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1. Introduction

Mechanical properties are a primary quality factor in many materials ranging from liquids
to solids including foods, cosmetics, certain pharmaceuticals, paints, inks, polymer
solutions, to name a few. The mechanical properties of these products are important because
they could be related to either a quality attribute or a functional requirement. Thus, there is
always a need for the development of testing methods capable to meet various material
characterization requirements from both the industry and basic research.

There is a wide range of mechanical tests in the market with a wide price range. However,
there is an increasing interest in finding new methods for mechanical characterization of
materials specifically capable to be adapted to in-line instruments. Acoustic/vibration
methods have gained considerable attention and several instruments designed and built in
government labs (e.g. Pacific Northwest National Laboratory and Argon National
Laboratory) have been made commercially available.

To measure mechanical properties of material a number of conventional techniques are
available, which in some cases may alter or change the sample during testing (destructive
testing). In other tests the strains/deformations applied are so small that the test can be
considered non-destructive. Both types of test are based on the application of a controlled
strain and the measurement of the resulting stress, or viceversa. Different types of
deformations, e.g. compression, shear, torsion are used to test these materials.

Depending on the type of material, different conventional techniques utilized to measure its
mechanical properties can be grouped as viscosity measurement tests (liquid properties),
viscoelasticity ~measurement tests (semiliquid/semisolid properties)) and elastic
measurement tests (solid properties).

Acoustics based techniques can be used for all types of material and the following sections
discuss in detail how these techniques have been adapted and used to measure materials
whose properties range from liquids to solids. Some of the applications discussed in this
chapter are based on the basic impedance tube technique. Applications of this technique for
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material characterization in air have been around for almost a century. The technique is
described in basic acoustics text books such as Kinsler et al., (2000) and Temkin (1981).
Impedance tube methods based on standing waves and the transfer function method have
been accepted as standard methods by the American Society for Testing and Materials
(ASTM 1990 and 1995), thus they will not be discussed in this chapter. Instead the chapter
will focus on liquids, semiliquid and semisolid materials, many of them exhibiting
viscoelastic properties, i.e. those properties that are more representative of biomaterials
behavior.

2. Vibration fundamentals and analysis

The theoretical background that supports mechanical characterization of materials using
vibration/acoustic based methods is mainly based on the characterization of acoustic waves
propagating though the material. In that sense the analysis can be classified on the type of
material being tested, i.e. liquid, viscoelastic semifluid, and viscoelastic semisolid.

2.1 Liquid materials

The analysis of liquid samples can be further classified based on the type of container used
to confine the testing liquid. One of more important aspects to consider in this classification
is the rigidity of the container walls. Two cases are considered: containers with rigid walls
and containers with deformable/flexible walls.

2.1.1 Rigid wall containers

Since acoustic waves reveal useful information on the characteristic of the material through
which they travel, measurement of acoustical properties such as velocity, attenuation, and
phase changes resulting mainly from wave reflections in the transfer media are often used
as a tool for mechanical characterization of materials. Specifically, ultrasound has found a
wide range of applications in the measurement of the viscosity of liquids. Mason et al. (1949)
first introduced an ultrasonic technique to measure the viscosity of liquids. They used the
reflection of a shear wave in the interface between a quartz crystal and the sample liquid.
Since then many other ultrasonics related techniques have been developed to measure
viscosity of liquids [Roth and Rich (1953), Hertz et al. (1990), and Sheen et al., (1996)].
However, acoustical techniques that use sonic frequency have been rather limited. The main
reason for this has been the lack of practical approaches that can employ frequencies in the
sonic range to study the rheology of liquids. Tabakayashi and Raichel (1998) tried to use
sonic frequency waves for rheological characterization of liquids. They affixed a
hydrophone and a speaker to both ends of a cylindrical tube and analyzed the effect of the
liquid non-Newtonian behavior on the propagation of the sound waves. The approach used
by these authors is similar to the well known impedance tube method commonly applied to
gases contained in cylindrical tubes, known as waveguides, but their analysis did not
include the effect of the tube boundaries on sound propagation which can be of importance.
In that sense, the application of the impedance tube techniques to test liquids has been
limited because the loss of wall rigidity, i.e. the tube boundary, which normally it does not
occur in tubes filled with air or air waveguides. Thus, when the tube is filled with a liquid,
the tube may become an elastic waveguide and the rigid wall approximation loses its
validity. The key assumption of having rigid walls is related to the shape of the acoustic
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wave moving through the liquid. In order to have manageable equations to estimate the
viscosity of the liquid from acoustic measurements using these systems it is important to
generate planar standing waves from which acoustic parameters can be readily obtained.
Mert et al. (2004) described a model and the experimental conditions under which the
assumption of standing planar waves stands.

If a tube with rigid walls is considered the propagation of unidirectional plane sound waves
though the liquid contained in the rigid tube can be described by the following equation
(Kinsler et al., 2000):

2 2
2 @72 )
ot Ox
where p is the acoustic pressure, t is time, x distance and C; the speed of the sound in the
testing liquid. The solution of Equation (1) can be expressed in terms of two harmonic waves
travelling in opposite directions and whose composition gives place to the formation of
standing waves (Kinsler et al., 2000):

[iot+k(L—x)] N p_e[ia)tflz(fo)}

(2)

p* is the amplitude of the wave traveling in the direction +x whereas p- is the amplitude of

p(x,t)=pe

the wave traveling in the direction -x and i is the imaginary number equal to v-1. The
complex wave number k = /C, —ia includes the attenuation & due to the viscosity of the

liquid, wis the frequency of the wave. The corresponding wave velocity can be obtained
from integration of the pressure derivative respect to the distance x, an equation that is

known as the Euler equation (Temkin, 1981) and calculated as v(x,t) = —ij% dt ), which
Pp X

yields:

o, ) = P+e[iwt+k(ux)} B ,e[iwtfk(fo)] o)

By applying the boundary conditions such that at x = 0 the fluid velocity is equal to the
velocity of the piston that creates the wave, which is v(0,t) = v,e’” . The other boundary
condition is derived from the practical situation of using an air space on the other end of the
tube, which mathematical provides a pressure release condition at x = L, written as p(L, t) = 0.
With these boundary conditions the coefficients P+ and P- in Equation 3 can be calculated as:

pr—-PCYo g pr—_PCGYo 4
2coskL 2coskL

where p, is the density of the liquid, in repose, and vy the amplitude of the imposed wave.

An analysis made by Temkin (1981) showed that two absorption mechanisms produce the
attenuation of the sound energy. One is due to the attenuation effects produced by the
dilatational motion of the liquid during the acoustic wave passage. The other term arises
from the grazing/friction motion of the liquid on the wall of the tube. It can be shown that
the attenuation due to wall effects is significantly larger than the attenuation due to the
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dilatational motion of the liquid (Herzfeld and Litovitz, 1959). Thus, a simplified form can
be used to obtain the complex wave number (12) and ultimately the attenuation (« ) from
which the fluid viscosity can be extracted. The complex wave number is given by the
following equation:

k=k, —ic (5)

where the real number k; is calculated as k; =—and « is the attenuation of the wave due
1

to the viscosity of the testing liquid.

For measurement purposes it is convenient to estimate the acoustic impedance as p/v, which
from Equations (2) and (3) after application of the Fourier transform to the pressure and
velocity variables yields:

_ iplga) taniT — ip9a) sinkL

7 o= ~
a0 k coskL )

<

Where p and V are the Fourier transformed pressure and velocity respectively. The acoustic

impedance is a complex number, as well as its inverse, which is known as mobility. Thus,
the magnitude or absolute value of the mobility Abs(1/Z,) can be calculated. From values of

the acoustic impedance or mobility the complex wave number k can be obtained as well as
its real and imaginary components, from which the viscosity of the liquid and the intrinsic
sound velocity in the liquid of interest can be estimated from the following equation

(Temkin, 1981):
) ; o (o2 05 057 05
R CRCCEEIECIIE
RC; |\ 2p 2C; P 3p 4Cy \ p

Viscosities of the liquids can be also estimated from the Kirchhoff’s equation, which has
been derived for waveguides containing a gas and are given by the following equation
(Kinsler et al., 2000):

__1 |we
A ®)
RCy\2p

The parameter R in Equations 7 and 8 is obtained from to the magnitude of the mechanical
impedance at the resonance frequency (see Figure 2).
From Equation (6) can be observed that plots of the acoustic impedance becomes a

maximum when cos(lgL) is a minimum, i.e. when the frequencies are given by the
relationship f = g—i(n +%) , where n =0,1,2,3,...., which is in terms of the length of liquid L

and the velocity of sound in the liquid C;, can provide a location of those maxima. Those
theoretical observations were experimentally validated by Mert et al. (2004) using an
experimental setup as that described in Figure 1.
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Fig. 1. Schematic of the apparatus to measure viscosity of liquids inside a thick wall rigid tube.

Further details of this experimental setting can be found elsewhere in Mert et al. (2004).

It has been hypothesized that plots of absolute mobility as a function of frequency should
exhibit peaks and valleys corresponding to the resonance and anti-resonance frequencies of
the standing waves from which the rheological properties of the liquid, notably its viscosity,
can be obtained. To validate the theory described above, liquids with known physical
properties including viscosity, density and sound velocity though them (the latter measured
by a pulse-echo ultrasound method) were tested. Table 1 list viscosity of the liquids (liquids
1 to 4) used for this test along with their relevant physical properties.

.. Viscosit Densit Intrinsic sound veloci
Liquid mPa . sy kg/m3y m/s Y
1 17 800 1246
2 96 971 1010
3 990 969 967
4 4900 963 943
5 10,050 980 -

Table 1. Physical properties of the liquids used to validate theory; properties are at 25°C.

Figure 2 illustrates measured magnitude of the mechanical impedances Abs (1/Z,o) liquids
2,3, and 4 (see Table 1). It is clearly shown in the figure the effect of the liquid viscosity on
the measured impedance, in general the higher is the viscosity of the liquid the lower is the
value of the magnitude of the mechanical impedance at the peak/resonance frequency. The
resonance frequency (frequency where peaks in impedance are obtained) is also affected by
the viscosity of the liquid and tend to decrease when the viscosity of the liquid increases,
which would be indicating a decrease in the sound velocity though the liquid. The latter in
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fully agreement with the ultrasonic pulse-echo measurements used to estimate the sound
velocities in the different liquids, which are reported in Table 1.

5
i ——Sample 2 pu=96mPa.s
—-—- Sample 3 u=990 mPa.s
& 4T - - -Sample 4 u=4900 mPa.s
é“ i
£
~ 3
=
- I
3 2t
N
= I
0
< 1
0 . . . . .
0 1000 2000 3000 4000 5000

Frequency (Hz)

Fig. 2. Effect of viscosity on the magnitude of acoustical impedances measured in a setup as
illustrated in Figure 1 at the driver position x = 0. Liquids 2, 3 and 4 were tested and
properties and given in Table 1.
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Fig. 3. Viscosities obtained from the different resonance frequencies for 4 different liquids
obtained from the measured mechanical impedance and from Equation (7).
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Extracted viscosities from impedance measurements along reported values of the liquid
viscosities are illustrated in Figure 3.

Liquid viscosities were estimated from Equations 7 and 8 but better accuracy was obtained
with Equation 7 that was derived for waveguides containing liquids (Mert et al., 2004).
Results of the calculated viscosities are illustrated in Figure 3.

2.1.2 Flexible wall containers

When the walls of the waveguides are not rigid, during propagation of the waves the walls
of the container expand and the overall liquid bulk modulus decreases leading to reduced
sound velocity in the liquids. In addition, the fluid velocity cannot be assumed to be 0 at the
can wall due to the expansion of the wall. These conditions make the governing equations
used to estimate the wave attenuation and other relevant acoustic parameters very elusive,
thus it is not possible estimate the liquid viscosity directly. One can overcome this problem
by an empirical approach, which is by defining the quality factor Q, which is determined
from the following equation:

Q=—— ©)

@, and w, are the frequencies at which the amplitude of mechanical impedance response is
equal to half the actual value at resonance and @, is the resonance frequency (Kinsler et al.,
2000). If the quality Q is known in a given container-liquid system it would be possible to
have an estimation of the viscosity of the liquids contained in the container, which would
serve for quality control purposes. To prove that concept Mert and Campanella (2007)
performed a study where a shaker applied vibrations to a cylindrical can containing a liquid
using a system, schematically shown in Figure 1. The vibration was able to move the can
containing the liquid, and a wave was generated through the liquid, which reflected back in
the interface between the liquid and the headspace to form standing waves resulting from
composition of the forward and reflected wave. Properties of the standing waves were
measured in the frequency domain, and in particular the resonance frequency and the
amplitude of the wave at that resonant frequency were obtained and using a calibration
curve approach related empirically to the rheological properties of the liquid. It is important
to note that these measurements do not provide the true viscosity of the testing liquid
because the walls of the can are not rigid and deform significantly due to the vibration.
Despite of that the properties of the standing waves, measured by the quality Q, were highly
correlated with the rheology of the liquid, which was tested offline in a rheometer (Mert and
Campanella, 2007). Results shown in Figure 4 are a frequency spectra for the liquids
reported in Table 1.

Quality factors Q for the testing liquids can be estimated from the two peaks observed in
Figure 4 and potted as a function of the liquid viscosity as illustrated in Figure 5. However,
as shown in Figure 4, the first resonances peaks do not seem to provide sufficient resolution
and the second resonance peaks, at higher frequency, are used to find a relationship with
the liquid viscosity.

Although interesting from an academic standpoint correlations like the one shown in the
Figure 5 are not of practical applicability. However, if the can/cylinder contains a product
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Fig. 4. Amplitudes at resonance frequencies for standard liquids given in Table 1. Curves
were shifted up for clarity.
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Fig. 5. Quality factor Q versus viscosity of liquid standards
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whose viscosity is an important quality parameter, the present method would be of great
applicability because the viscosity of the liquid could be assessed quickly without the
necessity of opening the can (i.e. non-destructive method). One example of such application
is testing cans of tomato products, which are widely produced and consumed in most part
of the world and the viscosity of these products is a key parameter associated to their
quality in terms of sensory evaluation and processing applications. Viscosity of tomato
products is evaluated using a number of rheological techniques that range from empirical to
more fundamental methods. One standard method is the use of the Brookfield™® viscometer.
This viscometer is based on the rotation of a particular element (spindle) inside a can
containing the product. The viscosity of the product is obtained basically from the resistance
offered by the product to the rotation of the spindle provided shear rates and shear stresses
can be accurately calculated. Since the geometries of the spindles often are not regular it is
difficult to estimate the rheological parameters, i.e. shear stress and shear rate, which enable
the calculation of the liquid viscosity. Tomato paste is a very viscous product that exhibits
an important structure that can be destroyed during testing. One approach to overcome this
problem is the use of a helical-path spindle, which through a helical movement
continuously is touching a fresh sample. Given the complicated rheology, results of this test
are considered empirical. The other approach is to use technically advanced rheological
equipment, which though the use of geometries such as parallel plates the sample can be
minimally disturbed. For these cases the true viscosity of these tomato purees can be
obtained. These materials are known as non-Newtonian to indicate that their viscosities are
a function of the shear rate. Most of the non-Newtonian liquids can be described by a
rheological model known as the power-law model which can be expressed by the following
equation:

n=ky" (10)

where 77 is the apparent viscosity of the material, which is a function of the applied shear
rate y and k and n are rheological parameter known as the consistency index and the flow

behavior , respectively. The value of k is an indication of the product viscosity whereas n
gives a relation between the dependence of the viscosity with the applied shear rates. For
tomato products n<1, and the smaller is the value of n the largest is the effect of the shear
rate on the viscosity of the liquid. To test the feasibility of vibration methods, cans of tomato
puree and dilutions ranging from 23% to 3.5% solids were tested in an apparatus similar to
the one shown in Figure 1. Results of the tests can be observed in Figure 6, where frequency
spectra resulting from some the tests are shown. Figure 7 shows possible correlations
between the quality Q measured from the frequency spectra data and the parameter k
determined using a standard rheological technique and a parallel plate geometry.

As indicated in Figure 6 the frequency spectra peaks shift to lower frequencies when the
solid content of the concentrates increases. In the range of frequency tested the two peaks
are visible for concentrates with low solid content whereas the second peak at higher
frequencies disappears for concentrates with higher higher solid contents (23 Brix). The
amplitude of the Absolute value of the mobility is considerably decreased when the solid
content and the viscosity of the concentrate increase (Figure 6). Given the existence of two
peaks quality values can be extracted from the two peaks and relate them with the
measured rheological properties, in this case the value of the consistency index (Figure 7). It
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can be seen in the figure that correlations of the liquid rheological properties with its
acoustic properties measured by the quality factor Q are strong and that the quality
evaluated at the first peak provides a better representation of the liquid viscosity. This is
also enhanced due to the presence of two peaks for low and moderate solid contents
(measured as Brix), which provides more experimental points to establish the correlation
(see Figure 7 - and compare first peak and second peak data).

9
w
©
L ef
E
< (
= K
fa :‘| 3.5 Brix
N‘“ sl N
2 a
2 e N~ = ______ -9.5 Brix
23 Brix
0 1 1 N 1 L | 1 L
0 400 800 1200 1600

Frequency (Hz)

Fig. 6. Frequency response spectra of tomato concentrates at different soluble solids
concentrations, measured as Brix. Curves were shifted up for clarity.
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Fig. 7. Quality factor versus the consistency index k value for tomato puree and its dilutions

2.2 Viscoelastic materials

2.2.1 Semifluid materials

Squeezing flow is a well-known technique that has been applied to characterize the
properties of various biomaterials ranging from liquids to semisolids. The traditional
method involves measuring the force required to squeeze a sample between two cylindrical
disks either at a constant velocity or by applying a constant force or stress (Campanella and
Peleg 2002).

The oscillatory squeezing low method (OSF) uses the same geometry as the standard
squeezing flow method but it involves the application of small amplitude oscillations at
random frequencies up to 20 kHz (Mert and Campanella, 2008). The method allows one to
calculate both the viscous and elastic components of the sample viscoelasticity by measuring
the response of the material in terms of force and acceleration to those oscillations.
Transformation of the measured force and acceleration to the frequency domain yields a
frequency spectrum for the sample and, ultimately, its resonance frequency. From analysis
of this frequency response, two important viscoelastic properties of the samples, the loss
modulus G” (viscous) and the storage modulus G’ (elastic), can be obtained.

The application of acoustic principles to the squeezing flow method is a novel technique,
which convert the squeezing flow method into OSF methos can measure the rheological
properties of materials that range from pure liquids to solids. Advantages of this method
include it being non-invasive, little to no sample preparation, and its ability to monitor rapid
changes during dynamic processes.

A schematic of the OSF testing apparatus is illustrated in Figure 8. The design uses a piezo-
electric crystal stack attached to an impedance head. Upon the application of voltage, the
upper plate oscillates, and the force and acceleration at the oscillating plate are measured
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through the impedance head and transformed into the frequency domain using a Fast
Fourier Transformation (FFT) routine. This transformation is very useful because from the
inspection of the frequency response of the measurement it is possible to identify a
characteristic resonance frequency for the sample.

Load

Stack of
Piezoelectric
Crystals
Y Impedance
o Head
Oscillating
Plate
Fixed J{ Sample

Plate

Fig. 8. Schematic of the OSF testing apparatus

Since the samples are considered viscoelastic they can be represented by a combination of
elastic component, with a stiffness S, and viscous components with a damping R. A
schematic of the elastic-viscous system used for analysis of the measurements is illustrated
in Figure 9. For the testing, the sample is placed between the oscillating plate and a fixed
plate. The oscillating plate is then brought down to touch the sample and the gap between

ﬁ Oscillating
¥ Plate

+ \

ho R i
191
l J /_SII{II'%ELCG

Fig. 9. Schematic of the spring-dashpot system, used for the analysis of the data. /i, R, and S
are the height, the viscous resistance (damping), and the stiffness of the sample respectively.
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the plate (h,) is noted. A load cell is attached above the oscillating plate to control the
squeezing force applied to the sample prior the application of the oscillation. The squeezing
force is simply applied to make sure that a good contact is established between the
oscillating plate and the sample. It will be shown below, however, that the results are
independent of that squeezing force.

The frequency response data is obtained using software that interfaces the results obtained
with the signal generator device (see also details in Figure 1). The transformed mechanical

. N\E . . N
impedance Z=— is then calculated from the force and velocity measured on the oscillating
u

plate with the impedance head. Fand ii are the Fourier transformed variables and since
they have been transformed into the frequency domain, they, as well as the mechanical
impedance, are complex variables. The measured complex mechanical impedance at the
driving point can be defined as:
Zmeas = Zinstrument + Zsample (11)
where mes is the measured impedance, Zinstmmnt is the instrument impedance that can be
calculated simply as Z oiate® because the instrument does not have any spring
mechanism or internal damping. From Equation (11) the sample impedance Z,,,, can be
obtained by subtracting the instrument impedance from the measured impedance.
The rheological behavior of the sample can be described in terms of the viscous component
(R), which provides the damping of the oscillation and the elastic component (S), which
provides the sample elasticity (Figure 9). The relationship between the mechanical
impedance and the damping (viscous component) and stiffness (elastic component) of the

sample can be described by Equation (12) below:

instrument — U1

S

5 . sampl.
Zsumple = Rsample +1 (a) Tm- ﬂ) (12)

w

where w is the angular frequency of the oscillation, m is the mass of the system, and i is
V-1

The mobility of the sample, can be plotted as a function of frequency to provide the
resonance spectrum of the sample. The resonance frequency, f.s of the sample, which is
obtained as the frequency at which the mobility is a maximum is directly related to the
stiffness and the mass of the system by Equation (13):

S
. sample
e =y (13)

A typical plot of Mobility versus frequency for different concentrations of xanthan gum, a
biopolymer that produces viscoelastic suspensions, is illustrated in Figure 10.

The higher is the concentration of xanthan gum the higher is its elasticity, which is clearly
illustrated in the Figure 10 by a shifting to the right of the resonance frequency. That shifting
of the frequency is a clear indication on increase in the stiffness of elasticity of the sample
with concentration (see Equation 13).
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Fig. 10. Mobility plots obtained with the OSF method for xanthan gum dispersions of
different concentrations

Although the mobility and the elastic and viscous components of a viscoelastic sample are
often useful as quality and processing parameters (Gonzalez et al., 2010), for modeling
purposes it is necessary to get quantitative and fundamental rheological information of a
sample in terms of elastic and viscous modulus. Phan-Thien (1980) demonstrated that for
viscoelastic materials subjected to squeezing flow under an oscillating plate, the squeezing
flow force can be calculated as:

4

F, cos(awt) = 37;”3

n u,cos(wt) (14)

where a is the radius of the top plate, }, is the distance between plates and 7 =7'-in" is the

n |

complex dynamic viscosity of the sample. 7'=—and n"=— are the viscous and elastic
® ®

components of the sample, respectively. Application of FFT to Equation (15) yields:

4

~ 3ra” «
Zsample = Zhg n (15)

Expressions can be rearranged and using the definition of the complex viscosity 7 ,

expressions for the viscoelastic moduli, i.e. the storage and loss modulus, G and G”, can be
obtained as:

A

G = Im(Z 3meﬂ"ective waZ ) 2]’13&)

+
sample ) 20]’13 372'614

(16)
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2w

sample ) ) % (17)

G"=Re(Z
Im(Zsumple)and Re(Zsump,e)are the imaginary and real part, respectively, of the sample
complex mechanical impedance Z,,,. . It is important to note that for the calculation of the
storage modulus G” by Equation (16) is required to know the mass of the system, which
consist of an effective mass that includes the mass of the sample and the squeezing force
imposed to achieve good contact between the oscillating plate and the sample. If Equation
(12) is rewritten in terms of those masses we can obtain an equation for the measured
complex mechanical impedance:

A

Zmeas = Rsample + i(a)mplute + wmeffective - Ssample / a)) (18)

The inertia produced by the plate instrument can be easily estimated as Zinstrummt =101y, -
However, to estimate the inertia produced by the effective mass ,fcrive Some additional
calculations are required. If the imaginary part of the sample impedance is divided by the

frequency, the following equation is obtained:

A

Im(Z

0]

sam, le)
== (mejfective - Ssumple / 602) (19)

The term S, / a)ZA in Equation (19) approaches to zero as the frequency is very high,
which results inIm(Z,,,;,) / @ =1M,g,, - Results of this calculation show that the parameter
Im(Z,,,,,,.) / @ reaches an asymptotic value, which is independent of the squeezing force
applied to the sample, S equals tom ¢,y - That value can then be used to calculate the
storage modulus by Equation (16). Results for a xanthan gum suspension of concentration
2%, and whose mobility versus frequency data is shown in Figure 10, are shown in Figure 11
in terms of the viscoelastic storage and loss moduli defined by Equations (16) and (17). As
shown in the figure the data compares well with those obtained with a conventional
rheometer at comparable frequencies. It must be also noted that the range of frequencies of
the OSF method is significantly higher than those applied by conventional rheological
methods where inertia may play an important role.

2.2.2 Semisolid materials

Physical properties of solid viscoelastic foods and other biological products are very
important in food production, storage, handling, and processing. The importance of the
knowledge of the physical properties of biomaterials is demonstrated in the case of fruits.
One of the most important quality parameter of fruits is its texture. Texture is the first
judgment a purchaser makes about the quality of a fruit, before sweetness, sourness, or
flavor. Since fruit texture is such an important attribute, one would expect the changes in
texture during maturation and cool-storage to be well understood, however this is not the
case. One of the main limitations to the study of fruit texture is the accurate and precise
measurement of texture as perceived by a consumer.

Traditionally, the texture of fruits is measured by a Magness Taylor pressure tester
(Magness and Taylor, 1925). This simple device measures the force required to insert a metal
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Fig. 11. Storage and loss modulus of a xanthan gum suspension of 2% concentration
obtained with the OSF and conventional rheological methods

cylindrical plunger for a given distance into the fruit flesh. Although this device is cheap,
quick, and easy to use, it has some disadvantages. Firstly, it is a destructive test, and it is not
possible to have repeated measurements on a single fruit. Due to extremely high fruit-to-
fruit variability, repeated measures on the same fruit would be highly desirable, especially
from a research perspective. Secondly, there is high variability between operators,
depending on the speed and force that the plunger is inserted into the fruit. However the
greatest limitation of the Magness Taylor fruit pressure tester is that it measures the
compression or crushing force that the cells of the fruit cortex are able to withstand. This
force is very different from the force that is exerted on a fruit by the teeth of a consumer or
the pressure that the consumer can exert with the fingers to assess the fruit texture. Biting an
apple, for instance, involves cleaving cells apart, the exact opposite of the force measured by
pressure testers. Universal Testing Machines (UTM), like for example the Instron™
instrument, are devices that can measure cleaving force, but they are slow, expensive, and
again the method used with these machines is a destructive test.

Throughout the literature, there is abundant evidence that the ripeness or softness of intact
fruits is related to their vibration properties. A device that uses vibrations to characterize
intact fruits was patented in 1942 (Clark et al., 1942). Vibration properties of some fruits are
correlated with firmness and ripeness. Finney (1970) explored methodologies for measuring
and characterizing the vibration response of many fruits, and concluded that Young's
modulus and shear modulus of apple flesh were correlated with the product between the
resonance frequency squared and the mass of the whole fruit. It was also found that the
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stiffness coefficient measured by vibration was closely associated with sensory panel
subjective evaluations of Red Delicious apples (Finney, 1970, 1971). Garrett (1970) argued
that the stiffness factor should be proportional to the frequency squared times mass to the
two-thirds power. Cooke (1972) confirmed Garrett’s theory using elastic theory relating the
stiffness factor to the shear modulus of the fruit flesh. Both Finney’s and Garrett’s stiffness
factors have been shown to correlate well with the fruit modulus (Clark and Shackelford,
1973; Yamamoto et al., 1980; and De Bardemaeker (1989); Abbott, 1994; Abbott and Liljedahl,
1994). Differences in shear moduli between green and ripe fruits can be detected non-
destructively, and relatively easily, by vibration testing.

Through a few decades of development, a vibration-based characterization method called
Experimental Modal Analysis (EMA) has advanced to become a very efficient tool for
obtaining the dynamic properties such as natural frequency, damping and mode shapes in
aerospace and mechanical engineering. For fruits, natural frequency is related to the shear
modulus of the tissue (Cooke, 1972), which in turn determines the firmness of the fruit. For
instance, in apples, high damping prevents them from giving a nice them from giving a nice
crispy ringing sound when tapped (De Baerdemaeker and Wouters, 1987). Mode shapes are
an important indicator of the whole fruit's conditions such as ripeness, bruises, or defects
(Cherng, 2000). It is obvious that there is abundant information on the texture and quality of
fruits that could be associated with their acoustic parameters. This section of the chapter is
meant to give an idea of the direction that researchers have taken in the last decade or so. To
give specific examples, a few details are given on the measurement of Young’s modulus,
finite element modeling, and experimental modal analysis.

2.2.2.1 Measuring modulus of elasticity

An instrument that measures force as a function of displacement, such as a UTM, can be
used to obtain force-displacement curves of the samples. For a melon, the flesh and the
rind should be tested differently. Melons have a rind that is significantly stiffer than the
flesh. The cylindrical samples of the flesh can be tested with a compression test. The rind
samples can be tested using a three point jig, and treated as a simply supported beam for
analysis.

For modeling vibrations, where only small displacements are of interest, the tests should
be limited to small displacements and changes in the cross-section and in the length can
be ignored in the data processing. Also, the mechanical properties of biological materials
in general are not constant. Because of the structures at the micro scale, the Young's
modulus is a function of strain. The following method can be used to facilitate the
computation of the Young’s modulus at zero deformation. The stress-strain curve can be
fit to a cubic function

0 =036 +a,6% + a6+ a (20)

The coefficients ap through a3 can be obtained by cubic regression analysis. The Young's
modulus is the derivative of the stress with respect to strain

E= fl—a =3a56% + 20,6 + 1, (21)
g
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For vibration analysis and modeling, the most important value of the Young’s modulus is at
zero strain, which is simply a1. Therefore, the constitutive relation for vibration models is

o=Ee (22)

where E = a; from the test above.

In the bending test where the rind is treated as a simply supported beam, the equation for
the young’s modulus can be derived accordingly. If the force is applied in the middle of the
span, then the deflection at that point is

3
xX= £h (23)
48EI
If the material is linear, the constant Young's modulus is
3
E= LE (24)
481 x
Where L is the span, and [ is the moment of inertia of the rind sample, which is given by
P
- base.height (25)

3

For nonlinear materials, E can be obtained by taking the derivative of the force with respect
to x. In particular, the Young’s modulus at zero strain is

L ar

E(x) = —
) 48] dx|,_,

(26)
The modulus of elasticity of a melon was measured statically using an UTM machine, which
can record the force as a function of deflection. For the flesh, cylindrical core samples were cut
out of the melon; whereas for the rind, beam-like samples were cut out (Ehle, 2002). The force-
displacement curve for the cylindrical core compression test was transformed into a stress-
strain curve for small deflections by dividing the force by the cross-section area and dividing
the deflection by the length. The small changes in cross-section area and the length were
neglected because the displacement was small. Cubic regression of the stress-strain curve
obtained the coefficients in Equation 20. Then Equation 21 was used to calculate the slope,
which was the Young’s modulus. The value at zero strain is the value used for modeling the
vibration properties of the melon. Figure 12 shows that a cubic function fits the data very well,
and that the slope at zero strain can be obtained accurately. In the above compression test of
the flesh samples, the Young's modulus could also be obtained from the load-displacement
curve without transforming into the stress-strain curve numerically. A little algebra gives:

E(x) = %% 27)
x=0

For the bending test, the force-displacement data were processed according to Eq. 24 to
obtain the Young’s modulus of the rind. The result shows characteristics similar to those
illustrated in Figure 12.

www.intechopen.com



The Use of Vibration Principles to Characterize the Mechanical Properties of Biomaterials 317

25 . . . .
2 L _
15F .
a
ol
S
@ 1 .
L
N
05k -
0 +  Measurement H
Zuhic fit
———=Tangentat 0
_[:]5 1 1 1 I
0 0005 0.01 0oms ooz 0025

Strain
Fig. 12. Stress-strain curve of a core sample from compression test.

2.2.2.2 Numerical modal analysis with finite element modeling (FEM)

The application of stresses and strains in biological materials not only has a component
associated to consumer evaluation but also it is related to quality control. Many of the
stresses and strains are applied locally either during processing or consumption of the fruits.
But they are distributed over the entire surface, thus it is necessary to use methods that can
estimate the distribution of stresses over the product. Finite Element Modeling (FEM) is a
well developed and proven mathematical and simulation tool to apply to the study of
quality of fruits during consumption, storage and processing.

Cherng (2000) stated that the lowest natural frequency for hollow fruit like melons
corresponded to the elongation along the major axis. Cooke (1972) concluded that the most
important mode was the first twisting mode because it corresponds to the shear modulus of
the flesh, which in turn corresponds to the fruit ripeness. Finite element models published in
Cherng (2000) did not model the rind separately but assumed that the rind has the same
properties as the flesh. Nourain et al (2004) compared a finite element model to
experimental modal analysis results.

As an illustration, a finite element mesh used for a melon fruit is shown in Figure 13, with
an octant removed to show the inside. The idealized melon-like geometry is a prolate
ellipsoid with the major axis in the vertical direction. The major radius of the flesh is
77.5mm. The minor radius is 75mm. The hollow radii are 52.5mm (major) and 50mm
(minor). The rind thickness is 2.5mm. For simulation purposes assumptions for the rind
Young's modulus was 4.0 MPa whereas values used for the flesh Young's modulus were
1.0MPa, 1.5MPa, 2MPa, and 3MPa. The modal frequencies will be given in the order
corresponding to those Young’s moduli. The Young’s moduli selected above are somewhat
arbitrary and do not represent the values shown in Figure 12 from the test applied to a
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melon. The purpose of this model is to give insight into how the vibration modes change
with the stiffness of the flesh.

Fig. 13. A finite element mesh of a melon model

Figure 14 shows the elastic mode with the lowest natural frequency, which is elongation in
the minor axis direction. Figure 15 shows the second mode, which is elongation in the major
axis direction. Figure 16 shows the twisting mode. When the Young’s modulus is 1.5MPa or

lower, this mode changes shapes into the shape shown in Figure 17

U, Resultant
+1.000e+00

-1.000e+00

Fig. 14. Mode 1, “sideways elongation”, 75.2Hz, 90.4Hz, 97.4Hz, 115.0Hz
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U, Resultant

+1.000e+00
+9.167e-01
+8.334e-01
+7.500e-01
+6.667e-01
+5.834e-01
+5.000e-01
+4.167e-01
+3.334e-01
+2.500e-01
+1.667e-01
+8.3342-02
+0.000e+00

Fig. 15. Mode 2, elongation along the major axis, 79.4Hz, 91.5Hz, 102.0Hz, 120Hz

U, Resultant

+1.0002+00
+8.167=-01
+8.333e-01
+7.500e-01
+6.6672-01
+5.833=-01
+5.000e-01
+4.167=2-01
+3.333e-01
+2.500e-01
+1.667e-01
+8.333e-02
+0.000e+00

Fig. 16. Twisting about vertical axis, 101.4Hz, 125.1Hz, 135.0Hz, 152.3Hz
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Fig. 17. Mode replacing the twisting mode when flesh Young’s modulus is 1.5MPa

2.2.3 Experimental modal analysis of the fruit

Experimental modal analysis is a technique to obtain natural frequency, mode shapes and
damping ratios of an elastic structure by application of a vibrational stimulus to the sample
and sensing the resulting vibration at various locations on the sample surface. This section
illustrates an experimental modal analysis on a melon fruit (Ehle, 2002). The excitation was a
pulse force delivered by an impact hammer. A force transducer at the tip of the hammer
measured the force. An accelerometer was used to measure the acceleration response at
several points all over the surface of the melon. The measurement points were designed to
follow a grid pattern where the distances between adjacent points were almost uniform
throughout the surface of the fruit. The melon most closely resembled a sphere. Table 2 and
Fig. 18 show the measurement points. A tri-axial accelerometer must be used to sense the
important torsional mode (Fig. 8) as well as radial motions.

Layer 1 2 3 4 5 6 7 8 9
Points 1 2.7 | 819 | 20-37 | 3855 | 56-73 | 74-85 | 86-91 | 92
Longitudinal 90 675 | ¥ | 225 0 | -225 | -45 | -675 | -90
Angle (deg)

Latitudinal

Angle (deg) N/A | 60 30 15 15 15 30 60 | N/A

Table 2. Locations of the points where acceleration was measured on the melon.
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Fig. 19. A long elastic cord and rubber bands supporting the melon.
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Any method used to hold the melon is a boundary condition which will alter the vibration
modes. However, the free-free boundary condition has been proven to not alter the
vibration modes. This boundary condition can be approximated by suspending the melon
from a rigid structure with elastic cords. Soft elastic cords are used in the suspension so that
the rigid-body vibration of the melon and its suspension has very low natural frequency and
does not alter the elastic modes. Figure 19 shows the suspension the setup used for the
holding of the sample.

The porous surface of the melon made it difficult to affix the accelerometer to the surface of
the melon using conventional methods. To make sure the accelerometer was affixed snugly
to the surface of the melon, wax was applied to the bottom of the accelerometer. This
allowed for the mating of the accelerometer to the surface of the melon, which would result
in better vibration transmission. Also the accelerometer was held in place by a “cradle”
made from rubber bands (Figure 20). The width of the rubber bands was approximately 6
mm, just wide enough to cover the top surface of the accelerometer. The rubber band was
positioned in such a way as to apply sufficient pressure so that the surface of the
accelerometer was always held normal to the surface of the melon. This configuration
allowed for an effective and easy-to-move attachment method to install the accelerometer.

/

Fig. 20. Accelerometer attachment

To excite the fruit a modal hammer with a force transducer was used. A plastic tip was used
as opposed to the metal tip. The plastic tip allowed for the force from the hammer to stay
within the crucial 20dB range past the cut off frequency of 500 Hz. The accelerometer then
measured the resulting accelerations of the surface of the melon. An FFT analyzer
transformed the acceleration and force into the frequency domain, and obtained the ratio of
acceleration to force, which was the Frequency Response Function (FRF) at each sense point.
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To reduce random noise, the average of data from ten impacts was used to compute each
FRF. The coherence is a function in the frequency domain that indicates the quality of the
FRF. A perfect coherence is 1.0. A coherence less than that at a given frequency means that
the vibration sensed by the accelerometer at that particular frequency is not a linear
response to the excitation from the impact hammer. A low coherence in general indicates
excessive noise, nonlinearity, or other causes of bad measurement.

# vna: [plot) F-\ehleausturesearchisiglabitestl_3-25\point_27.vna
Setup MC Setup  Cross Channel  Display - Preview  File Storage  Units Modal
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Fig. 21. Frequency response function obtained by hitting the melon rind directly
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Figure 11 shows a typical FRF (top curve) and coherence (bottom curve) from the
measurement. Each measurement point in Table 1 resulted in one FRF. A peak at a certain
frequency means large vibration at that frequency, which indicates a mode at that
frequency. If the FRF at a particular point shows a valley or low response at a modal
frequency, it is indicating that the point is a node (point of no motion) of the corresponding
mode shape. Using those rules, the mode shapes at any resonant frequency could be
visually determined. A modal analysis program uses mathematical algorithms to compute
the natural frequency, damping and mode shapes from the FRFs. It was used to analyze
data from this test, but may not be necessary if the tester can figure out the modes by careful
visual examination of the FRFs.

4| vna: [plot) F-\ehleausthresearchisiglabitest_3-4.vna

Setup MC Setup Cross Channel Display Preview File Storage  Units Modal
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Fig. 22. An FRF (top) and coherence (bottom) obtained without a local stiffener on the
surface of the melon.
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e :.’._ -.' ) ,7
Fig. 23. A stiffening metal disk on the melon rind.

It is important that the excitation force contain energy at all the frequencies of interest. That
means that the force imparted by the hammer on the fruit must be a sharp enough pulse in
the time domain. Experimental modal analysis is most commonly done on hard structures
such as vehicles, buildings or metal structures. The surface of the fruit is much softer than
most other structures for which the hammer tip was designed. Hitting the fruit with a
hammer would result in a broad pulse in time domain, which translates into a narrow-
band excitation in the frequency domain. As a result, the impulse spectrum of the
excitation force would not have enough energy to excite vibration modes higher than 200
Hz without its intensity dropping more than 20 dB from its DC magnitude. When that
condition is violated, the coherence of the data is very poor as seen in figure 22. To
overcome this narrow-band excitation problem, a small metal disk (Figure 23) was
attached to the fruit at the point of impact. This resulted in a significantly broader-band
force excitation.

3. Concluding remarks

This chapter has presented a few examples of research that has been done to take advantage
of the advancement in vibration analysis along with applications to characterize the
rheological properties of biomaterials. The literature shows that the rheological properties of
biomaterials are associated to quality indicators, specifically for foods to their texture and
their sensory evaluation, thus many of the applications described in this chapter deal with
food materials. In particular, this chapter has shown examples of application of basic
vibration theories to measure the rheology of liquids as well as viscoelastic semi fluids and
semi solid materials. The static measurement of modulus, finite element computation of the
vibration natural frequencies and mode shapes, and an experimental modal analysis of a
melon fruit are also described.

The authors believe that research on testing of biomaterials using vibration methods may
help achieve:
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e Higher quality foods due to better selection, testing, handling, grading and
processing

e Lower prices due to quick nondestructive tests in harvesting, selection and grading of
raw materials as well as testing finished products like for example during canning
operations

e Increase in food safety due to, for example, the ability to detect dangerous salmonella in
eggs from the change in physical properties detected by quick and accurate vibration
based methods (Sinha et al., 1992) or infestation in fruits.

e  Better design of food packaging, handling and transportation.

e  Better tools to monitor the rheological properties of raw materials, e.g. during cooking
and drying of cereal (Gonzalez et al., 2010)

e More interdisciplinary research combining engineering and food and biological
sciences.
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