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A novel method to estimate the relaxation time of viscoelastic fluids, down to milliseconds, is here proposed. The adopted
technique is based on the particle migration phenomenon occurring when the suspending viscoelastic fluid flows in microfluidic
channels. The method is applied to measure the fluid relaxation times of two water-glycerol polymer solutions, in an ample
range of concentrations. A remarkable improvement in the accuracy of the measure of the relaxation time is found, as compared
with experimental data obtained from shear or elongational experiments available in literature. Good agreement is also found
with available theoretical predictions. The proposed method is reliable, handy and does not need a calibration curve, opening an
effective way to measure relaxation times of viscoelastic fluids otherwise not easily detectable by conventional techniques.

1 Introduction

Non-Newtonian fluids are widely used in our daily life!=3.
Among them all, polymer solutions play an important role
in several industrially relevant materials and applications, as
in cements, paints, rubbers and, e.g., for oil recovery“’é. In
the last few years, polymer solutions have received a grow-
ing interest in microfluidics”~'3. Indeed, the development of
techniques to control trajectories of suspended particles under
continuous flow in microfluidic devices is an active research
field "4, and the use of complex fluids as carrier liquids allowed
the development of alternative platforms for particle manipu-
lation, with relevant advantages over conventional techniques
in terms of costs and fabrication. In this regard, it has been
recently demonstrated that the addition of even small ppm of
polymers in water 1 excites internal forces that promote par-
ticle migration transversely to the flow direction’. These mi-
gration forces are generated from the elastic nature of non-
Newtonian fluids7-'%17 and their entity is an increasing func-
tion of the Deborah number defined as De = A /t;, where f; is
the flow characteristic time (that depends on channel geome-
try and flow rate) and 2 is the fluid relaxation time®!3-2!. In
real world fluids, of course, there in fact exists a spectrum of
characteristic times; the A introduced above should then be
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regarded as the longest relaxation time of the liquid, the deter-
mination of which is most useful in practice.

In a way, the fluid relaxation time can be thought of as a
measure of the amount of elasticity that can be stored in the
flowing sample??. Fluids with A # 0 are defined viscoelas-
tic because of their behaviour in between a viscous fluid and
an elastic solid. The characteristic time A is an important fin-
gerprint of viscoelasticity, and its accurate measurement is re-
quired to properly characterize the liquid rheological proper-
ties. Exploitation of viscoelastic fluids in microfluidics, in-
deed, has received great attention from the scientific commu-
nity 7' because these fluids can be used to control micropar-
ticle positions without external forces, thus implying simpler
microfluidic designs®?23. An accurate knowledge of the fluid
relaxation time A is, of course, crucial in the microfluidic
design'>!3. A major problem in measuring fluid relaxation
time by conventional techniques?* arises for small values of
A (down to milliseconds). The latter is just the case, however,
for polymer solutions at low polymer concentrations, which
are just the ones generally used in microfluidic devices due
to their capability to be pumped through small channels with
acceptable pressure drops. Other important examples of fluid
with quite small relaxation times are dilute solutions contain-
ing proteins, DNA or biopolymers, all of them being of inter-
est in biological applications 1>,

Several methods to measure the fluid relaxation time are
commonly used, as reported in the literature. A first way
to measure A is through the so-called linear viscoelastic re-
sponse experiments, in which a shearing sinusoidal deforma-
tion is applied to the material placed between parallel plates,
and the viscous and elastic response of the material are sep-
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arately evaluated??. From these measurements, it is possi-
ble to derive the fluid characteristic time by varying the os-
cillation frequency and observing the switch from a predom-
inantly viscous to a predominantly elastic response?®, those
responses being quantified by the loss modulus G” and the
storage modulus G', respectively. Fluids with really small re-
laxation times (around milliseconds), however, experience the
transition from a predominantly viscous to a predominantly
elastic regime at rather high frequency (~300 Hz), where the
inertia of the rheometer can affect the measurement®?. It re-
mains possible to extrapolate the value of A for a wide class
of non-Newtonian fluids from the linear viscoelastic response
data at low frequencies??. The fundamental bottleneck in this
case resides in the possibly small values of the storage modu-
lus G’ (less than 1073 Pa), which might even be not detectable
by conventional rheometers?*. In conclusion, the main diffi-
culty of this procedure is due to technological limitations of
conventional rheometers presently available on the market?’.

A second approach to determine A is based on the measure
of the first normal stress difference N1 by a steady state shear-
ing experiment?® and on using the relation N| o A 2%, Because
of the steady state conditions of this kind of experiment, the
measure might seem easier than the one through linear oscil-
lations >2. However, values of N are typically rather low, and
are scattered, 28 and so it is difficult to extract an accurate value
for A from this method.

To overcome these difficulties, a novel method named Cap-
illary Breakup Extensional Rheometry (CaBER) has very re-
cently been proposed?®. The CaBER measurement is based
on the evaluation of the rheological extensional properties of
the liquid, that are related to its viscoelasticity>*3!. As an-
ticipated, the main advantage of this technique is in its abil-
ity to measure relatively low values of the fluid relaxation
time®1029 The intrinsic difficulties in controlling an elon-
gational flow field should be considered, however. Moreover,
Zell et al.?® recently showed that a significant difference be-
tween the relaxation time measured by CaBER and by con-
ventional rheometers through N; may exist. Specifically, it
has been demonstrated that, for PolyEthylene Oxide and Poly-
Acrylamide solutions, A-values taken by CaBER experiments
are about forty times larger than those derived from N; mea-
surements in shear 28,

It so appears that an accurate method for measuring relax-
ation times of an important class of non-Newtonian fluids (i.e.,
with low elasticity) is missing. As previously mentioned, this
is a relevant issue in microfluidic applications using viscoelas-
tic fluids, because the relaxation time is needed in the design
formulas of focusing and separation devices®'"!319 and an
erroneous estimate would result in under/oversized devices.

Novel promising techniques for probing non-Newtonian
properties have been developed just in the microfluidics field.
As pointed out by Pipe and McKinley3?, the emergent field

of microrheometry allows to measure rheological properties
of materials, overcoming the technical limitations of conven-
tional rheometry. Indeed, a variety of techniques to accu-
rately measure shear and elongational viscosities have been
proposed3>33. Very recently, Zilz et al.>* presented a mi-
crofluidic device to derive the fluid relaxation time of low-
viscoelastic polymer solutions. The idea is to relate the vis-
coelastic instability generated in a serpentine microchannel **
to the fluid relaxation time A. This technology requires a com-
plex channel geometry (several bendings) and an efficient con-
trolling system. The flow instability, in addition, is a delicate
phenomenon, as testified by the width of the error bars in the
their experimental data?*.

As mentioned above, it has been recently proven that fluid
elasticity is able to efficiently focus particles along the center-
line of a microfluidic channel®~11:18:19 n this regard, Romeo
et al.!? showed that the spatial evolution of the particle distri-
bution along the micropipe axis is univocally determined by
a single dimensionless parameter given by 8 = De(L/D)?,
where L is the distance from the inlet, D is the channel diame-
ter and B = D, /D is the confinement ratio with Dy, the particle
diameter. Such a scaling, valid for low Deborah numbers and
for values of B < 0.1, has been validated through numerical
simulations ' and experiments '%2!. Later, it has been shown
that the same scaling holds for square-shaped microchannels
as well, with the diameter D in the parameter 6 replaced by
the side of the channel section H°.

So far, the scaling law with 8 has been used as a design for-
mula for a 3D focuser. Indeed, given the fluid, the flow and the
geometrical properties, the required channel length to collect
all the particles within a selected region around the channel
centerline can be estimated. In principle, however, this pro-
cedure can be reversed: by measuring the fraction of particles
migrated in a band around the centerline at a known distance
from the inlet, one could extract the Deborah number and, in
turn, the fluid relaxation time A.

Motivated by these observations, we propose here a novel
method to measure fluid relaxation times, as small as mil-
liseconds. The basic idea is to obtain an indirect measure-
ment of the fluid elasticity (hence A) from the migration phe-
nomenon that it causes. In this sense, the microfluidic appa-
ratus in which particle migration occurs can be regarded as
a ‘microrheometer’ for the suspending liquid. The technique
is tested through experiments on two water-glycerol solutions
of Polyethylene Oxide and on a non-ionic Polyacrylamide at
several concentrations. We compare our results with those
previously reported, by both pure shear and CaBER measure-
ments?8. Furthermore, we compare our data on those same
solutions with theoretical scaling laws for A as a function of
concentration available in the literature3>-3°,
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Fig. 1 Fractions of particles in the first band f; as a function of the di-
mensionless parameter De(L/H)B? as derived from 3D simulations
(filled symbols) and experiments (open symbols) as in our previous
work?. The black solid line is a fit of the simulation data through Eq.
(1). Error bars are calculated from three sets of measurements; error
bars smaller than the symbol size are not shown.

2 Working principle of the ‘microrheometer’

As already mentioned in the Introduction, it has been
shown 1921 that viscoelastic particle migration towards the
centerline of a channel is governed by a single dimensionless
parameter @ = De(L/H)B?. In Figure 1, we report the data
taken from our previous work® (open symbols) along with
numerical predictions (blue closed circles) obtained through
a (dimensionless) migration velocity of the form Vy(r)
—De B?r, with r the distance of the particle from the channel
centerline. In this figure, f; is the fraction of particles within
a circular region in the channel cross-section around the cen-
terline, with radius approximately equal to a particle diameter.
(For a clearer definition of this innermost band around the cen-
terline, see Figure 3(b) below.) The experiments of Del Giu-
dice et al.? were carried out by using a water-polymer solution
of PolyVinylPyrrolidone (PVP) at 8% wt. This fluid has a con-
stant viscosity but a non-zero viscoelasticity "1, Numerical
simulations *-'° were performed at low Deborah numbers (thus
non-linear effects such as shear-thinning are not accounted
for), and for relatively low confinement ratios (8 < 0.15). The
good agreement between experiments and simulations con-
firmed the validity of the above mentioned scaling®.

Notice that the trend shown in Figure 1 is, in principle, valid
for any viscoelastic fluid, provided that the Deborah number
is low, which holds for most of viscoelastic fluids with A of
the order of milliseconds. In other words, within the assump-
tions discussed above, the blue symbols in Figure 1 represent
an universal mastercurve describing the spatial evolution of

the fraction of particles in the inner band f; along the chan-
nel axis. Thus, no calibration curve is needed as the exper-
imental conditions, such as channel and particle dimensions,
are varied. Therefore, for a given set of geometrical param-
eters (cross-section channel side length H, confinement ratio
B) and flow rate Q, by measuring the fraction of particles f;
at a distance L from the inlet, the relaxation time A (included
in De) can be evaluated from the mastercurve.

The previous arguments are based on the predominance of
purely elastic effects, with the neglecting of other hydrody-
namic phenomena'®. As a matter of fact, particles subjected
to flow in a microfluidic straight channel, even in the case
of a Newtonian suspending liquid, can experience hydrody-
namic effects due to inertia, such as the Segré-Silberberg?’
effect and the Saffman lift force33. It is readily shown, how-
ever, that both these inertia-driven migration effects are neg-
ligible with respect to the viscoelastic migration. Indeed, the
ratio between the Segré-Silberberg and viscoelastic migration
velocity can be estimated as proportional to (Reg/De) B 8%,
with Rey the Reynolds number of the fluid. Similarly, the ra-
tio between the Saffman3® and viscoelastic migration velocity
can be estimated as proportional to /Re,Vs/ (Def?) with Re,y
the Reynolds number of the particle and V; the so-called ‘slip
velocity’ i.e., the longitudinal actual velocity of the particle
minus the fluid velocity at the same position. Thus, it is ap-
parent that, when both these two velocity ratios are less than
unity, the only relevant mechanism of migration is the one due
to viscoelasticity. As shown below, our experiments are so
designed as to meet the just mentioned working conditions;
hence, since all the hydrodynamic effects are negligible, the
measured A corresponds to the elastic relaxation time only.

As a further confirmation that the characteristic time mea-
sured in our experiments is the constitutive relaxation time
of the suspending fluid, we compare such constitutive time
with the only other characteristic time present in our situa-
tion, namely, the so-called ‘particle hydrodynamic character-
istic time” given by T = pyd®/(181) . Itis readily shown that
the ratio /A comes out proportional to (Re,/De) B which, in
our conditions, is much smaller than unity.

The blue filled symbols in Figure 1 were derived from 3D
numerical simulations®, thus no analytical curve is available.
It is helpful to adopt an interpolating analytical expression
through the simulation data in Figure 1 in order to easily ob-
tain the 6-value from the measured f;. We find that the fol-
lowing function describes the data with a sufficient accuracy:

1

"= e

ey
(Equation (1) has to be regarded as a simple formula describ-
ing the calculated data, with no physical justification.) This
equation is reported with the black line in Figure 1, with
B =2.7 and C = 2.75 obtained by fitting the simulation data.
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Fig. 2 (a) Steady shear viscosity 1 for the aqueous PEO solutions at three different concentrations as a function of the shear rate 7. (b) Steady
shear viscosity 1 for the aqueous PAM solutions at three different concentrations as a function of the shear rate 7.

The solid line well fits the data except around the bending to-
wards the plateau. As discussed below, measurements should
be avoided in this region, thus the deviations from Eq. (1) are
not relevant for our purposes.

By inverting the equation above, we get:

(i)

that allows to directly compute 6 from f;. The procedure to
evaluate the normalised particle fraction f] is decribed in the
next section.

A final remark about the choice of the 8-value is in order.
The trend reported in Figure 1 reaches a plateau at 0 > 1, i.e.
all the particles have been focused in the circular band around
the channel centerline. In this case, the mastercurve is not in-
vertible. Thus, a feasible measure of the fluid relaxation time
through fj requires 6 < 1. From the definition of 6, it so ap-
pears that such a parameter can be changed in several ways.
However, the channel side length H needs to be selected suf-
ficiently low in order to guarantee negligible inertial effects.
The confinement ratio must satisfy the condition 8 < 0.15 but,
at the same time, the particle size should be sufficiently large
to avoid diffusion, and problems in particle tracking exper-
iments. Recommended ranges for these two parameters are
H = 50— 100 pm with 8 = 0.05 — 0.1. Therefore, those two
quantities are constrained within quite small intervals. On the
other hand, the flow rate Q and the distance from the channel
inlet L can be easily adjusted in order to get the 6 value in
the correct range. More specifically, to speed-up the measure-
ment, it is desirable to use relatively high flow rates, with the
only limitation due to avoiding the arising of inertial effects
that can alter the phenomenon. In conclusion, the distance

fiB
1-fi

0=

@

from the inlet of the observation section, proportional to 0, is
the tunable parameter to perform reliable measurements.

3 Materials and methods

3.1 Suspending fluids and particles

The solvent used in this work is a glycerol-water solution at
25% wt of glycerol, in order to avoid sedimentation problems.
The solvent viscosity is 7 = 0.002 Pa-s. Two viscoelastic flu-
ids are considered: a PolyEthylene Oxide (PEO) with average
molecular weight My, = 4 MDa (Sigma-Aldrich) and at sev-
eral mass concentrations ranging from 0.08 g/dl to 0.8 g/dl
wt in glycerol-water mixture and a non-ionic PolyAcrylamide
(PAM) with average molecular weight My, = 5 — 6 MDa at
several mass concentrations ranging from 0.05 g/dl ppm to 0.8
g/dl wt in glycerol-water mixture.

Rheological measurements are carried out to derive the
zero-shear viscosity of the polymer solutions. In this way, we
can compare the A-values measured by the proposed method
with those provided from the available theoretical scaling
laws36. The fluid rheological properties are measured by a
stress-controlled rheometer (Anton Paar MCR 302 rheome-
ter), with cone and plate geometry with diameters of 60 mm
and with a solvent-trap to avoid fluid evaporation.

Figure 2(a) shows the measured shear viscosity n for
the aqueous PEO solutions at three different concentrations.
When ¢ = 0.1% and ¢ = 0.3%, PEO solutions behave like
a constant-viscosity fluid, whereas at ¢ = 0.7% (the highest
value of concentration used in our work) it starts to show a
weak shear-thinning behaviour from 7 ~ 100 s~!'. The shear
rheology for PAM solutions is showed in Figure 2(b). The
shear thinning region here starts earlier, from 7 ~ 30 s—!. We
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remark that all our experiments are carried out in the zero-
shear region, far away from the shear thinning zone for both
fluids.

Polystyrene (PS) particles (Polysciences) with diameter
Dp = 10 um and density p, = 1.05 g/l are used. A dilute sus-
pension with a volume fraction ¢ = 0.01% is prepared. Parti-
cles are added to the matrix that is put first in a mixer (Vortex,
Falc Instruments) to guarantee a good dispersion and then in
an ultrasonic bath (Falc Instruments) to remove air bubbles.
This procedure is repeated before each experiment.

3.2 Microfluidic device

The microrheometer consists in a simple square-shaped cross-
section channel made of polymethylmethacrylate (PMMA,
substrate thickness 1 mm, Goodfellow). The channel is
milled on the PMMA substrate using a micromilling machine
(Minitech CNC Mini-Mill) following the procedure reported
in our previous works?. After fabrication, the channel is
bonded on another PMMA substrate by immersing the two
pieces in absolute ethanol (from Sigma-Aldrich) for about 20
minutes, clamping them together, and putting the device in the
oven at T = 40° C for about two hours.

A schematic picture of the channel geometry is reported in
Figure 3(a). The entrance (triangular shape from the top view,
left side of Figure 3(a)) is designed in such a way to assure
a smooth velocity field from the inlet to the main channel®.
The relevant dimensions of the device are shown in the figure.
The dimension of the cross-section side is H = 100 um giving
a confinement ratio § = D /H = 0.1. The total length of the
channel is Ly = 9 cm. An image of the real device is shown
in Figure 3(c).

The flow rate is controlled by a syringe pump (Nemesys)
with glass syringes. We wait for 20 minutes before each mea-
surement in order to reach steady-state conditions. The range
of flow rates used in our experiments is from 0.5 pl/min to 8
pl/min.

With data as reported in the present and the previous sec-
tions, we can now evaluate the quantities (Rer/De)f3 and
/RepVs/(Def?) that, as discussed in section 2, gauge iner-
tial effects (Segré-Silberberg and Saffman lifts, respectively)
with respect to the viscoelastic ones. In the worst situation,
i.e., at the highest flow rate and for the lowest viscosity liquid,
inertial lifts turn out to be at least two order of magnitudes
lower than the viscoelastic lift. We can therefore confirm that,
since all the hydrodynamic effects are negligible, the charac-
teristic time measured in our experiments corresponds to the
constitutive relaxation time of the suspending liquid.

3.3 Particle distribution measurements

Particles flowing in the channel are observed using a straight
microscope (Olympus BX-73) with a 4x objective to reach the
best depth of field without losing information on particle mo-
tion. Image sequences are collected with a fast camera (IGV-
B0620M, Imperx) at a frame rate variable between 30 and 400
fps depending on the flow rate. The observations are made at a
fixed distance of L = 8 cm from channel inlet (see Figure 3(d)
for a sample image of the alignment experiment). For all the
fluids considered in this work, such a distance assures that the
O-value is lower than 1. All the experiments are performed at
room temperature.

Following our previous work®, we divide the channel cross-
section in six bands as reported in Figure 3(b). The bands are
progressively numbered for increasing distances from the cen-
terline, so k = 1 denotes the innermost band (see Figure 3b).
The boundaries of each band are equispaced along the x—axis
(see Figure 3b) and denote the contours of the translational
velocity of the particles along the flow direction, calculated
by numerical simulations.®. Notice that this choice is arbi-
trary. However, the adopted division has been proven to give
reliable and reproducible measurements, provided that at least
one hundred of particles are counted.” We perform particle
tracking experiments in order to derive the normalized frac-
tion of particles in the first band fi. As described elsewhere?,
we adopt the following formula to compute fi:

fi= 3)

where ny is the number of particles flowing in the band &, Ay is
the cross-sectional area of the k—th band and vy is the average
velocity of the fluid enclosed in the k—th band. The normal-
ization through the product Ay vy in Eq. (3) is made to properly
take into account that different bands have different areas and
velocities.

Of course, the values of Ax and Vi depend on the selection
of the bands. We report in Table 1 the areas Ak, the average
velocities v for each band, as well as the isovelocity values
corresponding to the boundaries between the bands normal-
ized by the maximum particle velocity (on the channel cen-
terline). The evaluation of the number of particles ny can be,
then, readily performed by comparing the translational veloc-
ities of the particles measured through particle tracking exper-
iments with the values reported in this Table. In conclusion,
the data supplied in Table 1 are all the information needed to
evaluate f] from Eq. (3); the 0-value can be, then, readily cal-
culated from Eq. (2), providing the measurement of the fluid
relaxation time.
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Fig. 3 (a) Schematic representation of the channel used in the experiments, H = 100 um. A smooth entrance at the channel ends are fabricated
in order to guarantee an uniform particle distributions. In the figure, the relevant dimensions are reported. The dimensions along X and Z are
not in scale. (b) Concentric bands dividing the channel cross-section used to compute the particle distributions. X and Y are the dimensionless
coordinates of the channel cross-section. The shaded regions denote zones of the cross-section unaccessible to the particles. The bands are
progressively numbered from the inner one (k = 1) to the outer one (k = 6). Notice that the first band has almost the same dimension of the
particle. (c) Image of the *microrheometer’ device used in this work. (d) Snapshot of particle alignment at 8 cm from the inlet.

Band Vk,k+l / Vax Ag Vi
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

Table 1 For each band (first column) we report: values of the isove-
locities Vi k41 common to the bands k and k+ 1 (see Figure 3(b)) nor-
malized by the maximum velocity Vipax (second column); the areas
Ay (third column); the average fluid velocities Vi (fourth column).

4 Experimental results and discussion

4.1 General background

The rheological behaviour of polymer solutions is strongly de-
pendent on concentration and on the nature of the solvent 23,
It has been theoretically predicted and experimentally demon-
strated that the physico-chemical and rheological behaviour of
a solution with flexible polymers drastically changes at some
characteristic concentrations 3°-9; of interest here are the over-
lap concentration ¢* and the entanglement concentration c,.

Such two quantities mark the transitions between different

concentration regimes, from dilute to semidilute unentangled
(through ¢*) and to semidilute entangled (through c,), by in-
creasing polymer concentration.

Different scaling laws apply depending on the polymer so-
lution’s concentration regime3. These laws also contain im-
portant information about the ‘quality’ of the solvent for the
dissolved polymer??3%-3¢ through the fractal polymer dimen-
sion v, that somehow quantifies the volume pervaded by a
polymer coil within the liquid. A value of v = 0.5 identi-
fies the so called 6-solvent, while v = 0.6 defines a good sol-
vent*!,

In this work, dealing with rheological characterisation, we
are specifically focused on the scaling laws for the zero-shear
viscosity?2. As a matter of fact, we will mainly use in the
following a nondimensional viscosity 7, (specific viscosity),
defined as:

n
Nsp = TT -1 “4)

S

where 1 is the viscosity of the polymer solution and 7 is
the solvent viscosity. The scaling law for 1), as a function
of concentration and fractal polymer dimension v for Dilute,
SemiDilute Unentangled and SemiDilute Entangled regime
are respectively >33
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1.36
- - Nsp.p > € Nsp,SDU < € @)
Nsp,p o< € Nsp.spu o< ¢!/ Nep.spr o ¢/ BV P P
(®)] The curves given by Eq. (7) can of course be vertically shifted

with obvious meaning of the subscripts.

Specific viscosities will be used to characterise different
concentration regimes for the two polymer solutions invsti-
gated here. However, since our main purpose is to perform
measurements of the relaxation time (through migration ef-
fects, as described above), we also need to report the predicted
scaling laws for the relaxation time, which are:

Aspu o< c(273v)/(3vfl)

)vD < Co

(0)
for the dilute, semidilute unentangled and semidilute entan-
gled regime, respectively 323,

Regarding the polymer solutions used in this work, values
for the v coefficient are available from the literature. Tirtaat-
madja et al.?” took several experiments on PEO solutions, at
different molecular weight, in water and glycerol-water mix-
tures, finding v = 0.55 in all cases, in good agreeement with
the Polymer Handbook*? and with other works*3#4. Regard-
ing PAM solutions, it is well known that strongly different be-
haviours can show up, depending on the synthesis procedure,
leading to the nomenclature of ionic and non-ionic PAM*—8.
In particular, non-ionic PAM, as the one used in our rheologi-
cal experiments, behaves like a neutral flexible polymer. Some
authors*® characterise several ionic high molecular weight
PAM (hmwPAM) solutions in water and glycerol-water mix-
tures, finding that water and glycerol-water mixtures up to
50% wt are good solvents. It has also been found that, for
non-ionic hmwPAM solutions, water is a good solvent with
v = 0.585%%, To the best of our knowledge, no v data are
available for non-ionic hmwPAM in glycerol-water mixtures,
as the ones we use. On the basis of the just mentioned results,
however, we adopt a value v = 0.585 in our case.

4.2 Fluids rheology

With those values of v as stated above, we take several rheo-
logical experiments in order to characterise the different con-
centration regimes for our polymer solutions, and compare
our results with the theoretical predictions3>3¢. Figure 4(a-
b) shows the specific viscosities of PEO 4 MDa and PAM 5-6
MDa, respectively, as a function of concentration. Let us dis-
cuss the PEO solutions first.

Dashed line and solid line are the theoretical predictions of
the specific viscosity for a neutral polymer in good solvent,
with v = 0.55. Dashed line refers to the dilute regime while
solid one refers to the semidilute unentangled regime. With
v = 0.55, the expressions for 7, in those regimes are (from

Eq. (5)):

ASDE 63(17v)/(3v71)

depending on prefactors, which however are not easily as-
sessed from theoretical arguments. Thus, in order to properly
identify the different regimes, i.e. the vertical positions of the
two curves, we proceed as follows. We fit different subsets of
our complete data set with the available prediction of Eq. (7);
we then choose the data subset with the highest number of
data points that gives the coefficient of determination R? clos-
est to the unity as the subset representative of a concentration
regime. For example, we take the data subset ranging from
0.08 g/dl < ¢ < 0.8 g/dl and evaluate the R? imposing the equa-
tion Ny spy = Ac'3®. We thereafter compare this R* value
with the one obtained by choosing a narrower data subset, e.g.
in the range 0.1 g/dl < ¢ < 0.6 g/dl, and choose the subset with
the R? value closer to unity. By repeating this procedure, we
arrive to the curves reported in Figure 4(a), thus identifying
the dilute and semidilute unentangled regime. From Figure
4(a) it is now possible to estimate the value of the overlap con-
centration ¢*, and also that of the entanglement concentration
c.: we find cppq ~ 0.1 g/dl and c.pro ~ 0.45 g/dl. Indeed,
when ¢ > 0.45 g/dl, experimental data clearly start to deviate
from the theoretical prediction for the semidilute unentangled
regime, suggesting the transition to a new regime.

Figure 4(b) shows the specific viscosity 7, of PAM solu-
tions, as a function of the concentration. The theoretical pre-
dictions are here obtained by assuming v = 0.585 in Eq. (5):

\1.32
Nsp,p o< € Nsp,SDU < € 3

Also in this case, by following the same procedure previousy
described, we determine the prefactors in Eq. (8) and then
draw the dashed and the solid lines in Figure4(b). We es-
timate an overlapping concentration ¢,y ~ 0.1 g/dl and an
entanglement concentration ce pam ~ 0.35 g/dl.

We alert the reader that the obtained values for the transition
concentrations for both the examine polymer solutions are,
in fact, only indicative values, as transitions between differ-
ent regimes are, of course, never sharp. We however surmise
that our estimate for the width of the semidilute unentangled
regime is a conservative one.

We can compare the just obtained ¢* values with the ones di-
rectly obtained by looking at the plot of the reduced viscosity
Nred = Nsp /c as a function of concentration, following a well
known procedure??. Figure 4(c) shows such plots for PEO
4 MDa solutions (upper graph) and for PAM 5-6 MDa solu-
tions (lower graph), respectively. Notice that this procedure is
carried out in the dilute and semidilute unentangled regimes.
For the PEO solutions, the intercept of the red curve for
¢ — 0 gives the intrinsic viscosity [1]pgo = 8 dl/g, from which
cpro = 1/[MlpE0 = 0.12 g/dl (Flory theory?) and cjpo =

This journal is © The Royal Society of Chemistry [year]
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Fig. 4 Rheological characterization of PEO and PAM. (a) Plot of the specific viscosity as a function of concentration for PEO 4 MDa. Dashed
and solid lines are the scaling law predictions for a neutral polymer with fractal dimension v = 0.55 in the dilute and semidilute unentangled
regime, respectively. Error bars, estimated from the average of the zero-shear viscosity values in the rheology curves, are always smaller than
the symbol size. Vertical black dashed lines are an estimate of the values of ¢* (left) and c, (right), respectively (see text). (b) Plot of the
specific viscosity as a function of concentration for PAM 5-6 MDa. Dashed and solid lines are the scaling law predictions for a neutral polymer
with fractal dimension v = 0.585 in the dilute and semidilute unentangled regime, respectively. Error bars, estimated from the average of the
zero-shear viscosity values in the rheology curves, are always smaller than the symbol size. Vertical black dashed lines are an estimate of the
values of ¢* (left) and ¢, (right), respectively. (c) Plot of the reduced viscosity 7,4 for the PEO 4 MDa (upper graph) and PAM 5-6 MDa
(lower graph), as a function of the concentration c in the dilute and semidilute unentangled regimes. The intercept of the two lines for ¢ — 0 is
the intrinsic viscosity [1).

0.77/[n]peo = 0.096 g/dl (Graessley theory>!), both in good ~ 4.3 Determination of the fluids relaxation times
agreement with the value cpp ~ 0.1 g/dl estimated above.
For the PAM solution, the intercept of the blue curve gives
[M]pam = 11 dl/g, from which it is cjy = 1/[1]pam = 0.068

/dl (FI det o —0.77 20.09 o/dl (G ley), regimes, we proceed now to show the predictions for the relax-
igair(l inog)oznagig ’éx ent wit}{ [ZI]PAM 0.1 g d% (Graessley) ation time, and to compare our data and those by Zell et al.?
PAM ™ Y :

with such predictions. Let us start to discuss the PEO solu-
tions first. The following expressions should hold (see Eq. (6)
with v = 0.55):

With the characterisation of both polymer solutions com-
pleted, i.e., having identified their respective concentration

8| Journal Name, 2010, [vol]1—11 This journal is © The Royal Society of Chemistry [year]
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Fig. 5 (a) Comparison between experimental results on the fluid relaxation time A derived from our ‘microrheometer’” with the ones by Zell et
al.?8, for PEO 4 MDa at different concentrations. Dashed line is the Zimm prediction for the dilute regime, solid line is the Rouse prediction
for the semi-dilute unentangled regime, both of then with v = 0.55. Vertical black dashed lines are at ¢* (left) and ¢, (right), respectively. Error
bars, evaluated by dividing the statistical samples in three sets and calculating the standard deviation between the three A-values, are smaller
than the symbol size. (b) Comparison between experimental results on the fluid relaxation time A derived from our ‘microrheometer’ with
the ones by Zell et al., for PAM 5-6 MDa at different concentrations. Dashed lines are two possible Zimm predictions for the dilute regime.
Solid line is the Rouse prediction for the semi-dilute unentangled regime. All these lines are for v = 0.585. Black dashed line is the expected
theoretical prediction below cj5 ) Red dashed line is the Zimm prediction through our own data for ¢ << cpay,;. Vertical black dashed lines
are at ¢*(left) and c,(right), respectively. Error bars are evaluated by dividing the statistical samples in three sets and calculating the standard

deviation between the three A-values. Error bars smaller than the symbol size are not shown.

¢ < Chpo ~ 0.1 g/dl Aocc? )

ChEo < € < Cepro ~ 0.45 g/dl A oc 009 (10)

Figure 5(a) shows the relaxation time A as a function of the
concentration. Vertical dashed lines are the estimate of the
overlap concentration cppq(left) and of the entanglement con-
centration ce peo(right) from our previous analysis. It is appar-
ent from Figure 5(a) that most of our A data(red circles) are in
the semidilute unentangled regime. We draw the black line in
Figure 5(a), i.e. the theoretical prediction as in Eq. (10), after
having computed the prefactor from the data subset in between
the two vertical dashed lines. Notice how our data are less
scattered with respect to the those by Zell et al.?®, obtained
from steady shear measurements of N;. Our experimental data
are also in rather good agreement with the power-law predic-
tion of Eq. (10). In particular, by applying the fitting procedure
described above for data in the semidilute unentangled regime
we find R%Eo’micm = 0.96, whereas it is RI%EO’Ze” etal, = 0.49
for Zell et al. data”®. Hence, our results are largely less scat-
tered than those obtained from standard rheometrical measure-
ments.

Figure 5(b) shows the relaxation time A as a function of the
concentration for the PAM solutions. The scaling law are here
obtained by assuming v = 0.585 in eq. (6):

¢ < cpam ~ 0.1 g/dl A o<l (11)
Cham < € < cepam ~ 0.35 g/dl Ao (12)

Most of the data are again in the semidilute unentangled
regime, and show again a good agreement with the power-law
of Eq. (12) (the prefactor was obtained again from data in be-
tween cpay and ce pam only), with R}%AM’micro =0.96. Notice
that, also in this case, the R? calculated from the rheometri-
cal data by Zell at al. 2 (R, \; 711 o o1, = 0-45) is much smaller
than our own, thus confirming that conventional rheometrical
techniques are less effective than the microrheometrical tech-
nique proposed here. For ¢ < cpyyy, conversely, data are not
in strict agreement with theoretical predictions. Indeed, data
would be expected to lye on the black horizontal dashed line of
Figure 5(b), whereas they tend to lye(for ¢ < cf) on the red
dashed line of the same plot. This behaviour possibly eviden-
tiates that the dilute-semidilute unentangled transition is not
sharp. The same kind of discrepancy with the theory around
¢* had been previously found by Tirtaatmadja et al.>® on PEO
solutions. Indeed they found that, for 0.05 ¢* < ¢ < c*, the
relaxation time A o< ¢%%3, in contrast with the Zimm prevision
in Eq. (6); they also found that the Zimm prevision is only re-
covered when ¢ < ¢*. This unexplained behaviour is, in fact,
similar to our observations below cf,AM. However, more data

This journal is © The Royal Society of Chemistry [year]
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in the low concentration range would be needed to confirm or
deny the presence of such pre-transitional behaviour.

5 Conclusions

In this work, we present a novel method to measure the re-
laxation time A of viscoelastic fluids down to milliseconds.
The idea is to exploit the relation between the characteristic
time A and the phenomenon of viscoelasticity-induced parti-
cle migration in microchannel flow %18 We demonstrate
that an accurate measurement of A can be obtained from the
measurements of the normalised particle fraction f; at the axis
of the microchannel. We point out that the measurements of
f1 does require rather standard particle tracking experiments,
thus making the proposed method handy and relatively easy to
be performed.

The performances of the ‘microrheometer’ are tested on two
glycerol-water solutions on PEO and PAM solutions at various
concentrations. The obtained data are reliable, accurate, and
in good agreement with theoretical predictions3>-36.

The range of applicability of our novel technique is compa-
rable with that recently proposed by Zilz et al.?*. Our device,
however, is by far simpler in terms of design and working prin-
ciples. Indeed, the working principle of our ‘microrheometer’,
being based on the ‘universal’ curve in Figure 1, does not need
a calibration procedure. In this regard, we remark that the
measurements performed in this paper exploit a square-shaped
microchannel with side H = 100 um. We recall that, for a fixed
confinement ratio 3, the parameter 0 (the abscissa in Figure
1) scales as 1/H*. Hence, very low Deborah numbers might
be investigated by using smaller channel side lengths®, with a
remarkable increase in the sensitivity of the ‘microrheometer’,
i.e., in the ability to measure very low relaxation times.
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