
Chapter 1
Complex Fluids and Rheometry
in Microfluidics

Francisco J. Galindo-Rosales

Abstract Complex fluids are everywhere, literally, just need to look around you, or
even closer, inside your own body. These fluids are named complex because when
they flow, they do not hold a linear relationship between the rate of deformation and
the stress tensors, and consequently the Newton’s law of viscosity is not suitable for
them. In this chapter, the importance of the performing a rheological characterization
and choosing the right constitutive model is highlighted, in particular when flowing
at microscale, where the elastic behavior of these complex fluids is enhanced even
at very small Reynolds numbers. Additionally, the potential of microfluidics as a
platform for performing rheological characterizations is tackled.

1.1 Introduction

If we could depict a spectrum ofmechanical behaviours of materials (Fig. 1.1), on the
left side wewould find Elastic SolidMaterials as such exhibiting a linear relationship
between the deformation tensor and the stress tensor, i.e. following Hooke’s law of
elasticity; on the right side of that spectrum we would have the Newtonian Fluids,
as those materials that exhibit a linear relationship between the rate of deformation
tensor and the stress tensor under flow, i.e. they follow Newton’s law of viscosity.
Any other material with the ability to flow would be placed in between these two
extreme boundaries and is susceptible to be considered a complex fluid. Rheology is
a branch of science dedicated to the study of deformation and flow of matter, it deals
with materials that are neither Hookenian nor Newtonian, meaning that complex
fluids in general range from soft solids to elastic liquids [8, 51, 56].

Complex fluids can be classified either as field-passive or field-active materials,
depending on whether they need of an external field (magnetic or electric) to trigger
their rheological behaviour or if their non-linear flowbehaviour is simply shownupon
the application of an external load, respectively [38]. In this chapter, the attention
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Fig. 1.1 Spectrum of mechanical behaviours of materials, ranging from Hookenian solids to New-
tonian fluids. Rheology connects these two ideal mechanical behaviours and focus on the study of
the deformation and flow of complex fluids, from soft solids to elastic liquids

Fig. 1.2 Flow curve (left) and viscosity curve (right) of a Newtonian fluid a and three Generalized
Newtonian Fluids: b Shear thinning fluid, c Shear thickening fluid, and d Yield Stress fluid

will be focused on field-passive materials, but readers interested in the rheological
behaviour of field-active materials and their applications in microfluidics can find
more information in the reviews of Sheng [67] and Nguyen [58]. A classical example
of field-passive complex fluid is the silly putty, which exhibits solid-like behavior
when subjected to quick mechanical deformations, while it flows like a thick liquid
when the time of deformation is rather large. Greek yogurt is another traditional
example of a field-passive complex fluids behaving like a soft-solid at rest while
flowing like a liquid under sufficiently large shear stresses.

Typically, the source of the non-linearity between stress and rate of deformation
tensors in a complex fluid has to be found in its formulation, that is either in the
presence of molecular chains or in the existence of aggregates of nanoparticles. The
way in which they stretch, orient and even break due to the flow dynamics and how
they relax upon the release of the stresses is responsible for the bulk rheological
behaviour of the fluid. The rheological behavior serve to sort complex fluids into
two major groups: Generalized Newtonian Fluids (GNF’s) and Viscoelastic Fluids
(VEFs). GNF’s show a non-linear relationship between the shear stresses and the
applied shear rates, given by their apparent viscosity, which is not a constant, but a
function of the shear rate. The dependency of the apparent viscosity with the shear
rate allows the definition of different rheological behaviours, i.e. shear thinning, shear
thickening and yield stress (Fig. 1.2).
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GNF’s are always be considered as inelastic fluids. Only VEF’s exhibit simul-
taneously properties of elastic solids and viscous liquids, and therefore a char-
acteristic relaxation time (λ) [54].

That characteristic relaxation time is responsible for the definition of the two most
representative dimensionless numbers in rheology [60]: theDeborah number, defined
as the relationship between the relaxation time and the duration of the deformation
(De = λ

T ); and theWeissenberg number, defined as the relaxation timemultiplied by
the rate of deformation (Wi = λU

L ).While theDeborah number allows distinguishing
between solid-like (De ↑) and liquid-like (De ↓)behaviors of a particular material
experiencing a deformation over a given timeframe, the Weissenberg number rep-
resents the ratio of elastic to viscous forces when a complex fluids is under flow.
In general, Deborah and the Weissenberg numbers are not equivalent and the Weis-
senberg number is the one representing the nonlinearity of the rheological response
of a viscoelastic material [22]. Thus, the steady, incompressible isothermal flow of a
viscoelastic fluid is fully defined by theWeissenberg number and the Reynolds num-
ber (Re = ρUL

η
), being the latter the ratio of the inertial to viscous forces. The ratio

between them defines the Elasticity number (El = Wi
Re = λη

ρL2 ), which represents the
ratio of elastic to inertial forces in the flow of a viscoelastic fluid [70].

Even for fluidswith small relaxation times,microfluidics allows the exploration
of zones in the Wi-Re parameter space unreachable at macroscale, due to the
very small characteristic length scale that enhances the elastic effects (L ↓⇒
El ↑) [65].

Additionally, for the same reason, elastic instabilities may be triggered with relative
ease, an consequently the flow of viscoelastic fluids can be very different from their
Newtonian and Generalized Newtonian counterparts [33]. This intrinsic capacity for
enhancing the elastic behavior of the viscoelastic fluids at low Reynolds numbers
makes of microfluidics an unrivalled platform for both (1) performing rheological
characterization beyond the limits of the commercial rheometers at macroscale [32,
69], and (2) for designing microfluidic rectifiers, i.e. microchannels with anisotropic
flow resistance so that they can operate as fluidic devices (flux stabilizer or bistable
flip-flop memory) similar to their solid-state electronic counterparts [40, 41] or they
can be used for optimizing themechanical performance of reinforced composites [36,
37].Additionally, elastic instabilities can also be exploited formixing enhancement at
low Reynolds numbers [39] and enhanced oil recovery applications [14, 31]. More-
over, microfluidics allows for isolating individual polymer molecules in precisely
defined flows and assessing models for polymer dynamics [81].

In this chapter, the attention will be focus on the potential of microfluidics as a
platform for performing rheometry of complex fluids.
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1.2 Rheometry at Macroscale

Within the world of Rheology, the field of Rheometry deals with the experimental
determination of the rheological properties of complex fluids. It is necessary to
perform experimental tests under controlled deformations/stresses and flows and
record the mechanical response of the sample. As it is done in other disciplines,
such as solid mechanics, these experiments must be performed according to some
standards in order to measure some material functions, like the viscosity, and allow
sharing and comparing that information either for quality control, for quantitative
analysis or modeling [56]. Thus, rheometers are commercially available devices
allowing to perform rheometry at macroscale imposing a small set of standard flows;
namely, simple shear and extensional flows. Figure1.3 summarizes themost common
techniques to fully characterize rheologically complex fluids at macroscale, from low
viscoelastic liquids to polymer melts. The reader interested in learning more about
standard rheometry can get deeper through specialized books [10, 50, 51, 55, 56,
77].

Despite the correct use of the commercially available rheometers would allow
getting a full rheological characterization ofmost of the complex fluids, in some cases
it can be very challenging and we may find some limitations. Recently, R.H. Ewoldt
and co-workers [26] thoroughly revised and summarized all these challenges and
limitations associated to the shear rheometry atmacroscale. Some of these limitations
can be overcome by scaling down to microscale:

1. Instrument specifications. As any experimental device, rheometers are limited
by their intrinsic measurable ranges of load and displacement. Many viscoelas-
tic fluids exhibit relaxation times rather small (≤1ms) and, consequently, their
viscoelastic stresses are small in laminar macroscale flows. Thus, it becomes
very difficult to measure their material functions in a conventional rheometer
(El � 1). As mentioned above, working at microscales may help on solving this
limitation, due to the enhancement of the elastic effects (El >> 1) [69].

2. Volume sample. In many cases, mainly when dealing with biological fluids, the
availability of samples may be limited to very small quantities. Working with
rheometrical techniques in which the characteristic length scale is well below
1mm would allow to reduce extremely the consumption of volume samples to
perform the experiments (≤1 µl) [46, 47], without detriment to the accuracy in
the measurements.

3. Instrument inertia. When the complex fluid is very soft and the rheological char-
acterization is time dependent, such as in oscillatory tests, instrument inertia
artifacts may appear. Microrheology techniques, thanks to the low inertia of col-
loidal probe particles, allow performing measurement of the linear rheology up to
megahertz frequencies [88].
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4. Fluid inertia. The assumption of having simple shear flow can be transgressed
due to fluid inertia. When characterizing under simple shear soft low-viscous
materials, either in transient or steady state conditions, fluid inertia issues may
arise. Ewoldt et al. [26] highlighted two major sources of errors in the rheological
characterization due to the inertia of the fluid: in oscillatory tests, the combination
of high frequencies and low viscoelastic modulus may lead to propagating waves
fromeither viscousmomentumdiffusion or elastic shearwaves or both; secondary
flows, either by inertial instabilities or elastic instabilities, may be originated at
high velocities. Both fluid inertia effects that mask the physics of interest can be
mitigated by performing a rheological characterization at microscale [81] .

To fully describe the flow properties of a complex fluid we must complement shear
with extensional rheometry. Despite the recognized importance, the rheological char-
acterization under pure extensional flows has been traditionally less explored due to
intrinsic difficulties associated with imposing shear-free conditions. Consequently,
the development of instrumentation has been delayed compared to the shear rheom-
etry and mainly focused on high-viscous materials, i.e. polymer melts. Despite the
great advances in extensional rheometry of low-viscosity complex fluids during the
last years [24, 78, 85], two different filament stretching methods are still dominating
the market place (CaBER™and FiSER™). However, as in shear rheometry, some
challenges and limitations arise when characterizing the rheological properties of
complex fluids in extensional flow:

1. Gravitational forces. Gravitational forces my have undesirable influence on reli-
ability of the measurements obtained in both filament stretching rheometers.
Firstly, the interfacial forces due to the surface tension must be larger than the
gravitational body forces in order to allow the fluid forming the required liquid
bridge between the plates and perform the experiment adequately. Secondly, grav-
itational forces may pull down the fluid and break the symmetry of the filament
during the experiment run, leading to misleading dataset [35]. In microfluidic
flows gravitational body forces can be neglected, as the Bond number, estab-
lishing the relationship between gravitational body forces and surface tension, is
intrinsically very small (Bo = ρL2g

σ
� 1) [69].

2. Inertial effects. Despite the CaBER device allows characterizing the extensional
properties of viscoelastic liquids with lower viscosity and elasticity than the
FiSER, and the combination of the Slow Retraction Method [12] with the use
of high speed cameras and small plates [80] may improve the results, inertial
effects can be unavoidable below critical limits in viscosity and elasticity [74].
As discussed above, inertial effects can be neglected in rheometry at microscale.

3. Evaporation. In both extensional rheometers, CaBER™and FiSER™, fluid sam-
ples enjoy of having free surfaces, which is positive in the sense of having zero
parallel shear stresses (shear-free flow), but can be negative when dealing with
fluids exhibiting rapid solvent evaporation [71]. In this latter case, the use of
microfluidics avoid that practical disadvantage.



6 F.J. Galindo-Rosales

F
ig
.1
.3

Su
m
m
ar
y
ch
ar
to
ft
he

m
os
tc
om

m
on

te
ch
ni
qu

es
to
pe
rf
or
m
a
rh
eo
lo
gi
ca
lc
ha
ra
ct
er
iz
at
io
n
at
m
ac
ro
sc
al
e
w
ith

co
m
m
er
ci
al
rh
eo
m
et
er
s.
T
he

in
se
tF

ig
.1
.1

sh
ow

in
g
th
e
co
m
m
er
ci
al
ly

av
ai
la
bl
e
un

ia
xi
al

ex
te
ns
io
na
l
rh
eo
m
et
er
s
ha
s
be
en

re
pr
od

uc
ed

fr
om

R
ef
.[
32

]
w
ith

pe
rm

is
si
on

of
Sp

ri
ng
er
.T

he
in
se
t
Fi
g.
1.
2
ha
s

be
en

re
pr
in
te
d
w
ith

pe
rm

is
si
on

fr
om

[4
4]
,C

op
yr
ig
ht

20
03
,T

he
So

ci
et
y
of

R
he
ol
og
y



1 Complex Fluids and Rheometry in Microfluidics 7

“Performing rheometry at microscale can solve many of limitations associ-
ated with standard rheometry at macroscale, particularly when working with
complex fluids that are soft, have low-viscosity or are prone to evaporation.”

1.3 Rheometry at Microscale

In the words of Clasen and McKinley [18] the term microrheometry “may be best
defined as the science of measuring, quantitatively, the rheological properties of a
fluid sample when one characteristic dimension is on the scale of order microns”.
They also proposed that the variety of different approaches to microrheometry can
be sorted out into four major groups, graphically depicted in Fig. 1.4:

1. Microrheology allows the determination of the rheological properties of a com-
plex fluid from the motion of probe particles embedded within it. Regarding the
source of the force moving the probe particles, it can be distinguished passive
microrheology, where particles move due to thermal energy [15, 53], from active
microrheology, in which the probes are moved by optical or magnetic tweez-
ers [73, 84]. These techniques are preferred for obtaining local and bulk shear
viscoelastic properties both inside and outside the linear viscoelastic region. The
reader interested in this topic can find more information in the following refer-
ences [17, 21, 52, 82].

Fig. 1.4 Different approaches to microrheometry sorted out into four major groups
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2. Interfacial rheology can be considered a kind of microrheometry, as it deals with
the characterization of the static and dynamic properties of complex fluid-fluid
interfaces, with one characteristic dimension on the scale of order ofmicrons [18].
Complex fluid-fluid interfaces show nonlinear mechanical response to flow and
deformation due to the presence of a microstructure, which can be originated
by the presence of either surface-active molecules or micro/nano-particles at the
interface. Further reading in this field of rheology is highly recommended through
the review paper of Fuller and Vermant [28, 29] and their research works, such
as [72, 76, 86, 87].

3. Scale down of rheometric devices can be of help for minimizing to gravitational
and inertial effects inherent to low viscosity complex fluids. It can be found in the
literature some examples able to extend the limits of reliable measurements com-
pared with their macroscopic counterparts [9, 18, 25, 57, 80]. However, scaling
down of some mechanical subsystems, mainly those including torsional motors,
moving parts, and torque transducers may be impractical [69].

4. Rheometry-on-a-chip consists of characterizing the rheological properties of
complex fluids in a microfluidic channel, under both standard rheometric flows
(shear and extensional), and it has already proven great potential, particularly for
low-viscosity complex fluids [32, 49, 69]. There are some intrinsic characteristics
of microfluidics that turn it a great platform for rheometry: (a) Enhanced elastic
behaviour of the fluid due to small length scale; (b) no evaporation issues; (c) small
volume sample; (d) negligible inertial or gravitational effects; (e) the potentiality
of producing highly integrated, portable and disposable/recyclable devices; (f) the
possibility of optimizing numerically the geometry; (g) optical access and a direct
characterization of the fluid-flow dynamics (see Chap.3 for more details), mea-
surement of velocity fields (particle tracking or micro-particle image velocimetry
techniques) and stress tensors fields (birefringence technique); and (h) suitable to
be used as an online rheological sensor in industrial processes. Hereafter attention
will be devoted to the rheometry-on-a-chip approach, as highlighted in Fig. 1.4.

1.3.1 Shear Rheometry on a Chip

The development of rheometry-on-a-chip technology is following the steps of its
macroscale counterpart. Firstly, all the efforts have been oriented towards performing
steady state measurements, leading to a sufficient degree of matureness to reach the
marketplace, as it is exemplified by VROC® technology and FluidicamRheo device.
The measurement of the viscoelastic moduli in rheometry-on-a-chip approach is yet
scarce [16] and more work is required for the commercialization of a microdevice

http://dx.doi.org/10.1007/978-3-319-59593-1_3
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able to provide viscoelastic moduli of complex fluids. At the current state of the art,
these sort of characterization is preferred to be performed by microrheology (either
active or passive).

Current commercially available devices performing shear rheometry on a chip
can only provide the apparent viscosity curve, that is the dependence of the
viscosity with the imposed shear rate. If you are interested in characterizing the
viscoelasticity in microscale, you are recommended to perform either passive
or active microrheological experiments.

1.3.1.1 VROC® technology

The principle of VROC® technology [4, 68, 69] for performing shear rheometry on
a chip (Fig. 1.5a) is based on the fundamentals of capillary rheometry at macroscale
for a planar slit geometry, where the viscosity of the sample (η) is obtained from
the steady fully developed flow condition by a relationship between the imposed
flow rate (Q), the measured pressure drop (ΔP) along a capillary length (L) and a
numerical factor (k) depending on the aspect ratio (width/depth, if w/d >> 1 then
k = 6, while ifw/d = 1 then k = 14.3) of the slit channel [69]. Equation1.3 indicate
that relationship for a laminar Newtonian flow in a planar slit geometry:

τwall = wd

2L (w + d)
ΔP (1.1)

γ̇wall = k
Q

wd2
(1.2)

Fig. 1.5 Principle of theVROC® technology developed and commercialized byRheoSense. Repro-
duced from Ref. [59, 68] with permission of Springer
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η = τwall

γ̇wall
= w2d3

2L (w + d) k

ΔP

Q
, (1.3)

For fluids with a shear rate dependent viscosity, the Weissenberg-Rabinowitsch-
Mooney correction for rectilinear channels is used to calculate the viscosity [51] and
the viscosity is now given by the Eq.1.7.

τwall = wd

2L (w + d)
ΔP (1.4)

γ̇wall−app = k
Q

wd2
(1.5)

γ̇wall = γ̇wall−app
1

3

[
2 + dlnγ̇wall−app

dlnτwall

]
(1.6)

η = τwall

γ̇wall
= 3w2d3

2L (w + d)
[
2 + dlnγ̇wall−app

dlnτwall

]
k

ΔP

Q
(1.7)

Flush mounted pressure transducers on the wide side of the channel provide direct
measurement of the pressure gradient with negligible disturbance of the flow. The
pressure transducer must be carefully calibrated to ensure accuracy in the measure-
ments of viscosity over a wide shear rate range, at least an order of magnitude greater
than in the standard macroscale rheometers [68]. RheoSense1 is currently commer-
cializing the VROC® technology, adapted for different samples, working tempera-
tures, etc. The rectangular cross-section microchannel is made of glass and a Si low
profile pressure sensor array is flush-mounted on one of the two wide sides. The
equipments are provided with a software applications having implemented Eq.1.7,
in which the term dlnγ̇wall−app

dlnτwall
= 1 for Newtonian fluids and Eq.1.7 then is equal to

Eq.1.3, while for non-Newtonian fluids dlnγ̇wall−app

dlnτwall
�= 1.

Measuring accurately pressure drop in microfluidic devices is challenging (see
Chap.3 for further information). It can be found in the literature other approaches for
measuring the pressure drop, such as the one proposed in [66] for PDMSmicrochan-
nels. Nevertheless, the flush-mounted approach is probably a robust and adequate
approach for a commercial rheometer-on-a-chip device.

VROC® Technology allows obtaining the viscosity curve of complex liq-
uids (min volume 12 µl) with a shear viscosity ranging from 0.2 to 80,000
mPa·s under shear rates ranging from 0.5 to 1,000 stext−1. Temperature control
between 4 and 70 ◦C.

1http://www.rheosense.com Cited 30 April 2017.

http://dx.doi.org/10.1007/978-3-319-59593-1_3
http://www.rheosense.com
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Fig. 1.6 FluidicamRheo device by formulaction. Reproduced from Ref. [27] with permission of
Formulaction

1.3.1.2 FluidicamRheo

The French company Formulaction2 introduces FluidicamRheo in 2016 (Fig. 1.6), a
microfluidic rheometer based on live imaging of a microfluidic co-flow. The tech-
nology was first demonstrated by Colin and co-workers [19, 42, 43], inspired by the
work of Galambos and Foster [30].

The principle is straightforward: two fluids, the sample and aNewtonian reference
fluid, flows together in a microfluidic channel. As the flow is laminar, a visible inter-
face is formed between both fluids (miscible or not). Shear rate and sample viscosity
is simply calculated from the knowledge of the reference viscosity, geometries of
the fluid streams and flow rates. More precisely:

• Pressure gradient ∇Pr is calculated in the reference stream, knowing width Wr

(measured with the camera), flow rate Qr , viscosity ηr and channel depth h, using
well established relationships [11], where suffixes r refer to the reference fluid.
Considering h � Wr , pressure gradient can be written as ∇Pr = − 12ηr

h3Wr
Qr . More

accurate models can also be used, better describing the flow in a rectangular cross
section [75].

• Interface being straight, parallel to channel side walls, it is assumed that the pres-
sure gradient in the sample stream equals the pressure gradient in the reference
stream (otherwise there would be a visible transverse flow): ∇P = ∇Pr .

• Shear stress at the walls σw (up or bottom, separated by the channel depth h in
Fig. 1.7) is calculated from the pressure gradient in the sample stream (balance
between surface shear stresses and body pressure forces acting over a fluid ele-
ment) [51]: σw = − h

2∇P .

2http://www.formulaction.com Cited 30 April 2017.

http://www.formulaction.com
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Fig. 1.7 FluidicamRheo

co-flow principle.
Reproduced from Ref. [27]
with permission of
Formulaction

• Shear rate at the wall is calculated using the Rabinowitsch equation, independently

from the rheological model: γ̇w = 2Q
wh2

[
2 + dlnQ

dlnσw

]
.

• Finally, viscosity at the wall is calculated from its definition: ηw = σw
γ̇w
.

In the original work from Colin et al. [19, 42, 43], the method involves manual
settings of the flow rates until the interface is visible and located in a position suitable
for measurement with a good accuracy. This step requires not only user attendance,
but is also both time and sample consuming. Moreover, shear rates was not known
before analysis, as it value depends on the interface position. This is an issue as
most rheologists prefer to drive their viscosity measurements over a range of shear
rates (representative of the end-user application) defined before the experiment, and
not over a range of flow rates. FluidicamRheo overcomes these issues with a user-
friendly software built around a predictive control of the interface position, that
allows to control experiments in term of shear rates (instead of flow rates), and a
fully automated operation without user attendance. The instrument also integrates a
fast temperature control from 4 to 80 ◦C. Finally, live imaging make understanding
of rheological experiments much easier and comfortable, as it become possible to
see the product flowing as the measurement is running.

FluidicamRheo allows obtaining the viscosity curve of complex liquids (min
volume 500µl) with a shear viscosity ranging from 0.1 to 200,000mPa·s under
shear rates ranging from 100 to 100,000 s-1. Temperature control between 4
and 80 ◦C.

1.3.1.3 Other Non-commercialized Approaches

Besides the approaches described in Sects. 1.3.1.1 and 1.3.1.2, there are many other
approaches for performing shear rheometry on a chip that have not been commer-
cialized yet. The following ones are innovative enough to deserve a mention here:

• iCapillary-based viscometer. Solomon et al. [79] recently proposed a new ver-
sion of an image-based slit-microrheometer (Fig. 1.8). A constant pressure (Pc)
is imposed at the inlet of a straight (Lch) rectangular cross-section microchannel
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Fig. 1.8 Schematic and operation of the iCapillary-based viscometer. Reproduced from Ref. [79]
with permission of Springer

(w >> h). A L-shaped millimeter-scale glass capillary is connected at the out-
let of the microchannel, having a vertical section h1 providing a static head Ph1 .
Thanks to the large diameter glass capillary, a smartphone camera can be used to
record the motion of the interfacial meniscus and the capillary pressure due to the
air-fluid interface is small compared to the driving pressure (PL = 2σcosθ

r ). Thus,
the wall shear stress is given by Eq.1.8.

τwall =
(
Pc − Ph1 + PL

)
wh

2Lch (w + h)
(1.8)

They also consider also Weissenberg-Rabinowitch-Mooney equation for deter-
mining the wall shear rate as a function of the flow rate. As the experiments are
pressure driven, the flow rate is estimated by measuring the mean velocity of the
meniscus (distance traveled over a period of time) and multiplying it by the cross-
sectional area of the capillary. Thus, the viscosity is calculated for each imposed
inlet pressure as η = τwall

γ̇wall
.

The main novelty of this approach lies on how τwall is calculated without using
pressure sensors but controlling the pressure at the inlet and the outlet, and how
the flow rate is calculated by means of an image analysis approach.

• T-Junctionmicrodevice.While themeasurement of a viscosity curve traditionally
requires of multiple measurements, that is for every different point of the curve a
different flow condition must be imposed, the approach proposed by Zimmerman
and Ress [90] aims at improving the efficiency by obtaining the whole viscosity
curve of a complex fluid in a single experiment. Inducing the flow field in such a
microfludic channel either by an applied pressure drop or by an electric field (just
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for electrokinetic flows), a range of shear rates can be generated within a single
experiment due to the gradients on the characteristic velocity field associated
with the flow in a T-junction. Bandalusena et al. [5–7] developed a procedure for
assessing the total rheometric response for such a system based on the statistical
moments of the velocity field (measured by means of µ-PIV technique) analysed
in conjunction with finite element modelling. Despite the reliability of µ-PIV
technique for providing the velocity field at microscale (Chap. 3), the equipment is
expensive and bulky. Zimmerman et al. [89] showed numerically that it also exists
a one-to-one mapping between the first three statistical moments of the end wall
pressure profile with the parameters of the GNF models. The rheological curves
can be also obtained from the pressure field in such a flow, which can be measured
by means of piezoelectric pressure transducers in a more cost-effective way. Thus,
from measurements from flow and pressure sensors in a microchannel T-junction,
it is possible to solve the mathematically proscribed’inverse problem’ in order to
obtain the constitutive viscous parameters for GNFfluids. The addition of transient
effects caused by pulsing of the fluid would allow to obtain the constitutive viscous
parameters for viscoelastic fluids [90]. This latter feature is a step forward and
major distinction regarding the previously described shear-rheometry-on-a-chip
approaches.

Zimmerman and Ress approach would not only allow to obtain the constitutive
viscous parameter for GNF fluids running just one experiment at steady flow
conditions, but also the constitutive parameters for viscoelastic fluids under
transient flow conditions.

1.3.2 Extensional Rheometry on a Chip

As in macroscale rheometry, despite the importance of characterizing the exten-
sional properties of complex fluids, the development of experimental techniques at
microscale for performing extensional flow tests has been delayed regarding the
development of the shear techniques. To the best knowledge of the author, there is
only one commercially available extensional rheometer-on-a-chip, based onVROC®

technology.

1.3.2.1 EVROCTM viscometer

eVROCTM viscometer is based on Rheosense’s patented VROC® technology [4],
previously described in Sect. 1.3.1.1 for shear rheometry on a chip. In that case, the
geometry microfluidic channel was straight and with a rectangular cross section, like

http://dx.doi.org/10.1007/978-3-319-59593-1_3
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the macroscale counterpart for performing capillary experiments. That technology
can be adapted for measuring both the shear and extensional viscosities simultane-
ously.

The chip used in eVROCTM has a hyperbolic contraction/expansion zone in the
middle of the microchannel and four monolithically integrated MEMS pressure sen-
sors symmetrically distributed upstream and downstream the contraction throat3

(Fig. 1.5b). While abrupt contractions fail to produce homogeneous extension con-
ditions [64], hyperbolically-shaped contraction in planar configurations allow to
impose a strong extensional flow with an approximately constant extension rate
along its centerline of the microchannel [13, 49, 59, 63], although there is an impor-
tant contribution of the shear flow close to the lateral walls. This latter issue is the
main reason why the eVROCTM microdevice includes four pressure sensors, for
evaluating separately the pressure drop due to the viscous shear stresses (ΔPv) in
the fully developed regions (upstream and downstream the throat) and the pressure
drop across the contraction/expansion zone (ΔPc). By subtracting them, it would
be possible to evaluate the pressure drop associated with the pure extensional flow
(ΔPe = ΔPc − ΔPv) and resulting from the elastic normal stresses alone [59]. Thus,
the apparent extensional viscosity for fully developed extensional flow in the hyper-
bolic contraction is given by Eq.1.9:

ηE,a = 1

εH

ΔPe
ε̇a

, (1.9)

where ε̇a = Q
lch

(
1
wc

− 1
wu

)
is the apparent extension rate, as a function of the flow rate

(Q) and the geometrical parameters defining the hyperbolic contraction/expansion,
and εH = ∫ t

0 ε̇adt ′ is the Hencky strain experience by a fluid element [59].

eVROCTM viscometer allows measuring the apparent extensional viscosity of
complex liquids with a shear viscosity ranging from 20 to 2000 mPa·s under
extension rates ranging from 0.1 to 1000 s-1.

1.3.2.2 Other Non-commercialized Approaches

As in Sect. 1.3.1.3, there are also many other approaches in the literature for perform-
ing extensional rheometry on a chip that have not been commercialized yet. These
alternative approaches look for technique able to overcome the major limitation of
eVROCTM viscometer, which is the fact of having a region with combined shear
and elongated characteristics in the flow kinematics [91]. The following ones are
innovative enough to deserve a mention here:

3http://www.rheosense.com.

http://www.rheosense.com
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• Optimized geometries. In order to overcome the limitation of having a non-
homogeneous velocity profile which results in a constant extension rate, Alves [1]
developed an algorithm for optimal design of the geometry of the microchannel
so that it provides the desired velocity field. That algorithm has been successfully
implemented for different microfluidic devices, i.e. 2D [48] and 3D [34] cross-
slots, hyperbolic contraction/expansion [34] and T-junction [2] providing uniform
extension rates profiles. Figure1.9 shows the optimization flowchart, a numeri-
cally optimized design, and the target velocity and strain-rate profiles along the
centerline for a 3D optimized cross-slots geometry.

The combination of numerical flow simulations (see Chap.4), numerical opti-
mization techniques (see Chap.5) and the experimental characterization fluid-
flow dynamics (see Chap.3) has been proven to provide excellent results for
undergoing extensional rheometry on a chip.

Fig. 1.9 Optimal shape design procedure. a Schematic illustration of the optimization flowchart,
b top-view of an exemplifying optimized design and corresponding mesh, c 3D illustration of the
optimized design including the geometric parameters, d target velocity and strain-rate profiles along
the vertical centreline (x = 0). Reproduced from Ref. [34] with permission from The Royal Society
of Chemistry

http://dx.doi.org/10.1007/978-3-319-59593-1_4
http://dx.doi.org/10.1007/978-3-319-59593-1_5
http://dx.doi.org/10.1007/978-3-319-59593-1_3
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Workingwith these optimized geometries and the currently available experimental
techniques for the characterization of the fluid-flow dynamics at microscale (see
Chap.3), it is possible to determine the extensional viscosity of low viscosity
complex fluids accurately.

• Particle migration. Del Giudice et al. [23] proposed a completely different
approach to determine the relaxation time of viscoelastic fluids (on the order
of milliseconds) in a straight microfluidic channel, based on the viscoelasticity-
induced particle migration phenomenon. The migration of a suspended particle
in a flowing viscoelastic fluid towards the center of the microchannel is not due
to inertia-driven migration effects, but instead it is governed by the dimension-
less parameter θ = Deβ2 L

H , being L the distance from the inlet, H the depth of
the channel and β = Dp/H the confinement ratio of the particle with a diame-
ter Dp. Recommended ranges for these two parameters are H = 50 − 100 µm
and β = 0.05 − 0.1. Thus, by means of particle tracking experiments, it is cal-
culated the particle distribution in the first band f1 is calculated at different flow
rates. Subsequently, θ is computed from f1, and from that it is obtained the value
of the Deborah number, providing the measurement of the fluid relaxation time.
As θ is inversely proportional to H 4, very low relaxation times can be measured
by using smaller channels, with a remarkable increase in the sensitivity of the
measurements.

When performing rheometry on a chip, either under shear or extensional flow, it is
important to adequately select the materials and the experimental tools. For instance,
high pressures may deform the cross section of the PDMS microchannels produced
by soft lithography techniques [45], endangering the reliability of the measurements
and limiting the maximum values of shear rates or extension rates. In these cases,
it is recommended the use of rigid materials (stainless steel, PMMA, fused silica,
borosilicate glass, etc.) instead (seeChap. 2 for further information about the different
fabrication techniques). Additionally, if the measurement of the pressure drop is
relevant for the rheological characterization, it must be assessed if we should go for
flushmounted or pressure taps (see Chap. 3 for further information about the different
fluid-flow characterization techniques).

1.3.3 On-line Rheology Sensor: RheoStream®

One key aspect on industrial manufacturing of complex fluids (paints, food and
beverages, pharmaceutical products, detergents, etc.) is monitoring the rheological
properties of the fluid at different stages of the production in real time, so that the
process operators and control systems can make decisions about their production.
Traditionally, the viscosity was the fluid property measured on real time by means of
different range of commercially available in-line viscometers. Nevertheless, as we
already know, viscosity is not enough information when dealing with the process
of complex fluids. Standard rheometry at macroscale can provide a full rheological

http://dx.doi.org/10.1007/978-3-319-59593-1_3
http://dx.doi.org/10.1007/978-3-319-59593-1_2
http://dx.doi.org/10.1007/978-3-319-59593-1_3
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Fig. 1.10 RheoStream®, working principle (left) and a picture of the device (right). Reproduced
with permission of Fluidan

characterization of these fluids in the laboratory, that is out-line of the production
process. This implies a delay that disable the real-time control of the production
process and that may result in a bottle neck in development, production and quality
control. Thus, monitoring key rheological properties of complex fluids in-line the
production process is crucial for manufacturing non-Newtonian fluids.

The RheoStream® device is commercialized by Fluidan4 and can provide real-
time continuous key rheological parameters in a given product or process. This
technology combines capillary viscometry with a topologically optimized flow cell
in which the rheological properties are related with differential pressure generated
by the fluid-flow through it (Fig. 1.10) [61, 62]. The fundamental idea is that the total
pressure drop measured in the optimized cell (ΔPc) is the sum of two contributions:
(1) the viscous contribution (ΔPc,V ), which can be inferred from the capillary mea-
surement (ΔPc,V ∝ ΔPQ); and (2) the viscoelastic one (ΔPV E = ΔPc − ΔPc,V ),
which is calculated. The first normal stress in the fluid is proportional to the vis-
coelastic contribution to the pressure drop in the cell (N1 = k1ΔPV E ) [3] and N1

can be correlated to the elastic modulus (G ′) by means of the extended Cox-Merz
rule (G ′ = CNα

1 γ̇2(1−α)
c ) [83], where C and α are calibration constant that must be

determined for each working fluid, and γ̇c is the characteristic shear rate in the flow
cell that is correlated to the frequency in the oscillatory measurement performed in
a rotational rheometer. Once the elastic modulus is obtained, the viscous modulus
can be calculated (G ′′ = √

G∗2 − G ′2), where G∗ is the complex modulus estimated
from rescaling the shear stress (σ) by applying Cox-Merz rule [20].

The true power of RheoStream® is providing in-line real-time rheological
parameters of complex fluids. Nevertheless, these parameters are not measured
from “first principle”, as the instrument needs to be calibrated to the working
fluid.

4http://www.fluidan.com Cited 30 April 2017.

http://www.fluidan.com
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1.4 Summary

In this chapter, the following 10 key remarks/tips have been provided:

#1 GNF’s are always be considered as inelastic fluids. Only VEF’s exhibit simul-
taneously properties of elastic solids and viscous liquids, and therefore a char-
acteristic relaxation time (λ).

#2 Even for fluids with small relaxation times, microfluidics allows the exploration
of zones in the Wi-Re parameter space unreachable at macroscale, due to the
very small characteristic length scale that enhances the elastic effects (L ↓⇒
El ↑).

#3 Performing rheometry at microscale can solve many of limitations associated
with standard rheometry at macroscale, particularly when working with com-
plex fluids that are soft, have low-viscosity or are prone to evaporation.

#4 Current commercially available devices performing shear rheometry on a chip
can only provide the apparent viscosity curve, that is the dependence of the
viscosity with the imposed shear rate. If you are interested in characterizing the
viscoelasticity in microscale, you are recommended to perform either passive
or active microrheological experiments.

#5 VROC® Technology allows obtaining the viscosity curve of complex liquids
(min volume 12 µl) with a shear viscosity ranging from 0.2 to 80,000 mPa·s
under shear rates ranging from 0.5 to 1,000 s-1. Temperature control between
4 and 70 ◦C.

#6 FluidicamRheo allows obtaining the viscosity curve of complex liquids (min
volume 500µl) with a shear viscosity ranging from 0.1 to 200,000 mPa·s under
shear rates ranging from 100 to 100,000 s-1. Temperature control between 4
and 80 ◦C.

#7 Zimmerman and Ress approach would not only allow to obtain the constitutive
viscous parameter for GNF fluids running just one experiment at steady flow
conditions, but also the constitutive parameters for viscoelastic fluids under
transient flow conditions.

#8 eVROCTM viscometer allows measuring the apparent extensional viscosity of
complex liquids with a shear viscosity ranging from 20 to 2000 mPa·s under
extension rates ranging from 0.1 to 1000 s-1.

#9 The combination of numerical flow simulations, numerical optimization tech-
niques and the experimental characterization fluid-flow dynamics has been
proven to provide excellent results for undergoing extensional rheometry on
a chip.

#10 The true power of RheoStream® is providing in-line real-time rheological para-
meters of complex fluids. Nevertheless, these parameters are notmeasured from
“first principle”, as the instrument needs to be calibrated to the working fluid.
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