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Abstract:

Silicon microcantilevers can be used to measure the rheological properties of complex fluids. In the
method presented in this paper, the measurement of the microcantilever’s dynamic spectrum is used
to extract the hydrodynamic force exerted by the surrounding fluid on the microcantilever and
consequently the rheological fluid properties. The originality of the proposed method relies in the fact
that not only may the viscosity of the fluid be measured but also the fluid’s viscoelasticity, i.e., both
viscous and elastic properties, which are key parameters in the case of complex fluids. In this method
the use of analytical equations allows the fluid’s complex shear modulus to be extracted and
expressed as a function of the frequency. Viscoelastic spectral characteristics of fluids can be
determined in analogy to rheograms recorded with standard laboratory equipment, and extend the

frequencies of investigation to the range 1-100 kHz.
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Context and objectives

The aim of the presented work is to investigate
new rheological microsensors both for
improving the fundamental comprehension of
the behavior of soft matter and to address
issues concerning the processing, quality
control and formulation of industrial products.

Concerning the fundamental approach,
classical rheological measurement systems
using oscillatory vibrations are limited to very
low frequency (under few hundreds Hertz). The
properties of many complex fluids are
frequency dependent and their characterization
over a larger frequency range is interesting to
point out some physical phenomena. For
example, if an entangled polymer network is
excited with characteristic times longer than the
time constants associated with untangling the
polymer chains, the network will untangle and
become viscous as a simple liquid. On the
contrary, if the excitation is made on shorter
times, the complex fluid will stay an entangled
network and it will exhibit a significant
viscoelastic behavior. These phenomena have
been widely studied in literature. Our MEMS-
based devices allow enlarging the frequency
dependent study and particularly for the range
between 100 Hz and 100 kHz (not covered by
the classical rheometers and the quartz crystal
microsensors).
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Concerning the impact on the industry, we have
to remember that rheology is defined as the
science of deformation and flow of matter.
Additives, also called ‘rheological modifiers’ are
used to give specific characteristics to the flow
of a product and it is the formulation chemist
who is in charge of combining many ingredients
to form a stable composition with specific
rheological properties. Rheological modifiers
span the full spectrum of applications ranging
from food, personal care and pharmaceutical
industry to oil field and drilling chemicals, inks,
polymers, paints, household products,
adhesives, etc. In all these various industries,
the common objective is to achieve the desired
flow consistency of the end product.
Alternatively, rheological properties monitoring
may serve as an indirect means to detect
spurious changes in a process involving liquids,
which, e.g., leads to applications in so-called
condition monitoring systems. In summary, the
rheology of fluid-based products has a high
impact on their characterization before
industrialization. Rheological instruments and
devices represent a huge and rapidly growing
market, which has a significant impact on
quality standards and safety in case of critical
products and processes.

Rheological instruments play a central role in
the characterization of liquids both for
fundamental research and for industrial process
control applications. As rheological
measurements require the generation of
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accurate shear movements within liquids,
traditional instruments rely on the technology of
precision engineering and mechanics. Novel
fabrication technologies, partly triggered by the
rapidly evolving field of microsystems
technology, have recently led to the
investigation of novel miniaturized devices that
can be used for rheometric sensing and
measurement utilizing vibrating structures.
These technologies yield smaller devices which
commonly also require less maintenance than
the established laboratory devices and are thus
suitable for integration in condition monitoring
systems and in situ industrial process control.
Moreover, as this will be outlined in the
following sections they also allow exploring the
rheological properties over a wider frequency
range than that covered by classical
rheometers.

MEMS-based rheological sensors

The classical way to measure the rheological
properties of fluids is to use rheometers (cone-
plate or Couette geometries [1]). But there are
some drawbacks when using such instruments:
the amount of fluid required to make the
measurement is quite large (a few milliliters)
and the measurement is limited to low
frequencies (less than 100 Hz).

To overcome the frequency range limitation
some alternative methods have been
developed at the micro-scale, which can be
referred to as ‘microrheology’. A first alternative
consists of monitoring the movement of
monodisperse beads (microspheres) immersed
in the fluid [2-8]. The beads motion can be
active (optical or magnetic tweezers) or passive
(Brownian motion) and the acquisition of the
motion is performed optically. The major
drawbacks of such devices are the long image
and signal processing to extract the fluid
rheological properties and a possible interaction
between the fluid and the beads. The analysis
of the experimental data may also be
troublesome and complex situations are
encountered when the size of the sensing
particles becomes smaller than the mesoscopic
scale of the sample (mesh size of a gel for
example). In this case, the beads do not feel
the gel structure and diffuse as if they were
immersed in the solvent.

In order to cover higher frequencies (from
1 MHz to a few hundreds of MHz), acoustic
shear-polarized devices, such as QCM or Love
wave devices, have been used as a second
alternative  [9-14]. These high-frequency
devices are very compact but they also show
adverse properties: (i) the penetration depth of
the shear wave in the liquid is very low so that
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only a very thin film viscoelasticity is measured;
(ii) the displacement amplitudes are small so
that non-linear effects requiring a certain
minimum stimulation in terms of spatial
displacements to occur may not be activated
and thus are not being sensed. The first item
also leads to issues when samples having
microstructures with characteristic lengths
larger than the penetration depth are
investigated, such as may be the case for
suspensions and emulsions [15].

At IMS Laboratory, we are aiming at
investigating and devising alternative methods
based on the use of vibrating micro-electro-
mechanical systems (MEMS). Some other
teams have also used vibrating microstructures
to measure viscosity at various frequencies [16-
19]. They use the fact that both the resonant
frequency and the quality factor depend on the
fluid density and viscosity. In this approach the
estimation is usually made after calibration
steps. The major drawbacks of such
approaches stem from the fact that when using
only one microstructure viscosity is determined
at only one frequency and the elasticity of the
fluid is neither taken into account nor estimated.

The previous major contributions of IMS
Laboratory in  rheological MEMS-based
microsensors concern three different methods:

e Unlike other teams, in order to extract both
the fluid viscosity and the mass density, the
approaches devised by IMS Laboratory do
not require any calibration step except the
measurement of the resonant frequency in
air. Using the analytical equations obtained
from the solution of the differential equation
of the vibration of a microcantilever in a fluid
and an approximation of the hydrodynamic
function we express the mass density and
viscosity of the fluid from both the
eigenfrequency and damping ratio
measurement [20]. The limitation of this
method is that fluid properties are
determined only at one frequency per
device.

e To avoid this drawback, another method has
been developed that consists in determining
the hydrodynamic force components
(viscous and inertial) at each frequency of
the spectrum measurement. Using analytical
equations the mass density and fluid
viscosity can in this case be estimated at
each frequency [21-22]. The limitation of this
method is that analytical equations only work
for pure viscous fluids considering the elastic
contribution negligible.

¢ Knowing the mass density of the fluid under
test, another method, based on the same
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principle has been developed to estimate
both elastic and viscous components of the
shear modulus as a function of frequency
[23].

The principle and the results of the last method
will be presented in this paper since it is quite
easy to determine the mass density of a fluid by
other means.

Basic principle of MEMS rheological
sensors

When a vibrating cantilever is immersed in a
fluid, the fluid exerts a hydrodynamic force on
the cantilever due to both the pressure force on
the surfaces perpendicular to the cantilever
displacement and the shear force on the
surfaces parallel to the cantilever displacement.
The total hydrodynamic force is composed of
two terms: one inertial term proportional to
microcantilever acceleration and one viscous
term proportional to microcantilever velocity.
The microcantilever deflection in the Fourier-
space is governed by the Euler-Bernoulli
equation:

o*'w(m, x)
ox*
F(o,x)+F,,, (0, %)

El —m, o’w(w,X) =

(1)

where:

- x is the coordinate along the cantilever length,
y along the cantilever width and z along the
cantilever thickness,

- w(w,x) is the deflection in the z direction at
coordinate x and at radial frequency o ,

- E is the Young’s modulus of the cantilever
material,

- | is the second moment of area at coordinate x
with respect to the y axis,

- F(w,x) is the actuation force per unit length at
coordinate x. In the case of a concentrated
force at the free-end: F(w,x)=F,(®)3(x-L), 3
being the Dirac function,

- F.(o,x) is the force per unit length exerted
by the fluid on the cantilever at coordinate x,

- m, is the mass per unit length of the

microcantilever.

The hydrodynamic force can be expressed:

Fouia (0, X) = (=g, — jog, ) jow (o, X) (2)
with the terms g, and g, representing the
viscous and inertial effects respectively.

According to [24] the following simple
expressions may be used to quantify the
hydrodynamic force:

AMA Conferences 2013 - SENSOR 2013, OPTO 2013, IRS?2013

DOI 10.5162/sensor2013/D7.4

T, 8 5 Y
9 :Zpb o b13+b2 5 (3)
and

i 1)
9, :Zpbz [81 +a, Ej (4)
with

- p the mass density of the microcantilever,

- b the width of the microcantilever,

- 0= /2_11 the fluid layer thickness over which
pPr®

the imposed cantilever velocity decays by a
factor of e = 2.72; with n the fluid viscosity and
pr the fluid mass density,

- for physical reasons, the values parameters
are taken as follow a; = 1.000, a, = by = 3.8007
and b, = 3.8437.

The solution of Eqg.1 depends on the
hydrodynamic force which, according to Egs. 2-
4, depends on the fluid density and viscosity.

Egs. 1-4 correspond to the case of a Newtonian
fluid (that means a fluid with no elastic
properties). In the case of complex fluids,
Egs. 3-4 should be modified since the
rheological properties are now characterized

either by a complex viscosity n° or a complex
shear modulus G* defined by:

1’]* :::n,_jnu (5)
Y
¢ :%Gw jG"=jon' =jo(n-jn")  (6)

with t© being the shear stress, y the shear
strain, v the shear rate and n', n", G' and

G" being, respectively, the real and imaginary
parts of the viscosity, the elastic shear modulus,
and the viscous shear modulus . The ‘standard’
unit of viscosity is Pa.s, but usually the
centiPoise (cP) is used, which corresponds to
0.001 Pa.s (the viscosity of water). The unit of
the shear modulus is Pa. This complex notation
for both the viscosity and the shear modulus
reveals the possible phase shift between shear
stress and shear strain or shear rate. A perfect
liquid has a zero elastic modulus G' whereas a

perfect solid has a zero viscous modulus G".
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Silicon MEMS and example of
measurements

In order to measure the spectrum of
microcantilevers in different fluids, chips with
rectangular silicon-based microcantilevers were
provided by LAAS-CNRS at Toulouse, France.
Series of microcantilevers were used for
measurements, namely LL, LH and A, having
the different geometries specified in Tab. 1 (due
to the use of SOI wafers the silicon thicknesses
of all microcantilevers are the same). The
microcantilevers have been designed in order
to be actuated electromagnetically by the
Lorentz force. For this purpose, a conducting
path has been deposited on their top surface
(Fig. 1). The conducting path is made of a
titanium layer of 100 nm thickness covered by a
gold layer of 700 nm thickness. The width of the
conducting path is 10 yum and is placed at
10 ym from the edge of the cantilever. The
electromagnetic actuation is obtained by the
use of either one (or two) magnet(s) generating
a continuous magnetic field and by an
alternative voltage generating an alternative
electrical current in the conducting path. Then,
the Lorentz force causes the microcantilever
deflection at the same frequency as the
actuation voltage. In order to be able to make
measurements in electrically conductive fluids,
a layer of silicon oxide is spread on the top
surface of the cantilever, above the conducting
path: the thickness of this insulating layer is
600 nm.

Tab. 1: Geometry of the three microcantilevers

Geometry LL LH A
Length (um) 2810 1440 500
Width (um) 100 285 100
Thickness(um) | 20 20 20

Fig. 1. Schematic representation of the
microcantilever with a conducting path allowing the
electromagnetic actuation using a magnet and an
alternative voltage.
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Vibration measurements have been carried out
using an optical vibrometer allowing out-of-
plane measurements using Doppler
interferometry (MSA 500 Polytec). Examples of
spectra measurements are presented in Fig. 2.

a) air
107+ 4
LH
—A
] J

10 10" 10
b) liquids

Amplitude (m/V)

Amplitude (m/V)

frequency (Hz)
Fig. 2. Measurements of cantilevers LL (blue), LH
(green) and A (red). a) Resonant peaks into air. b)
Damped resonance into water (lines) and into
polyacrylamide 1000 ppm (dotted).

As can be seen in Fig. 2, the microcantilever
spectrum depends on the properties of the
surrounding fluid. Moreover, the frequency
range for which the spectrum is modified
depends on the geometry of the cantilever.
Therefore, each microcantilever can be used for
a specific frequency range: the LL cantilever is
for the lowest frequency range, the LH
cantilever for a low-mid frequency range and
the A cantilever for the higher frequency range.

Estimation of the rheological fluid

properties

Using the amplitude deflection spectrum
measurements, the phase deflection spectrum
measurements and analytical equations based
on the simplification of the solution of Eq. 1, the
values of the terms g, and g, at each
frequency of measurement are calculated.
Then, based on Egs.3-4 adapted with a
complex viscosity expression mn°, the elastic

and viscous shear moduli can be expressed:

B ’
B (3+2(g2@—c)] +4g?

" g1
G'==- 7
D Dy2D B? (7)
5 _2(g0-0)
BZGH
G'=—| g,0-C- 8
[gzm g_DG,,] ®)
With:
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b,

9

b T
B=—"b C=—pb°w D=
The calculation of G and G” for any radial
frequency o can then be performed provided
that g, and g, can be estimated with enough
accuracy from the spectrum measurements.

The rheogram presented in Fig. 3 illustrates the
Newtonian behavior of water obtained with the
three cantilevers spectrum measurements:
more than one decade separates both moduli
so G’ can be considered negligible compared to
G".

G" Newtonian model

® G cantilevers
® G" cantilevers

frequency (Hz)

Fig. 3. Rheogram of water measured with three
microcantilevers (LL, LH and A) and covering the
frequency range 1 0°-10° Hz using Egs. 7-9.

Complex fluids have also been characterized.
An example of characterization of CTAB with
microcantilevers at 19°C is given in Fig. 4 with a
comparison with measurements made with the
same concentration of polymer by Galvan-
Miyoshi et al. at 22°C [25] and cone-plate
measurements made at 19°C.
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Fig. 4. Rheogram of CTAB measured with a
classical cone-plate rheometer and three cantilever
geometries (LL, LH and A) and covering the
frequency range 10°-10° Hz using  Egs. 7-9.
Comparison with literature DWS measurements [25].
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In this case, unlike Newtonian fluids, G’ is not
negligible anymore. Except  for G’
measurements obtained with LL cantilevers
(G’.L), all sets of measurements of G’ and G”
clearly follow the same trends until 100 kHz,
given the temperature difference.

Conclusion

Microcantilevers can probe the [1-100 kHz]
frequency viscoelastic properties of complex
fluids, such as gels and polymers that are of
high interests both for fundamental research
and for industrial purposes. This is possible
thanks to (i) MEMS manufacturing technology
(i) theoretical developments (iii) accurate
measurements. For in-situ and real time
monitoring of all kinds of fluids (even opaque
fluids), the third item still must be developed so
that electrical measurements can replace
optical measurements.
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