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ABSTRACT

Microfluidic rheometry is considered to be a potential alternative to conventional rheometry for the rheological characterization of viscoelastic
solutions having relatively low viscoelastic properties. None of the microfluidic platforms introduced so far, however, can be used for the
measurements of multiple rheological properties in the same device. In this work, I present the first microfluidic platform, named the “u-
rheometer,” which allows for the simultaneous measurement of zero-shear viscosity 7o and longest shear relaxation time A. This is achieved
by transforming the original “flow rate controlled” platform presented by Del Giudice et al., “Rheometry-on-a-chip: Measuring the relaxation
time of a viscoelastic liquid through particle migration in microchannel flows,” Lab Chip 15, 783-792 (2015) into a “pressure drop controlled”
microfluidic device, by replacing a syringe pump with a pressure pump. The novel device has been tested by measuring both #o and A for a
number of polyethylene oxide solutions in glycerol-water 25 wt. % and pure water, respectively. Its effectiveness has been corroborated by
means of a direct comparison with a conventional rotational rheometer.

© 2020 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license

(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0006060

. INTRODUCTION

The rheological characterization of complex fluids is extremely
important in a variety of fields, including the food industry, cos-
metics,” and biomedical engineering.” > Among the plethora of rhe-
ological properties of interest, the zero-shear viscosity 7o and the
longest relaxation time A occupy a special place. Variations of 7o
in blood have been related to inflammatory or vascular diseases;
similarly, variations of #y in food products have been associated
with the change in perception of both sweetness and aroma.” The
longest relaxation time, instead, is a measure of the fluid elasticity,
a critical parameter in many applications including coating,’ drag
reduction,’ droplet formation,” and mixing.ll The accurate evalu-
ation of the longest relaxation time is also very important for the
design of microfluidic flow cytometers'* " and for the design of
cell and particle separation microfluidic devices."”'® For the major-
ity of applications listed above, values of zero-shear viscosity 7o and
longest relaxation time A are generally small, with #o varying in the
range of 1 < 7o/#s < 10, where # is the solvent viscosity, and A varying
in the range of 0.1 < A < 100 ms. While conventional bulk rheometry
still allows for the measurement of small fluid viscosity values with

good accuracy, the same is not true for the longest relaxation time,
which is often too small to be measured through conventional tech-
niques.””"” In the case of biological fluids, even the measurement
of no through conventional rheometry is sometimes not possible, as
a bulk rheometer requires a large amount of samples (on the order
of milliliters), and the measurement itself can be affected by edge-
effects,”’ particularly evident in dilute biological solutions. Some of
these limitations have previously been addressed by using microrhe-
ology techniques, where the Brownian motion of an ensemble of
particles suspended in a polymer solution was tracked as a function
of time in order to obtain their mean square displacement.”’ By fur-
ther using the Fourier transform on the data, it was possible to derive
the frequency response of the solution.”” This approach still presents
some challenges associated with the experimental setup, data analy-
sis, and statistical significance. In an attempt to improve the effec-
tiveness of microrheology techniques, it was demonstrated that the
frequency response of a polymer solution could be obtained by
tracking a single particle caged in an optical trap.”””* This approach
improved the statistical significance and reduced the statistical noise.
However, rheological characterization via optical tweezers requires
light-sensitive particles with a refractive index different from that
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of the solution under investigation, a condition not always easy to
fulfill.

To overcome the limitations associated with both conventional
rheometry and microrheology, there has been significant interest
in the so-called microfluidic rheometry."””>*° As suggested by the
term, microfluidic rheometry employs microfluidic devices in order
to derive rheological properties. Microfluidic devices present sev-
eral advantages over conventional techniques: they require a small
amount of samples, they are closed systems (no edge effects), and
they can be easily integrated with other devices.'” So far, the major-
ity of existing microfluidic rheometry platforms focused on the
measurement of shear and extensional viscosity over a wide range
of shear-rates. Hudson et al.” employed a microfluidic rheome-
ter to measure the shear viscosity of several polyethylene oxide
and protein solutions up to imposed shear rate values of j ~ 10* s™".
Choi and Park’ employed a microfluidic device based on the co-
flow between a reference fluid and the investigated fluid to measure
the zero-shear viscosity of several protein solutions. Arosio et al.”’
designed a microfluidic device to evaluate the zero-shear viscosity of
several protein solutions. Lee et al.”* introduced a novel electroflu-
idic device for the measurement of zero-shear viscosity of xanthan
gum and whole blood at different temperatures. Vishwanathan and
Juarez” reported a probe-free technique for the measurement of the
shear viscosity of Newtonian liquids by utilizing sub-kilohertz liquid
oscillation frequencies around a cylindrical obstacle in a microflu-
idic device. Very recently, Gupta and Vanapalli’’ measured the
shear-rheology of Newtonian and polyethylene oxide solutions in
microchannel flows using the 3D-resolved flow kinematics obtained
from digital holography microscopy. Several microfluidic platforms
for the measurement of the extensional viscosity have also been
introduced.” For instance, Hsiao et al’' employed the “Stokes
trap””” to confine the 2D plane single micrometer-sized particles
near the stagnation point of a planar extensional flow. Due to nor-
mal stresses, the particles migrated in the vertical toward the walls.
The authors tracked the particle migration, and a second-order fluid
model was developed for the extensional flow, which enabled the
determination of extensional viscosity. Additional devices for the
measurement of extensional viscosity can be found in the review by
Haward.”

While many platforms have been introduced for the measure-
ment of shear viscosity,” measurement of the longest shear relax-
ation time has been largely neglected (microfluidic techniques for
the measurement of the extensional relaxation time can be found
in the review by Haward™). Zilz et al.'” were the first to intro-
duce a microfluidic device for the estimation of the longest shear
relaxation time. Their platform was based on the occurrence of
elastic instabilities in curved geometries and was used to mea-
sure the longest relaxation time of dilute polyethylene oxide solu-
tions. Koser et al.” designed a microfluidic device to measure the
creep recovery of polyacrylamide solutions. By fitting the data to
an existing theoretical model, Koser et al.”® were able to evalu-
ate the longest shear relaxation time. Del Giudice et al.'® intro-
duced a methodology to measure the longest shear relaxation time
of dilute and semi-dilute polymer solutions based on the transver-
sal migration of particles suspended in polymer solutions flowing
in a straight microchannel.”* " The so-called y-rheometer has been
used for the evaluation of standard polyethylene oxide and poly-
acrylamide solutions,® polyelectrolyte solutions (hyaluronic acid
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and chitosan) with different sodium chloride concentrations,’” atac-
tic polystyrene solutions,” hydroxyethyl cellulose solutions,” and
polymerized ionic liquid in ionic liquid solutions.”’ So far, how-
ever, no microfluidic rheometry platforms may be used for the
measurement of multiple rheological properties; this is a significant
limitation that prevents microfluidic rheometry from becoming the
gold standard for the rheological characterization of polymer solu-
tions, especially in dilute and semi-dilute polymer regimes where
conventional rheometry fails due to technical and experimental
limitations. "’

In this work, the first microfluidic platform, called the u-
rheometer, for the simultaneous measurement of zero-shear viscos-
ity o and longest shear relaxation time A is presented. The working
principle of the y-rheometer is the same as that introduced in the
original publication,® the only difference being that the flow is gen-
erated using a pressure pump instead of a syringe pump (Fig. 1).
This modification allows for the simultaneous measurement of the
zero-shear viscosity 7o and the longest fluid relaxation time A.

Experimental Apparatus 1

b)

Pressure Pump

-
-
fad {

)
! [l
! |
! \
! 1
! )
! 1
'

Experimental Apparatus 2

Pressure Pump

FIG. 1. Schematic representations of the two y-rheometer apparatuses with (a)
and without (b) the flow sensor. (a) The sample is inserted in the pressurized cham-
ber of the pressure pump, and the pressure drop Ap is imposed. The suspension
flows through the flow sensor first and then reaches the cylindrical microchannel,
where videos of flowing particles are recorded. (b) The sample flows directly from
the pressurized chamber into the cylindrical microchannel. Black solid lines repre-
sent tubes with an internal diameter D, connection = 250 #m and an external diameter
Do, connection = 1.6 mm. Red dashed lines represent tubes with an internal diameter
D; sensor = 400 um and an external diameter Do, sensor = 1.6 mm. Scale bar in the
snapshot is 100 um. Dimensions are not in scale.
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This paper is organized as follows: Sec. 11 reports the theoretical
background regarding the rheological behavior of dilute and semidi-
lute unentangled polymer solutions, Sec. I1I reports the experimental
setup, Sec. I'V describes the working principle of the y-rheometer,
and Sec. V reports the comparison between the data measured using
the y-rheometer and those measured using conventional bulk rheol-
ogy. Experimental data are also compared with available theoretical
predictions. Advantages and limitations of the y-rheometer setup
are also discussed.

Il. THEORETICAL BACKGROUND

The aim of this section is to provide the relevant background
regarding the behavior of polymer solutions to better understand
the results presented in Sec. V. When a polymer chain is added
to a solvent, its configuration in solution depends on thermody-
namic interactions occurring between the chain and the solvent
molecules.”” One of the most common chain configurations in solu-
tions is the random-coil, where the dimension of the coil (quantified
by its hydrodynamic radius) depends upon the balance between two
intramolecular interactions: the steric repulsion between monomers
and the solvent-mediated attraction between monomers.”” These
two interactions are perfectly balanced at a specific temperature
called the O-temperature (not to be confused with the parame-
ter © introduced in Sec. IV). The solvent for the polymer at the
0 temperature is called the theta (or 6) solvent. When the tem-
perature T > 6, the steric repulsion is stronger than the solvent-
mediated attraction, thus leading to a coil with hydrodynamic radius
larger than the one at T = 0. In order to determine whether a
solvent is a 0-solvent or a good solvent for a given polymer, the
dimensionless scaling exponent v was introduced. This parameter is
related to the volume occupied by the random-coil in solution, with
v = 0.5 for polymers in a theta-solvent and v = 0.6 for polymers
in a good solvent."”” The conformation of the polymer in a solvent,
however, does not necessarily need to fall in the category of good-
solvent or 6-solvent: coils with different amounts of swelling can be
found when the dimensionless scaling exponent falls in the range
0.5<v<0.6.

Different chain conformations in solution result in marked dif-
ferences in the macroscopic solution behavior, specifically, regarding
the variation of both zero-shear viscosity #o and the longest relax-
ation time A with the polymer concentration c. When the polymer
concentration is far below the so-called overlapping concentration
¢* (the concentration at which polymer chains start to interact),
macroscopic rheological properties can be described through the
Zimm model.”’ The scaling predictions that describe the variation of
macroscopic rheological properties are generally presented in terms
of specific viscosity at zero-shear 70 = % — 1, where #5 is the
zero-shear specific viscosity and #; is the solvent viscosity. The spe-
cific viscosity represents the polymer contribution to the macro-
scopic dynamics of the solution. The scaling predictions for the
specific viscosity 75,0 and the longest relaxation time A in the dilute
regime (¢ < c*) are

fgpoocc and  Aoc &, (1)

where A is independent of the polymer concentration, as the
polymer chains are assumed to be isolated and not interacting
with the surrounding ones (an approximation valid for ¢ « c¢*).
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The relaxation time in the dilute regime can be directly evaluated
using the Zimm formula®’

F[n]Mwns

RT ~° &)

AZimm =
where F = 1/3N,(1/#%") is a parameter depending on the
solvent quality (through the dimensionless scaling exponent v),
[n] = limco '7—2’0 is the intrinsic viscosity of the polymer, M,, is the
polymer molecular weight, R = 8.314 J/(mol K) is the universal gas
constant, and T is the absolute temperature.

When increasing the polymer concentration ¢ near and above
the overlapping concentration ¢*, De Gennes'' showed that the cor-
relation length & (a measure of chain proximity'”*’) can be used
to describe the dynamic of the solution in this new regime called
semidilute. On scales smaller than &, monomers from the same chain
are surrounded by solvent molecules,” ** hydrodynamic interac-
tions are not negligible, and the overall dynamic can be described
via the Zimm model.”’ On scales larger than &, polymer chains inter-
act with each other and hydrodynamic interactions are screened as a
result of the presence of other chains.’** Therefore, polymer chains
adopt a conformation of random walks of correlation blobs with size
&. In these conditions, the solution dynamic is well described by the
Rouse model,”’ with scaling predictions

1/(3v-1)

Nspo o< € (2—31/)/(31/—1)’ (3)

and Aocc
which are valid in the semidilute unentangled regime where polymer
chains interact without forming entanglements. At higher concen-
trations, polymer chains do entangle and the predictions become
different from those of Eq. (3). The scaling predictions in the entan-
gled polymer regime are not relevant for the present work, but they
can be found in the manuscript by Colby."

lll. MATERIALS AND METHODS
A. Material and preparation

Polyethylene oxide (PEO, Sigma Aldrich UK) with molecu-
lar weight M,, = 4 MDa in both glycerol-water 25 wt. % (hereafter
labeled PG4) and pure aqueous solutions (hereafter labeled P4) at
different mass concentrations in the range of 0.0398 < ¢ < 0.7 wt. %
was employed in this study. A PEO solution at a concentration of ¢ =
0.7 wt. % was prepared by direct addition of the polymer powder to
both solvents. The other solutions were prepared by dilution of the
stock using Gilson pipettes and a scale with 0.1 mg precision (Ohaus
Adventurer Precision Balances).

For the microfluidic measurements in the y-rheometer, the
addition of particles was required (see Sec. IV for more details).
Polystyrene particles (Polysciences, Inc.) with density p, = 1.05 g/l
and diameters d, =15 + 1.5 ym, dp =10 £ 1 ym, and d, = 6 + 0.6 yum
were added to the solutions. Particles with different sizes were
employed in order to keep the confinement ratio f = d,/D =~ 0.1
(8 = 0.1 for experiments in 150 ym and 100 ym channels, while
B = 0.12 for experiments in 50 ym channels), where D is the diam-
eter of the y-rheometer, in all the experiments; this precaution
was required to fulfill the assumptions of 8 ~ 0.1 underlying the
theoretical model for the evaluation of the fluid relaxation time,'”
as described in Sec. I'V. Dilute suspensions with volume fraction
¢ = 0.02 wt. % were prepared by direct addition of particles to the
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polymer solution and by using a mixer (Fisher Scientific). The effect
of the particle addition on the fluid rheology can be neglected at
such small ¢ values.”” The suspension was immersed for 1 min in an
ultrasonic bath (Fisher Scientific) to remove air bubbles and destroy
potential particle aggregates. This procedure was repeated before
each experiment.

B. Bulk shear rheometry

The viscosity curves for all the polymer solutions investigated
were evaluated using a stress-controlled TA instruments AR2000ex
rheometer. An acrylic cone with 60 mm diameter and a cone angle
of 1° was used together with a custom made solvent-trap to avoid
fluid evaporation. The temperature was controlled by a Peltier sys-
tem and kept at T = 20 °C for the PG4 solutions and T = 22 °C for
the P4 solutions. Different temperatures for the rheological char-
acterization of PG4 and P4 are being required to match the tem-
perature of the rooms in which the microfluidic experiments were
performed.

C. Microfluidic apparatus

Two experimental apparatuses for the p-rheometer were
employed (Fig. 1). The first apparatus [Fig. 1(a)] included a pressure
pump (Mitos P-Pump, Dolomite Microfluidics) connected to a flow
sensor (Mitos flow-sensor, Dolomite Microfluidics) and then con-
nected to the glass cylindrical microchannels (VitroCom, UK). Glass
microchannels were used instead of the commonly encountered
PDMS devices to avoid deformation of the channel walls which,
in turn, could affect the y-rheometrical measurements.”’ Channels
with different internal diameters, namely, D = 50 ym, D = 100 ym,
and D = 150 ym, and length L = 100 mm were used to tune the
range of validity of the y-rheometer measurements.’ Silicone tubes
(black solid and red-dashed lines in Fig. 1) were used to connect the
pressure pump to the flow sensor and then to the glass microchan-
nel. The second apparatus [Fig. 1(b)], instead, included the pres-
sure pump directly connected to the glass cylindrical microchannel.
In both apparatuses, particles flowing in the microchannel (snap-
shots in Fig. 1) were observed using an inverted microscope (Zeiss
Axiovert 135) in bright field with a 5x objective (Zeiss Objective Epi-
plan 5x/0.13 W0.8, WD = 20.5 mm). The estimated depth of field for
this objective is ~60 ym. Therefore, choosing the channel centerline
as the focal plane, particles were always in focus regardless of their
position across the channel cross section. Images of flowing parti-
cles were recorded by using a fast camera (Photron, fastcam Mini
UX50) at a frame rate between 50 fps and 8000 fps, depending on
the imposed pressure drop in the range 60 < Ap < 500 mbar. All
the microfluidic experiments were carried out at room tempera-
ture, measured using a digital room thermometer (Habor technol-
ogy). Particles were tracked using a well established Interactive Data
Language (IDL) (Harris Geospatial solutions) subroutine™ avail-
able online (http://www.physics.emory.edu/faculty/weeks//idl/) and
used in the previous works.'>””** A minimum of 100 particles were
tracked for each measurement at an imposed pressure drop Ap.
Results from the particle tracking were subsequently analyzed to
derive 7o and A by using a homemade Matlab code. The values
of zero-shear viscosity 7o and the longest relaxation time A were
derived as the average of two or three independent measurements
taken at different imposed pressure drops Ap.
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IV. WORKING PRINCIPLE OF THE y-RHEOMETER

The working principle of the y-rheometer employed in this
work is the same as that introduced in the original publication,'”
with the only difference being that the flow here is generated using
a pressure pump instead of syringe pumps (Fig. 1). This modifi-
cation allows for the simultaneous measurement of the zero-shear
viscosity 7o and the longest fluid relaxation time A. The phenomenon
underlying the working principle of the y-rheometer is the center-
line transversal migration of particles suspended in polymer solu-
tions with nearly constant viscosity flowing in microfluidic chan-
nels.” "> When shear-thinning features are not negligible and
when the confinement ratio § < 0.1, particles migrate toward the
walls of a straight channel.” ™ Under a practical point of view,
this means that if, during the experiments, particles attain equilib-
rium positions near the walls of a straight channel, the y-rheometer
cannot be used.

A. Measurement of the zero-shear viscosity

It is well-known that for fluids having a constant viscosity value
within the range of explored shear rates, whether they are Newto-
nian or non-Newtonian, their bulk flow in straight channels can be
described by the Hagen-Poiseuille law that relates the pressure drop
to the flow rate as”’

12870QL
nD*

where Ap is the imposed pressure drop, #o is the zero-shear vis-
cosity (i.e., the constant viscosity value in the low-shear plateau
region of the flow curve), Q is the volumetric flow rate, D is the
channel internal diameter, and L is the channel length. The sym-
bol Z = 128L/(nD") is the geometrical flow resistance and is here
used to simplify the notation. Equation (4) is valid when the fluid
presents a constant viscosity and when the pressure pump is directly
connected to the channel with diameter D and length L. In this work,
the microchannel was connected to the pressure pump by using a
series of different tubes (Fig. 1); thus, Eq. (4) is not strictly valid. For
a fluid with viscosity #o flowing with constant flow rate Q in a series
of N cylindrical tubes, the overall pressure drop can be written as

Ap = 10QZ%, (4)

N N
Apror = Z Api = WOQZ%b (5)
i=1 i=1
where Z; is the geometrical flow resistance in each cylindrical tube
with diameter D; and length L;. Note that, in Eq. (5), the local-
ized viscous losses were neglected; this is a good approximation
when the ratio L/D > 1, a condition always fulfilled in the exper-
iments reported therein. Equation (5) can be rewritten in terms of
zero-shear viscosity 7o as

_ Aptot

Q Zf\il %i
which is required for the evaluation of the zero-shear viscosity. The
pressure drop Ap is imposed in every experiment and, therefore,
is a known quantity; the geometrical flow resistance Z = YN, %;
is also known as it depends on the employed tube dimensions.
The volumetric flow rate Q can be either measured through the
flow sensor [experimental apparatus of Fig. 1(a)] or from the track-
ing of the particles flowing on the centerline of the microchannel

fo (6)
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(snapshots in Fig. 1). For this second approach to be accurate within
0.6% of error, Higdon and Muldowney* reported that the confine-
ment ratio 8 defined as the ratio between the particle diameter d,
and the channel diameter D should be 8 = d,/D ~ 0.1 or smaller; this
condition was always fulfilled in the experiments reported herein.
Particles flowing at the centerline display the largest possible veloc-
ity due to the parabolic velocity profile in cylindrical microchannels.
The relation between the maximum and the average fluid velocity
in circular pipes is’’ Umax/? = 2. From the average velocity ¥, the
flow rate is evaluated as Q = #D* /4. This approach was found to be
accurate (Fig. 2). It is clear from Eq. (6) that a precise estimate of the
flow resistance Z%; is important to accurately measure the zero-shear
viscosity #o. In practical terms, the diameter of the microchannel is
either provided by the manufacturer or measured after fabrication.
An error of 5% in the measurement of D (this is a conservative esti-
mate) can lead to an error in the evaluation of Z of ~20%, which,
in turn, will lead to a value of 7o carrying an error up to 20%,
depending on the number of flow resistances Z%; affected. The error
committed when measuring the channel length L can be roughly of
1 mm or less over a tube length of 10 cm or more, which is 10%
or less.

In summary, the zero-shear viscosity can be evaluated by using
any of the two experimental apparatus of Fig. 1 and by employing
Eq. (6). Note that, no calibration is required to calculate the zero-
shear viscosity, as the geometrical flow resistance is known a priori,
and all the localized viscous losses have been neglected (the validity
of this last assumption is confirmed by the good agreement observed
between the data of Fig. 2).

B. Measurement of the longest relaxation time

Particles suspended in a near constant-viscosity non-Newtonian
fluid flowing in a microfluidic channel experience an elastic force

a) Ap [mbar]
100 200 300 400 500
30+ L 2 \
O,w 07wt% |1b) 4
— 12 O
=251 0, A 0308wW% g uoa "l
é ] ! H H e ® @ o
= 204 & , & 0.16wt% 083
= 0
Og 15 > !
%10 o ] T _
Q ie -
E 1. - &
] 5‘%_,-/&'/& ——"V"_‘g— v I
0 (R -
100 200 300 400 500
Ap [mbar]

FIG. 2. (a) Good agreement between the flow rate values measured at different
imposed pressure drops Ap using the flow sensor, Queas (Open symbols), and
those estimated through the particle tracking, Qe (closed symbols), is observed
for several PEQ in glycerol-water solutions. The diameter of the suspended par-
ticles is dp = 15 um, while that of the channel is D = 150 ym (confinement ratio
B = dp/D =0.1). Different symbols represent different polymer concentrations. The
inset (b) shows that the ratio between the evaluated and the measured flow rate is
Q¢/Qm =~ 1 in the whole range of Ap investigated.
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that drives transversal migration toward the middle plane of the
channel cross section.”* When the cross section is either square-
shaped or circular, particles migrate toward the channel center-
line.”’**’ Romeo et al.”’ introduced a relation between the nor-
malized fraction of particles aligned on the centerline due to the
elasticity of the suspending fluids, f1, and the dimensionless param-
eter © = De(LZ/D)ﬁZ, where L, is the distance from the channel inlet
at which the particles are observed (which is different from the total
channel length L), D is the microchannel diameter, and 8 = d,/D is
the confinement ratio, with d,, being the particle diameter. The sym-
bol De indicates the Deborah number, defined as De = 41Q/(7D?),
where A is the longest relaxation time and Q is the volumetric
flow rate. The theoretical relation found by Romeo et al.”’ can be
expressed in analytical form as'’

1
fi= 1+ Be=C®*’

where B = 2.7 and C = 2.75 are constants derived from the best
fit of the data by Romeo et al.”” The normalized fraction of par-
ticles aligned on the centerline, f1, is derived after dividing the
channel cross section into k = 6 circular fluid bands, and it can be
evaluated as

7)

m
fi= leivlnk ®)
k=1 Ay

where the subscript k indicates the fluid cross-sectional band, Ay is
the area of the kth band, and ¥ is the average velocity of the fluid
enclosed in the band k. The number of bands k was fixed equal to
k = 6 in the original publication,'® and particles were assigned to
each band through the evaluation of the ratio between the veloc-
ity of each particle V), and the maximum particle velocity observed
Vp,max. The values of V,/V max, Ay, and ¥y are reported in Table I
(retrieved from the original publication'*), and they apply only when

the confinement ratio is § ~ 0.1.
Equation (7) can be written in terms of the longest relaxation

time as
71D |1 fiB
A—KZEE Eln(l—ﬁ), (9)

TABLE I. Numerical values of each band k (first column) required for the evaluation of
the normalized fraction of particles f4 [Eq. (7)] retrieved from Del Giudice et al.'® The
values of the ratio between the particle velocity and the maximum particle velocity
Vp!Vp,max (second column), the areas Ay (third column), and the average fluid veloc-
ities vy (fourth column) are reported. The values of Vp/Vp, max reflect the assumption
that the particle velocity is the same as the fluid velocity, valid when the confinement
ratio is 8 ~ 0.1 (see the main text for more information).
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Band VP/ memx Ak Uk

1 0.98 0.018 0.99
2 0.92 0.054 0.95
3 0.82 0.093 0.87
4 0.67 0.138 0.75
5 0.46 0.192 0.57
6 0.507 0.18
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where k¥ = 1 when A was measured in s/rad (as derived from the lin-
ear viscoelastic response with the angular frequency w expressed in
rad/s) or k¥ = 2 when Awas measured in s. In this work, the value
« = 1 was employed. Equation (9) is valid when ® < 1.4 (f is a very
weak function of ® for ® > 1.4), when De < 1, when inertial effects
are negligible, and for confinement ratio values 8 ~ 0.1. Inertial
effects are quantified by the Reynolds number Re = pvD/#, where p
is the fluid density, ¥ is the average fluid velocity [# = Q/(nD?/4) for
cylindrical channels], D is the channel diameter, and # is the shear
viscosity. Inertial effects become relevant when the Reynolds num-
beris”’ Re=0(1). If any of the above mentioned conditions (® < 1.4,
De < 1,Re < 1,and § ~ 0.1) is not fulfilled, then the value of the relax-
ation time derived from Eq. (9) may not be accurate. Note that even
the measurement of A through Eq. (9) does not require a calibration
curve, as the theoretical curve introduced by Romeo et al”’ is a uni-
versal master curve valid as long as its underlying assumptions are
fulfilled.

In summary, by tracking flowing particles, it is possible to eval-
uate the volumetric flow rate Q and the normalized fraction of par-
ticles aligned on the centerline fi. Once those two parameters are
known, the zero-shear viscosity is evaluated through Eq. (6) and
the longest relaxation time through Eq. (9). Since Q and f; can be
identified from the analysis of the same dataset, it is possible to eval-
uate simultaneously both 7y and A without the need of any prior
calibration.

V. RESULTS AND DISCUSSION
A. Rheological data

Polyethylene oxide dissolved in two different solvents, namely,
glycerol-water 25 wt. % (PG4 solutions) and pure water (P4 solu-
tions), were employed to prove the reliability of the y-rheometer.
In order to validate the values of 7o and A measured through the p-
rheometer, a standard rheological characterization of the solutions
was carried out (Fig. 3). In good agreement with previous literature
ﬁndings,m‘(’2 PG4 solutions at concentration ¢ > 0.1 wt. % exhibited
a plateau region at low shear rate values followed by mild shear-
thinning features above a critical value of the shear rate j. [Fig. 3(a)].
Below ¢ = 0.1 wt. %, the viscosity was nearly constant over the whole
range of the shear rate y investigated. Similar observations could be
made for the P4 solutions (Fig. 3). The clear distinction of behav-
iors above/below the concentration value ¢ = 0.1 wt. % suggested
the possibility that the overlap concentration was ¢* ~ 0.1 wt.%
for both fluids, thus implying that the quality of the solvent was
similar for PG4 and P4. An independent estimate of the overlap
concentration for both sets of solutions could be derived by rear-
ranging the data of Figs. 3(a) and 3(b) in terms of reduced viscosity
Nred = Nspolc [Fig. 3(¢)].”° The overlap concentration could be esti-
mated as either ¢* = 1/[#] (Flory theory®) or ¢* = 0.77/[#] (Gressley
theory™), where [#] = lim,_. o#,.q is the intrinsic viscosity. From the
data of Fig. 3(c), a value of intrinsic viscosity [#]pcs = 8.07 dl/g for
PG4 solutions and [#]ps = 9.70 dl/g for P4 solutions was found. The
estimated overlap concentrations according to the Flory theory were
cpas = 1/[n]pga = 0.12 g/dl and cp, = 1/[n]ps = 0.1 g/dl. Both
values could be compared to the theoretical prediction of [#] from
the Mark-Houwink relation®” [#]un = 0.072M5% = 14.08 g/dl,
with an estimated overlap concentration of ¢y = 0.07 wt. %,
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FIG. 3. Shear viscosity # as a function of the shear rate j for PEO solutions in
glycerol-water 25 wt. % at T = 20°C (a) and PEO solutions in pure water at
T =22°C (b). Dashed lines in (a) and (b) represent the measured solvent viscos-
ity. (c) Reduced viscosity #eq = #sp,0/C @s a function of the polymer concentration
¢ for PEO in glycerol-water (top) and PEO in pure water (bottom). Dotted—
dashed lines are the best linear fitting curves, which identify the intrinsic viscosity
[1]=1lime— 07eq. For the PEO in glycerol-water (open black circles), [17] = 8.07 dl/g,
while for PEO in water (open red circles), [r] = 9.70 dl/g.
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in good agreement with the value ¢* ~ 0.1 wt.% derived from
the data of Fig. 3 and with the value ¢* = 0.1 g/dl measured by
Kang et al.”

It is now time to present a comparison between the conven-
tional bulk rheometry and the y-rheometer data for PG4 solutions
(Fig. 4). As anticipated in Sec. 11, information regarding the dynam-
ics of the polymer chains in solution can be derived from the analysis
of the specific viscosity 7,0 as a function of the concentration c. A
very good agreement was observed between the 70 data derived
through conventional and microfluidic rheometry (Fig. 4). Red tri-
angles in Fig. 4 were obtained by using experimental apparatus 1
[Fig. 1(a)], i.e., including a flow sensor, while the blue circles were
obtained by using simpler (also cheaper) experimental apparatus 2
[Fig. 1(b)]. In both cases, the flow rate was measured by particle
tracking. The data were well-described by a straight line #s0 o< ¢
for ¢ < 0.1 g/dl, in agreement with the theoretical predictions for
the dilute regime [Eq. (1)]. For concentrations larger than ¢ = 0.1
g/dl, the data were well described by the power law #5,0 o< L8011
obtained through the least squares minimization analysis.”’ By com-
paring the best fit exponent with the scaling prediction of Eq. (3), the
dimensionless scaling exponent v = 0.544 was derived, in good agree-
ment with the exponent v = 0.55 found by Tirtaatmadja et al.”’ on
aqueous PEO solutions, thus suggesting that glycerol-water 25 wt. %
is a relatively good solvent for the PEO at T = 20 °C. The different
trend displayed by the data across ¢ = 0.1 g/dl further strengthened
the argument that the overlapping concentration for PG4 solutions
analyzed in this work was ¢* = 0.1 g/dL.

Simultaneously to the specific viscosity, it was possible to eval-
uate the longest relaxation time by using Eq. (9). The relaxation
time data could not be measured using standard oscillatory shear
measurements’’ as the rheometer torque detected during the exper-
iments was very close to, or lower than, the limiting torque of the
rheometer (data not shown). An estimate of the longest relaxation
time was derived by fitting the viscosity curves of Fig. 3(a) with the
Bird-Carreau model,”

o=t
[(1+Qp)°]*

where 7o is the zero-shear viscosity, 7. = 0 is the plateau viscos-
ity at infinite shear, A is the longest relaxation time, and n is the
flow-index. The estimate of A through Eq. (10) is based on the argu-
ment that the polymer chain in solution ceases to be a random coil
across a critical shear rate value j. when the solutions start to display
shear-thinning features; the longest relaxation time is estimated as
A = 1/j.. Note that the experiments with the y-rheometer were car-
ried out by imposing a pressure drop such that the maximum shear
rate in the glass microchannel Jax = 8Q/(7D?) was always smaller
than the critical shear rate j.. Therefore, the velocity profile in the
microchannel was always parabolic and both the Hagen-Poiseuille
law [Eq. (5)] and the relation of Romeo et al” [Eq. (7)] were
valid.

The data derived from the Bird-Carreau fitting were found to
be in good agreement with those measured through the y-rheometer
above the overlap concentration ¢* [Fig. 4(b)]. Below c*, it was not
possible to employ the Bird-Carreau model to estimate the relax-
ation time, as the viscosity curves for PG4 did not display any shear-
thinning feature [Fig. 3(a)]. The experimental data of Fig. 4(b) were

=1 + (10)
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FIG. 4. Good agreement between the conventional rheometry data (open squares)
and the p-rheometer data (red triangles and blue circles) is observed. (a) Specific
viscosity #sp,0 as function of the polymer concentration c. Red triangles refer to the
data derived through experimental apparatus 1 [Fig. 1(a)], while blue circles refer
to the data derived through experimental apparatus 2 [Fig. 1(b)]. For red triangles,
the internal diameter of the glass microchannel is D = 150 ym for ¢ > 0.1 g/dI
and D = 150 um for ¢ < 0.1 g/dl. For blue circles, the internal diameter of the
u-rheometer is D = 100 um. No significant difference between the data can be
observed. Dashed lines are the best fitting obtained through Eq. (3), while the
solid line is Eq. (1). From the best fitting through Eq. (3), a value of v = 0.544 was
obtained. (b) Longest relaxation time A as a function of the polymer concentration
¢. Symbols are as in (a). Green diamonds are the data derived from the paper of
Del Giudice et al.'® using the u-rheometer with the flow rate controlled by using
syringe pumps. The relaxation time for the conventional rheometry was estimated
from the Bird-Carreau model°’ applied to the viscosity curve of Fig. 3(a). Dashed
line is the theoretical prediction of Eq. (3) with v = 0.544 derived from the data in
(a). Error bars falling within the symbol are not shown.

well described by the scaling law for the longest relaxation time in
the semidilute unentangled regime [Eq. (3)], where the dimension-
less scaling coefficient was set to v = 0.544, derived from the best fit
of the viscosity data of Fig. 4(a). The relaxation time data were also
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found to be in good agreement with those of Del Giudice et al.'’
(green diamonds in Fig. 4) on PG4 solutions, measured using the
y-rheometer with the flow rate controlled by using syringe pumps.
For the relaxation time, the tiny discrepancy observed between the
p-rheometer data measured with and without the flow sensor is min-
imal and, in general, falls near the experimental uncertainty (see the
error bars).

An important conclusion that can be drawn for the data of
Fig. 4 is that the flow sensor is not necessary for the simultaneous
measurement of rheological properties, as the volumetric flow rate
Q evaluated via the tracking of particles flowing at the centerline
leads to an accurate estimate of the viscosity through Eq. (6). With
this reasoning, rheological properties for P4 solutions were derived
using experimental apparatus 2 [Fig. 1(b)] and were compared to
the conventional rheology data (Fig. 5). For the viscosity data, good
agreement was observed across all the concentrations [Fig. 5(a)].
The data above the overlap concentration ¢* = 0.1 g/dl were well
described by the power law 7 0 o< c67+0.08 \which returned a value
of the dimensionless scaling exponent v = 0.533, again suggesting
that water is a relatively good solvent for the PEO, in agreement
with the literature.””"’ Relaxation time values derived from bulk rhe-
ology through the Bird-Carreau fitting of the viscosity curves were
found to be in good agreement with y-rheometer data for polymer
concentrations ¢ > 0.2 g/dl. For smaller polymer concentrations c,
shear-thinning features were not clearly observable in the P4 vis-
cosity curves [Fig. 3(b)], and the resulting estimate of the longest
relaxation time A was affected by large error bars (open squares).
The data above ¢, derived through the y-rheometer (blue circles),
were also well described by the theoretical predictions of Eq. (3)
with dimensionless scaling coefficient v = 0.533. For concentrations
below the overlap concentrations, a plateau in the relaxation time
values was observed, in agreement with the theoretical predictions
of Eq. (1). The estimated Zimm relaxation time through Eq. (2) was
Azimm = 0.78 ms, where T = 295 K, [y] = 9.7 dl/g, M), = 4 MDa,
#s = 9.04 x 10™* Pa s (measured through conventional bulk rheom-
etry), and F = 1/ ¥, (1/") = 0.542, in good agreement with the
p-rheometer data for ¢ < ¢*.

B. Advantages and limitations of the y-rheometer

The clear advantage of the p-rheometer over the existing
microfluidic techniques is the simultaneous measurement of zero-
shear viscosity 7o and longest relaxation time A by using a volume of
liquid as small as 100 yl. The measurement of 79 and A for one poly-
mer solution takes around 5 min, depending on the time required
to stabilize the flow rate after imposing the pressure drop Ap. Inci-
dentally, the flow in the microchannel stabilizes faster when using a
pressure pump instead of a syringe pump (stabilization for 10 min
or more due to the inertia of the syringes), which is an advantage
in terms of time required to carry out the measurement. Existing
microfluidic platforms have so far'’ allowed for the measurement
of either 7o or A. Even though the y-rheometer cannot be used to
derive a full viscosity curve, the evaluation of the zero-shear vis-
cosity is, in general, sufficient to draw conclusions regarding the
behavior of the polymer solutions. As reported in Sec. I, the scaling
of polymer solutions experiencing distinct polymer-solvent inter-
actions can be described by different scaling predictions obtain-
able through the evaluation of the dimensionless scaling exponent
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FIG. 5. Good agreement between the conventional rheometry data (open squares)
and the p-rheometer data (red triangles and blue circles) is observed. (a) Specific
viscosity #spo as a function of the polymer concentration c. Blue circles refer to
the data derived through experimental apparatus 2 [Fig. 1(b)]. Dashed lines are
the best fitting obtained through Eq. (3), while the solid line is Eq. (1). From the
best fitting through Eqg. (3), a value of v = 0.533 was obtained. (b) Longest relax-
ation time A as a function of the polymer concentration ¢. Symbols are as in (a).
The relaxation time for the conventional rheometry was estimated from the Bird—
Carreau model®’ applied to the viscosity curve of Fig. 3(b). A p-rheometer with
diameter D = 100 um was used for the measurements at ¢ > 0.1 g/dl, while a
u-rheometer with diameter D = 50 ym was used for the measurements at
¢ < 0.1 g/dl. Continuity between measurements carried out with the two
u-rheometers was assured by measuring 7o and A at ¢ = 0.1 g/dl with both
u-rtheometers. Black dashed line is the theoretical prediction of Eq. (3) with
v = 0.533, derived from the data in (a). Red dotted line is the Zimm relaxation
time measured through Eq. (2). Error bars falling within the symbol are not shown.

v."**” The zero-shear viscosity has also been used as a rheological
“biomarker” for the characterization of the protein solutions.” "’
Choi and Park,” for instance, demonstrated that the folding and
unfolding of protein solutions could be quantified through the
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measurement of the zero-shear viscosity. The y-rheometer could
be used in similar studies and could potentially provide additional
information regarding the link between protein folding and fluid
elasticity’™” due to the simultaneous measurement of both 7o
and A.

Another advantage of the y-rheometer is the very simple
microfluidic setup, with a straight channel having a single inlet
and a single outlet. Few other microfluidic rheometry platforms
offer such simplicity; examples include the platform introduced by
Hudson et al." and the iCapillary introduced by Solomon et al.”’
The iCapillary, however, could not easily measure zero-viscosity as
the smallest shear rate applicable was j = 1640 s™*. The u-rheometer
can also be used for rheological characterization in parallel, assum-
ing that independent pressure-pumps are available. This is a clear
advantage over conventional rheometry where parallel analysis is
possible only by using several rheometers in parallel. Addition-
ally, the conventional rheometer cannot carry out simultaneous
measurement of zero-shear viscosity and longest relaxation time,
as the shear viscosity is measured imposing a continuous rota-
tional flow, while the longest relaxation time A is generally mea-
sured imposing an oscillatory flow.” Finally, the fact that measure-
ments with the y-rheometer require only a few microliters of sample
(less than 100 ul in some cases) makes the y-rheometer a poten-
tial gold standard for the characterization of rare and expensive
biofluids."”

Despite clear advantages, the y-rheometer also presents some
limitations. The current setup does not allow measurements at dif-
ferent temperatures. Choi and Park’ inserted their experimental
apparatus in an incubator to carry out measurements at differ-
ent temperatures: this can be a possible solution for temperature
controlled measurements in the y-rheometer. Alternative method-
ologies are based on the integration of electrofluidic circuits® or
localized temperature controlled circuits.”' Integration of the u-
rheometer with any system for localized temperature control would
further reduce the gap between conventional and microfluidic
rheometry. Another disadvantage is that measurements of New-
tonian liquids (i.e., inelastic fluids with A = 0) with experimental
apparatus 2 are not possible, as the migration toward the channel
centerline is driven by the elasticity of the suspending medium.’
Without elastic effects, particles do not migrate toward the channel
centerline, and therefore, the measurement of the volumetric flow
rate Q is not possible. However, by using experimental apparatus 1,
the flow rate can be read and the viscosity can be evaluated, as for a
conventional capillary rheometer.

The p-rheometer cannot be used to measure the rheological
properties of shear-thinning liquids because the theoretical curve
introduced by Romeo et al,”” employed here for the simultane-
ous measurement of 7o and A, is valid only for second-order fluids.
Under an experimental point of view, shear-thinning features pro-
mote transversal migration toward the channel walls.” *° During
the experiment, if particles are observed near the channel walls, it
means that the suspending liquid presents significant shear-thinning
features, and therefore, the y-rheometer cannot be used. In addi-
tion, due to the working principle based on the transversal particle
migration in homogeneous liquids, the y-rheometer is not expected
to work on heterogeneous systems such as emulsions or suspen-
sions. The last two limitations could be potentially addressed in the
future when (if) theoretical models for the description of particle

35,36,53
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migration in shear-thinning liquids and heterogeneous systems will
be available.

Probably, the most relevant disadvantage of the current
u-rheometer setup is the post-processing required before being able
to determine the fluid properties. The problem is not the post-
processing itself (which does not take longer than 10 min), rather
the verification of the hypothesis underlying the measurement of
the longest fluid relaxation time A through Eq. (9). The measure-
ment of A, indeed, is accurate only when ® < 1.4, De < 1, and Re < 1.
The evaluation of all the three dimensionless parameters depends
on the imposed volumetric flow rate Q, on the longest relaxation
time of the fluid A, and on the normalized fraction of aligned par-
ticles f1. With experimental apparatus 1, the flow rate Q can be
measured through the flow sensor, while A and f; are actually the
result of the post-processing. Therefore, it is only after the post-
processing that the validity of the measured A values can be veri-
fied. This issue is mitigated by the experience of the user perform-
ing the measurements, but some trial-error is required. A poten-
tial solution that deserves further investigation is the use of a real-
time particle tracking software, such as that commercially available
from Photometrics, based on the work by Sbalzarini and Koumout-
sakos.”” In this way, the validity of the assumptions could be ver-
ified in real-time, and experimental conditions could be adjusted
to obtain reliable and accurate values of A. The measurement of
the zero-shear viscosity 7o remains possible using Eq. (6), as long
as the confinement ratio for experimental apparatus 2 [Fig. 1(b)]
isf<0.1.

VI. CONCLUSIONS

In summary, I introduced the u-rheometer, a microfluidic
platform for the simultaneous measurement of zero-shear viscos-
ity, and the longest relaxation time. The working principle of the
y-rheometer employed in this work was the same as that intro-
duced in the original publication;'® however, herein the flow was
imposed using a pressure pump instead of syringe pumps. This
modification allowed for the simultaneous measurement of the zero-
shear viscosity 7o and the longest fluid relaxation time A. Two
sets of polyethylene oxide solutions in glycerol-water 25 wt. %
(PG4) and pure water (P4) were characterized through conven-
tional rheometry, and the results were compared to those derived
through the u-rheometer; good agreement was found between all
the experimental data. A simpler and cheaper version of the y-
rheometer, i.e., without the flow sensor, was found to be accu-
rate for the measurements of the rheological properties. Future
integration with localized temperature systems™’' and implemen-
tation of the real-time particle tracking algorithm are anticipated
to further reduce the gap between conventional and microfluidic
rheometry.
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