APg(t), we have assumed that the microtube connecting the container and the microchannel
has a circular cross-section and that the flow inside the microtube obeys Poiseuille’s law.
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Taking into account that, due to mass conservation, ibw = v,1r%, we can write the following
equation for the velocity of the front inside the microchannel:

pgH — P

cap

O =) )0+, )

ht) = (12;72 8b*w?

b2 26

One fluid system

The general equation Eq (6) can be used to study our one fluid system by taking 7, =7, = 1. In
this case Eq (6) reduces to:

. - ng - Pcap
MO == 4on0 sbw, 7)
g b? + nr

Comparison to experimental results: One fluid system

Eq (7) shows that if our experimental setup is such that the resistance associated to the fluid
flow in the microchannel is much smaller than the one associated to the microtube, then we
12h(t) « 8bwl,

b? nr

can assume that , which implies that the front velocity is approximately con-

stant:

7'[7’4 (ng - Pcup)

8
n8bwl, (8)

h(t) =
Notice that, as time progresses and h(t) increases, this approximation becomes less accurate,
which implies that this linear regime is valid for either short microchannels or early times. Sim-
ilarly, the approximation may fail for microchannels with small gap height b. This phenome-
non is illustrated in Fig 6, where the velocity of the front is shown as a function of the front
position. We observe that for larger capillaries (b = 150 ym and b = 300 ym), the velocity stays
approximately constant as the front advances through the capillary, in agreement with our
approximation Eq (8). However, as we reduce b of the channel, we expect that the approxima-
tion leading to Eq (8) fails to hold for smaller capillaries, so that we need to use the full expres-

sion for k1, Eq (7). This is confirmed by our experimental results with a capillary of height
b =50 um, where the front velocity is no longer constant as the front advances through the
capillary.

In the general case, when the above assumption does not apply, integration of Eq (7) pro-
vides the following expression for the average position of the front, h(#):

N =

2 b'lw n

— +
3 nrt

(’%) - bglﬁ) Al Py 9)

h(t) = 3 mrt 67

from which, in the long time limit, we recover Washburn’s law. In Fig 7 we observe the cross-
over between both regimes. The early evolution of the front is dominated by a regime where
the velocity is approximately constant, whereas for longer times the system decays to the
Washburn regime where h(t) ~ t'/%. In particular, in Fig 7, we present numerical results for the
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Fig 6. Plot showing the velocity of the front as a function of the position of the front for different
heights of the capillary. Experimental results for b = 50 um (red squares), b = 150 um (green dots), and

b =300 um (blue diamonds) are compared to our theoretical model Eq (6). Theoretical results correspond to
b =50 pm (red solid line), b = 150 um (green dotted line), and b = 300 ym (blue dot-dashed line).

doi:10.1371/journal.pone.0153559.9g006
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Fig 7. Theoretical front position h(t) for different values of the radius of the microtube r, Eq (9), for
water. The value of r = 127 um (solid line) corresponds to the radius used in the experimental setup. The thick

lines represent t°° and t growth exponents. The geometrical parameters used in the plot are those of the
experimental setup. The pressure used is pgH — P.,, = 3000Pa.

doi:10.1371/journal.pone.0153559.g007
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crossover between Non-Washburn and Washburn regimes as the radius of the inlet tube is
changed. The crossover time is a direct measure of the duration of the linear (Non-Washburn)
regime. Our results show that the duration of the linear regime can be controlled by changing
the radius: the smaller the radius of the inlet tube, the longer the linear regime.

Viscosimetry in the one-fluid system

From Eq (8), we can obtain the following relation between the hydrostatic pressure and the
(constant) front velocity:
8bwl, ;

pgH =1 m4’h +P,, (10)

By comparing Eqs (2) and (10), we obtain an expression for m in terms of the geometrical
parameters of our setup and on physical properties of the fluid, in particular its viscosity. Using
Eqgs (2) and (10), we therefore can measure the viscosity of the fluid:

mr!

=" Sbwl,

n (11)
where m is now fitted from experimental data, as shown in Fig 4. The experimental values of
the viscosity for several liquids is given in Table 3.

Comparing Egs (2) and (10), # = P, so that the capillary pressure associated to the curva-
ture of the front can also be estimated from our experiments. In the case of water, our experi-
mental results show that the capillary pressure is estimated to be P, = 184Pa. This result can
be verified by using the definition of the capillary pressure in terms of the curvature radii of the
front:

1 1
P, =2tcosl (E + ;}) (12)

where 7 is the surface tension, and 6 is the contact angle of the fluid with the channel wall. By
analysing experimental images of the fronts, we estimate the value of the contact angle, 8 = 108
degree. Then, provided the values of the surface tension for water, 7 = 0.0728Nm ™", and those
of the parameters b = 300 ym and w = 1 mm, we estimate the capillary pressure for water to be
P s = 194.97 Pa. This value is feasible and compatible with our experimental results shown in
Table 2.

Our method provides an effective description in which the pressure drop induced by gravity
(hydrostatic pressure) is dominant over all other effects, including capillary ones. Our observa-
tions (see the example shown in Fig 1) support the assumption that the net effect is a hydro-
phobic one (i.e. without the liquid column the front recedes). This assumption is further
supported by the comparison between Eq (12) and the results obtained from the experimental
fit, which we find to agree reasonably well.

Table 3. Table showing our experimental measurements of the viscosity for water, blood plasma, and
ethylene glycol. For comparison, we provide estimates for the viscosity of these three liquids found in the lit-
erature. Viscosities are giveninmPa - s.

Fluid Experimental, neyo Bibliography
H>O 1.04 £ 0.06 1.002
ethylene glycol at 44% 3.50 + 0.03 3.4+0.2[21]
Blood Plasma 1.71+£0.7 1.81 [22]

doi:10.1371/journal.pone.0153559.t003
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Fig 8. Experimental data represented in terms of the rescaled pressure, o,, as defined in Eq (14), and
the shear rate, 7. Plotting the experimental results in terms of these variables enables us to directly estimate
the viscosity of the fluids (water (red squares), blood plasma (blue triangles), and ethylene glycol at 44%
dilution (green circles)) as shown in Eq (15). We have used two capillaries with different heights: b = 150 ym
(empty symbol) and b = 300 um (solid symbol).

doi:10.1371/journal.pone.0153559.g008

Effects of the capillary height b. Eq (10) can be written in scaling form as:

‘(pgH — P '
nr (pg cap) _ nﬁ (13)
swh?l, b

By using the definition of the shear rate, 7 = / /b, and defining the rescaled pressure, g, as:

— M (14)
" Swb?l, ’
Eq (13) can be re-written as:
O, =17, (15)

independently of geometrical parameters. This scaling form enables us to check that the value
of the viscosity in our experiments for the different liquids do not depend on the value of b.
This is shown in Figs 8 and 9, where we perform experiments with different values of b. Addi-
tionally, Figs 8 and 9 show that the scaling law Eqs (13)-(15) are satisfied by our experimental
results. Furthermore, Fig 9 shows that our methodology can be reliably used as a micro-
rheometer.

Comparison to experimental results: two fluid system

Eq (6) provides a qualitative explanation for the behaviour observed in the experiments
reported in Fig 5. If the two-fluid system is such that the fluid that fills the capillary is more vis-
cous than the one which pushes it into the microchannel (i.e. ; < 1,), then Eq (6), for a fixed
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Fig 9. In this plot we use the data shown in Fig 8 to estimate the viscosity of the fluids (water (red
squares), blood plasma (blue triangles), and ethylene glycol at 44% dilutions (green circles)) using Eq
(15). We observe that for a wide range of values of the shear rate (expanding two orders of magnitude), the
viscosity is constant, as it should be expected for a Newtonian fluid. We have used two capillaries with
different heights: b = 150 um (empty symbol) and b = 300 um (solid symbol).

doi:10.1371/journal.pone.0153559.g009

value of H, implies that, / is an increasing function of / (in other words, & is an increasing
function of time).

The presence of two fluids with different viscosities introduces a term in Eq (6) which is
proportional to the viscosity contrast. This term is not present in the single-fluid counterpart
of Eq (7). Therefore, applying the same procedure to estimate the unknown viscosity of fluid 2
as we used for the single-fluid case is dubious as the accuracy of the approximation depends on
the viscosity contrast which is unknown. We therefore propose a different approach rather
than following a the procedure for the one fluid system.

Viscosimetry of the two fluid system

We now describe a procedure to measure the viscosity of the fluid that fills the capillary, based
on the experimental determination of the velocity and position of its front within the micro-
channel. We start by defining the quantity, h,(t), according to:

h.(t) = Ch(t) + D (16)

where C is given by:

1/ >
C=1+—-(—-1), 17
E(nz a7

E = 37%7°/2b*w? and D = 26wl /377, Using the definition h,(t) and Eq (6), we obtain the fol-
lowing relation:

2

~ 121,

h,(1)h(t) (pgH —P,,) =a>0 (18)

where a is a positive constant. Using the fact that 1 /i = a takes a constant value over the length
of the capillary, we can derive the value of the unknown viscosity 7, by measuring the front
velocity at two different points of the microchannel. Consider two positions on the
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microchannel, i; and hs, and the associated (experimentally determined) velocities, &, and h,.
Then h,(h,)h, = h,(h,)h,, which, by means of the definition of k, (Eq (16)), we have that:
_ Dy =h) (19)

hlhl - h2h2

From Eqs (17) and (19), we can explicitly calculate the value of 7,:

M

My = . A .
g2zt (20)
h1h1 - h2h2

Eq (20) provides the value of the unknown viscosity 7, in terms of the (known) viscosity of the
pushing fluid, the geometric characteristics of the experimental setup and experimental mea-

surements of h at two different positions along the capillary.

For this method of measuring the unknown viscosity of the capillary-filling Newtonian lig-
uid to be consistent, the viscosity 77, should be independent of both the height of the liquid col-
umn, H, and the height of the capillary, b. To check that our method satisfies these consistency
criteria, we have performed measurements for different values of H and b. In order to proceed
further, we first fix b and we study the behaviour of 77, as H varies. Fig 10 shows the results for
the viscosity of water and ethylene glycol for different values of H. We further compare the

3.5 T T T T T

25 -

Viscosity, n (Pas)
N
T

1.5 | E

0.15 0.2 0.25 0.3 0.35 0.4 0.45
Height of the Fluid Column, H (m)

Fig 10. Experimental results for capillary height b = 300 um showing that the value of the viscosity
according to our methodology is independent of the height of the liquid column, H (see Fig 1). We are
considering two-fluid systems composed by water pushed by glycerol at 30% and ethylene glycol at 40%
pushed by glycerol at 20%. We compare this behaviour to that of the associated one-fluid system (water and
ethylene glycol at 40%). Solid and dashed lines are our theoretical results obtained by using Eq (20) for the
two-fluid system (with n; < n,) and the single-fluid system (n; = n2), respectively. The values of the viscosities
of water and ethylene glycol measured using the different set-ups (i.e. one- and two-fluids) are given in

Table 4. Solid symbols correspond to results obtained with the one fluid system. Empty symbols are
associated to measures obtained with the two-fluid set-up.

doi:10.1371/journal.pone.0153559.g010
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Table 4. Table showing a comparative analysis of the values of the viscosity for water and ethylene
glycol obtained by our two different methods for different values of the capillary height. We further
compare to viscosity estimates found in the literature (between parentheses) [23, 24]. Slight variations
between both sets of values are due to small temperature variations (from 19.3 to 22°C).

H->0 (+Gl30%) Ethyleneglycol 40% (+GL20%)
b One-fluid Two-fluids One-fluid Two-fluids
300 0.93 + 0.04 (0.94) 0.97 + 0.03 (0.980) 2.9+0.1(2.87) 2.9+0.1(2.87)
200 1.03 £ 0.05 (1.022) 0.97 + 0.04 (1.022) 3.1+0.2(2.82) 3.0+ 0.2 (2.90)

doi:10.1371/journal.pone.0153559.t004
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Fig 11. This plot shows experimental values of the viscosity for three Newtonian fluids at low shear rate. We compare the results obtained with our
micro-device (solid symbols) to the results produced using a macroscopic commercial cone-plate rheometer (Malvern Kinexus Rotational Rheometer, empty
symbols). We observe that the cone-plate rheometer produces spurious results at low shear rates which could be misconstrued as a Non-Newtonian
behaviour. By contrast our device is consistent with the Newtonian character of the fluids used in all the range of shear rates.

doi:10.1371/journal.pone.0153559.g011
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viscosities obtained from the two-fluid model Eq (20) with the estimation obtained with in Eq
(11) for benchmark cases (water and ethylene glycol). We observe that, as expected, 7, is inde-
pendent of the height of the liquid column, H. We also observe an excellent agreement between
the estimates produced by our two methods.

In order to check that our method is consistent and therefore produces measurements of 7,
that are independent of b, we now proceed to study the behaviour of the viscosity 7, as b varies.
Results are shown in Table 4, where we compare the measurements of the viscosities of water
and ethylene glycol for two different values of b. We also compare the estimates obtained with
our two-fluid method to those obtained with the single-fluid method. We observe that both
methods consistently predict a value of the viscosity which is independent of b. We further
show that our estimates of the viscosities for water and ethylene glycol agree with those in the
literature.

We have found evidence that our method provides more reliable measures of the viscosity
in a wider range of shear rates than a standard, commercial cone-plate rheometre. We present
results in Fig 11 in which the viscosities of ethylene glycol 44%, glycerol 19% and blood plasma
are measured for different values of the shear rates. We observe that for small shear rates (of
the order of 1 s7"), the cone-plate rheometre produces spurious results, as the viscosity is not a
constant but it depends on the shear rate. This spurious effects are not present in our microflui-
dic device which produces the right result with a constant viscosity.

Conclusions

We have proposed an experimental and theoretical framework to study capillary filling at the
micro-scale. Our methodology enables us to control the fluid flow regime in such a way as to
allows us to characterise the properties of the fluid such as the viscosity. In particular, we have
been able to characterise a fluid flow regime where the front position h(f) ~ t. This regime is a
viscous, transient regime which eventually relaxes onto the well-known Washburn regime
where h(t) ~ t"?. Note that this transient regime is different from the inertial regime, which is
characterised by much shorter time-scales of the order of 107> seconds, whereas our linear
regime extends to times of the order of minutes. In fact, from the experimental point of view, it
is straightforward to control the duration of the linear regime by, for example, changing the
geometrical parameters of the device. Furthermore, in addtion to the value of the exponent v to
be different from that prescribed by Washburn’s law, the values of the velocity may differ
greatly from those expected from Washburn’s prediction, as they depend on the geometrical
parameters of the experimental setup. Also, the fact that the velocity of advancement of the
front is constant allows for a much simplified method to measure the viscosity and the conse-
quent construction of a viscosimeter.

It is also worth mentioning that our linear regime appears at constant inlet pressure condi-
tions due to the geometry of the experimental set up, rather than by controlling the flow rate
and letting the pressure to adapt. We have shown that a possible way to control whether we are
within the linear regime is to modify the height of the microchannel, b, although other ways
are possible such as varying the diameter of the biocompatible microtube connecting the reser-
voir to the microchannel.

We have further presented an experimental and theoretical methodology that allows us to
determine the viscosity of a fluid in a systems of two immiscible liquids by analysing the propa-
gation of the front within a microcapillary. This methodology has the advantage of allowing for
the use of very small samples of potentially expensive or rare liquids, as we do not need to fill
the device with such liquid. By using such a device and the associated theoretical model, we
have been able to explore a non-Washburn regime in which the fluid front within the capillary
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accelerates or decelerates depending on the viscosity contrast between both liquids: if the fluid
that fills the capillary is more viscous than the liquid that pushes it into the capillary, then the
front accelerates, and viceversa.

Under these conditions we cannot use the methodology proposed in one-fluid systems to
measure viscosities of Newtonian fluids, so we have devised a new method. This new method is
based on, for a fixed height of the liquid column, measuring the front velocity at two different
positions within the microcapillary. We have checked that the viscosity so obtained does not
exhibit spurious dependencies on experimental factors such as the height of the liquid column,
H, or the value of the capillary gap, b. Using this method, we obtain results consistent with
those reported in the literature.

The flow regime studied in this paper, in which we can observe both acceleration and decel-
aration of the fluid front, may induce to misinterpret the data regarding the properties of the
fluid flow regime being observed. The theoretical approach that we have devised in this paper
allows us to reliably measure the viscosity of Newtonian fluids regardless of the fluid regime
introduced by our experimental setup. This theoretical framework is the stepping stone
towards studying more complex fluids such as whole blood and other non-Newtonian fluids,
as it allows to separate spurious dependencies produced by experimental artifacts from genuine
non-Newtonian effects.

This methodology has allowed us to design and calibrate a micro-viscosimeter to determine
the viscosity with measurements over a wide range of shear rate, extending about two orders of
magnitude. Our device is capable of obtaining the correct value of the viscosity of Newtonian
fluids for low values of the shear rate without the need of ad hoc corrections, which are neces-
sary when using other types of viscometers.

Finally, we have shown evidence that our method is more reliable than a standard, commer-
cial cone-plate rheometer for small shear rates, as shown in Fig 11. Whereas the cone-plate
rheometre produces spurious effects at low shear rates (in this case, predicting that the viscosity
of a Newtonian fluid exhibits shear-rate dependence), our microfluidic device avoids these
spurios effects and produces the right result with a constant viscosity. This effect is typical and
present in several rheometers for fluids with low viscosities measured at low shear rates.
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