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ABSTRACT

Elastic parameters of fruit and vegetables are normally monitored in quality control
processes, because there is a good correlation to the degrees of firmness, turgidity, and
humidity. These parameters traditionally have been measured by means of penetration
tests, which are destructive. This has resulted recently in increased attention given to
ultrasonic techniques applied to quality evaluation of horticultural commodities. Since
most fruits and vegetables display viscoelastic behavior, the penetration test should be
considered to be quasi-static, especially when compared with the speed of mechanical
deformation associated with ultrasonic tests. Both methods should provide different
values for the elastic parameters. The aim of this work is to study this discrepancy in the
values of the elastic parameters and interpret the elastodynamic behavior of the
vegetable tissue from an ultrasonic test. Thus, the paper presents an ultrasonic
nondestructive method to evaluate the elastic parameters of the sweet orange peel at 40
kHz. The dehydration process of two sets of oranges (Navelina and Ortanique) was
monitored for two months. A linear elastic solid model with viscous losses was
numerically solved using a simulation scheme based on a 3D-Spherical FDTD method
(Finite-Difference Time-Domain) in order to interpret the results, which proved that the
elastic parameters obtained by penetration and ultrasonic tests differ. The method
provides an empirical relation between the hydration state and the elastic parameters of
the orange peel. Therefore, the proposed ultrasonic test reported in this work is capable
of determining the hydration state of the orange simply by measuring the propagation
speed of the Rayleigh waves on the peel, and hence, can be used as a fruit quality index

during post-harvest processes.

Keywords: Ultrasound; post-harvest quality; orange peel; hydration degree; Young
modulus; Rayleigh wave; elastodynamic; Finite-Differences Time-Domain, FDTD.
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1. Introduction

In the context of modern agriculture and its competitive markets there is growing
interest regarding the need to evaluate the quality of fruit and vegetables. Quality is a
subjective term consisting of many properties or characteristics such as sensory
properties (appearance, texture, taste, or smell), mechanical and functional properties,
and nutritive and chemical constituents, and the absence of defects. Mindful of this,
instrumentation and methods to measure quality-related attributes have been developed
over the last 80 years, most recently in an attempt to establish non-destructive and real-
time systems. In order to evaluate texture attributes, mechanical properties are usually
measured (Abbot, 1999). The traditional methods for evaluating these properties (such
as Young’s Modulus, and also the rupture force and bioyield force) are puncture or
compression tests made at relatively low probe speeds (<< 1 m/s), typical of such
instruments as the Magness—Taylor fruit firmness tester and the electronic universal
(force/deformation) testing instruments, which are quasi-static. Acoustic methods are
also used for quality evaluation (accounting for approximately 20% of the
nondestructive techniques (Butz, et al., 2005). Ultrasonic devices and measuring
techniques have been developed over the last two decades to evaluate mechanical
properties of tissue, allowing nondestructive monitoring of some physiochemical,
biochemical, and mechanical changes that occur in fruit tissues during various stages of
their preharvest and postharvest existence. Some examples of these can be found in
Mizrach, 2000; Flitsanov et al., 2000; Verlinden et al., 2004; Bechar et al., 2005 and
Gaete-Garreton et al., 2005. A review of different ultrasonic techniques used for
determining the material properties of fresh fruit and vegetable tissues during the last
two decades can be found in Mizrach, 2008. Some of these techniques have been used
in the past to find correlations between ultrasonic velocity and absorption through the
orange peel and turgidity and the hydration state of oranges (Camarena and Martinez-
Mora, 2006; Camarena et al., 2007). These techniques can also be used to evaluate the
elastic parameters of the orange peel and consequently the hydration degree, as will be
demonstrated in this work.
Knowledge of postharvest changes in physico-mechanical properties (elastic
parameters) of the orange peel and the fruit under ambient and refrigerated storage
conditions is important to help to determine the appropriate handling, packaging,

storage and transportation systems (Singh and Sreenivasula, 2006).
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The orange, just as most of other juicy fruits such as the tomato, cherry and various
berries, exhibits viscoelastic behavior. This signifies that the elastic parameters depend
in a non-linear fashion not only on the magnitude of force and deformation, but also the
rate of application of force (Abbot, 1999). Elastic parameters obtained with quasi-static
techniques may differ from those obtained using ultrasonic techniques. Evidence can be
seen in Table 2, which displays a summary of the elastic parameters measured by means
of quasi-static procedures for different fruits, the bulk and shear rate calculated from
these parameters, and the speed evaluated from ultrasonic experiments. These
experiments can be destructive, if inner parts of the fruit are directly measured, or non
destructive, if the ultrasonic wave is excited and detected on the surface of the fruit. The
speed measurements are always associated with shear or surface waves, as it will be
demonstrated in this work. There is a clear disagreement between the calculated and
measured speeds for all the fruits, and it is one of the objectives of this work to clarify
this disagreement.

In this work an ultrasonic nondestructive method is proposed to evaluate the elastic
parameters of the orange fruit. Two sets of oranges, Navelina and Ortanique, have been
monitored ultrasonically during their entire dehydration process (two months). From an
elastodynamic point of view, the entire orange has been discomposed into three
spherical shells corresponding anatomically to the flavedo (fruit peel), albedo, and inner
carpel tissue. A linear elastic model has been proposed and a finite difference time-
Domain (FDTD) computational method has been implemented to simulate the
propagation of the ultrasonic waves through these three layers. This model allowed us
to clarify the nature of the different waves travelling through the orange, to demonstrate
that the waves measured by our device are surface waves, and to show that quasi-static

parameters are incoherent with the ultrasonic framework.

2. Experimental set-up and measurement procedure

An experimental transmitter-receiver device was designed to excite and detect
acoustic waves on the surface of the orange (Figure 1). A harmonic wave function
generator (Agilent model 33220A, Agilent Technologies Canada, Mississauga, ON,
USA) and a power amplifier (ENI model 240L, ENI, Rochester, NY, USA) were used
to excite a 40 kHz ultrasonic sandwich transducer built in our laboratory. An identical

transducer was used for reception and an oscilloscope for data acquisition and analysis.
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Two aluminum ultrasonic energy concentrators were used to match the surface
diameters of the transducers, i.e., 14 mm, to the desired area of contact with the fruit, a
diameter of 2.1 mm, using conical reduction and a flat tip shape.

The transducers were mounted on a goniometer in order to change the angles between
their axes, thereby changing the gap between the transducer tips (between 2 and 10 mm)
while permitting perpendicular contact between the concentrators and the orange peel.
A system of springs at the bottom of the transducers controlled the contact force applied
to the fruit peel, which was maintained constant at 2 N. This particular force was chosen
in trial and error tests as a compromise between sufficient contact force while
preventing tip penetration into the fruit tissue.

Emitted waves penetrated the peel and propagated through the adjacent tissue along
the gap between the probe tips. Wave speed was calculated by measuring the time of
transmission at different gaps (2, 4, 6 and 8 mm) and fitting a line. The attenuation
coefficient was calculated by looking at the exponential decay of the received wave
amplitude at the same gap distances (Krautkamer and Krautkamer, 1990).

On 30 January 2010, two batches of oranges were harvested from the same field (La
Safor, Valencia, Spain): a set of seven Navelina sweet oranges (Citrus sinensis, L.
Osbeck) with a similar size (mean diameter 7.1 cm and S.D. 0.3 cm), weight (mean
weight 191 g and S.D. 26 g) and maturity, and a set of seven Ortanique oranges, a
hybrid of the tangerine and sweet orange (Citrus sinensis x Citrus reticulata) also of a
similar size (mean diameter 6.7 cm and S.D. 0.2 cm), weight (mean weight 130 g and
S.D. 13 g) and maturity. No specific chemical processing was applied to the fruit and it
was stored under ambient conditions (20-23°C and 49-53% relative humidity).

The seven Navelina and the seven Ortanique oranges were monitored for their
ultrasonic properties and degree of dehydration over 65 d. The extent of dehydration
was evaluated from the weight loss, as explained in Camarena and Martinez-Mora,
2006 and Camarena et al., 2007.

3. Numerical simulation

With the aim of understanding the nature of the wave detected by the ultrasonic
experimental device, an FDTD simulation was implemented. An inverse method to
obtain the elastic parameters from the speed measurements was used. Thus, the wave
propagation speed was experimentally measured in the fruit surface and a

compressional sound speed similar to water has been assumed. From these sound speed
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values the elastic properties of the orange peel has been calculated and finally
simulation was performed with these parameters to check that the received waves in the
simulation are the same as the measured ones. The agreement was checked by studying
the polarization of the waves and the sound speed in the media detected by the
simulated ultrasonic device. This procedure has been widely used in other fields such as
geophysics, where it is used to obtain the mechanical characteristics of the soil (Banab
and Motazedian, 2010) and in biomechanics where it helps to characterize biological
tissue such as bones (Bossy et al., 2004).

The proposed simulation considers a physical model of the orange (a linear elastic
solid, which is a good approximation for the small perturbations induced by ultrasound)
and a set of boundary conditions (three spherical layers with different levels of
thickness according to the characteristics of the orange), and also assumes values of the
elastic parameters for each of these layers (as shown in Table 3). From an
elastodynamic perspective, the orange tissue can be divided into three different layers.
Firstly, the outermost part of the fruit peel is the orange pigmented shell known as the
flavedo, where, embedded in the pits, are the many volatile oil glands. On the reverse
side of the flavedo, there is a porous white layer, the albedo. Finally, the waterlike tissue
core of the orange is composed of fluid-filled vesicles called carpels which contain the
orange juice and seeds (Agusti, 2000).

Due to the elevated water content in the fruit’s peel (about 75% of the peel mass is
water, 296% dry basis (Singh and Sreenivasula, 2006)) it is reasonable to believe that a
linear acoustic fluid model for wave propagation would be appropriate to study the
elastic parameters of the orange peel. This model is able to predict the directivity pattern
of the sound pressure field (Mizrach et al., 2009). However, as will be observed from
our study, longitudinal acoustic waves are incapable of explaining the low values
obtained for the wave velocity in the experiments. Transverse wave propagation should
be taken into account. As such, it is necessary to incorporate the shear elasticity within
the model. In order to do so, the well-established model for a linear elastic solid is
proposed; that is a solid for which the strain is fully determined by the stress.
Additionally, as the cell structure of the orange is very small in comparison with the
typical wavelength of ultrasound on these media (5mm for shear waves and 3.8 cm for
longitudinal waves at 40 kHz), it can be assumed that the tissue is homogeneous and

can be fully described by its linear elastic properties.
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The main equations of the model can be deduced from Newton’s second law and

Hooke’s law (Auld, 1973). In velocity-stress lossless formulation this can be written as:

%:ﬂ(v.m u(W+vv) (1)
p%/:v., 2)

where 7 is the stress tensor, and v is the particle displacement velocity vector. This
model accounts for the propagation of volumetric waves (longitudinal and transverse) as
well as surface acoustic waves (Rayleigh, 1885).

Due to the spherical shape of the orange, the most straightforward way to solve the
problem is to express Egs. (1-2) in the spherical coordinate system (r, 8, ¢), where r is
the radial distance, 6 is the azimuth and ¢ the elevation angle. For the i-th component
i=(r, 8, p) the particle velocity v; is:
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np, ns are the resistance coefficients related to the attenuation coefficient of the
longitudinal and shear waves respectively (Hosokawa, 2008). The singularity at r=0 and
6=0 is taken into account in the definition of the numerical scheme by excluding the
center of the sphere and the plane =0 from the computational domain.

An explicit finite difference time domain method (FDTD) was used to simulate the
elastodynamic behavior of the orange fruit. Thus, the linear solid equations are
discretized using second order central difference approximations for the space and time
partial derivatives and solved by a leap-frog scheme (Schréder et al., 2002; Chen and
Chew, 1998; Chew and Liu, 1996). This leads to a spatially staggered discretization of
the velocity, the normal and shear stress fields, and a temporal staggered discretization
of the particle velocity vector and stress tensor.

The numerical model for the orange is defined by a domain divided into three
concentric spherical shells. The surrounding outer layer of the orange domain is air. The
first layer is the fruit’s external orange shell, the flavedo (2 mm thick with a 50 mm
curvature radius), next is the inner layer - the albedo (3 mm thick with a 48 mm
curvature radius) and finally, the inner core (45 mm of curvature radius). The
mechanical features of the materials selected for the simulation are listed in Table 3 and
their use is justified in the discussion section of this paper.

The unit cell of the spherical mesh consists of a pyramidal frustum element of
appropriate length to limit the numerical dispersion of the computational method. To
ensure this, the number of elements per wavelength (N;) must be higher than 10 for all
elastic waves. Therefore, the length of the unit cell is chosen according to equation (6):
the dispersion is determined by the minimal elastic wave speed and the maximum

frequency of the signal in all subdomains:

Cm{n \/(Ar )_2 + (rmax Af sin A¢)_2 + (rmax A¢)_2 =10 (6)

¢fmax
Thus, the highest element’s diagonal is 0.302 nm, which leads to 10.8 and 142.1

N, =

elements per wavelength for transversal waves and for longitudinal waves respectively
at a frequency of 40 kHz in the peel layer. The temporal step (At) of the algorithm was
selected to preserve a maximum Courant number of 0.9 over all subdomains, and to
ensure that the stability conditions at media interface are satisfied (Hosokawa, 2008).
According to the rectangular coordinates, the CFL stability condition for the spherical
FDTD scheme is governed by the highest elastic wave speed (Cmax) and the smallest

element’s diagonal over all subdomains:
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Note that these relations (6, 7) are empirical expression based on our numerical

(7)

experiments, like the stability conditions in (Chen and Chew, 1998) for cylindrical
coordinates. In order to reduce the computational cost of the numerical scheme, only a
sector of the total orange domain has been simulated, and a Perfect Matched Layer
(PML) was used to absorb reflections at the boundaries. The PML implementation was
based on the time-dependent form of the complex coordinate stretching formulation
(Chew and Liu, 1996), with a quadratic profile and the PML scaling and attenuation
coefficients values of omax=N,/2 and Qmax=amax27fmax rad/s respectively. Thus, a PML
layer was designed with a width of 20 elements, Qmax=2.56-10° rad/s and ama=5.4. The
excitation signal was a negative normalized second derivative of a Gaussian function,

also known as a Ricker wavelet, centered at 40 kHz.

4. Results

4.1 Experimental studies

These studies monitor the progress of the changes in the properties of the orange
during storage under ambient conditions. Dehydration increases with storage time (Fig.
2) due to weight loss through transpiration. Navelina dehydration reaches 3.8 kg/m?
after 64 d under ambient conditions, while the Ortanique reaches 2.69 kg/m? in the same
period under identical conditions. Fig. 2 can be explained as a non-linear relation with
an asymptotic value. If we follow the hypothesis that the transfer rate of water from the
orange to the atmosphere depends on the fruit surface area, the mass transfer coefficient
and the difference between the water potential of the fruit and ambient conditions (De-
Smedt et al., 2002), and we suppose the difference between fruit and ambient water
potential is proportional to the water content of the fruit, then the next expression can be

fitted to a good theoretical basis:

Dh(t)=a(l—e™"") ®)
where Dh is the dehydration during storage, kg/m?, t the storage period, in days (d), and
R the correlation coefficient.

Velocity of ultrasound through the orange peel increases with time (Fig. 3), from 120
to 220 m/s, approximately. Error bars, between 10 and 15%, are due to the intrinsic

measurement procedure and the dispersion between the seven oranges. Here,
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differentiation between the two orange varieties is avoided. As in the case of
dehydration, a non-linear asymptotic expression taking three parameters can relate

velocity with time:

c(t)=c,+ a(l — e_b") (9)
where c is the speed of ultrasound through the orange peel, m/s, and t is the storage
period in days. The constant term is necessary due to the fact that there is non-zero
velocity on the day of the harvest.

The parameters obtained from the fit of experimental data to expressions (8) and (9)
for Navelina and Ortanique can be seen in Table 4.

According to the accuracy of our experiment, the attenuation of the ultrasonic waves
in the orange peel remains constant during the two months of measurement. Navelina
attenuation remains at 1.8+0.2 dB/mm and the Ortanique at 1.7+0.3 dB/mm. The
stability of attenuation during storage time implies that this magnitude cannot be used
as a quality control parameter, as has been demonstrated in Camarena et al., 2007.
However, the attenuation values measured here are very relevant for the discussion
concerning the nature of the waves used to evaluate the elastic parameters of the orange

peel.

4.2 Numerical studies

Fig. 4 on the left shows the snapshots of the normal stress modulus, illustrating the
elastodynamic behavior of the modeled orange fruit with viscous loss. The figures show
the three wave motions predicted: the largest wavelength is the pressure wave, followed
by the shear wave and the surface wave. In the sequence on the right, snapshots of the
particle position are shown. From this, it can be appreciated how the longitudinal wave
is strongly attenuated compared to the surface wave, which is the only one that can
travel for 1 cm along the fruit’s surface as noted in the experiments.

Fig. 5 is a space-time plot. It reveals the recorded temporal signals versus the
distance to the excitation source for several points on the surface of the simulated
orange. Damping has not been considered in this simulation. From this plot, the
propagation speed of the different waves existing in the simulation can be calculated by
following the same procedure used in the experiment. The dotted white lines represent
the fit for the traces of waves of equal phase in time and space. They show that two
waves with different speeds can be detected on the surface of the orange model: the

longitudinal wave, (circles, 1576.0 m/s) and the surface wave (squares, 200.2 m/s).
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A second model was simulated in order to take into account the high absorption of
the vegetable fruit tissue, with the same parameters listed in table 3 and setting the
resistance coefficients to the attenuation values measured empirically (1.8 dB/mm, see
section 4.1). In this case, as can be seen from Fig. 6, only a low propagation speed wave
Is detected. The linear fit for the model with damping provides a wave speed value of
196.5 m/s, which concurs with the velocity measured in the experiment. From these
simulations we can mainly conclude that our experimental device is sensitive only to the
surface waves, i.e. due to the high damping in the orange peel, reflections of the
longitudinal and shear waves in the inner parts of the orange can be overlooked.

A deeper analysis of the simulation results allow us to determine what type of
surface waves are being measured in the experiment. Fig. 7 shows the three components
of the particle velocity of the wave as a function of depth (normalized to the
longitudinal wavelength (4.)): the longitudinal component and the shear components,
both vertical and horizontal. It can be seen that the particle velocity components are
spatially offset, in such a way that the longitudinal component is at a maximum when
the horizontal component is minimal. In addition, the wave is attenuated as a function of
depth and the penetration length is approximately /,. Both are specific features of
Rayleigh acoustic waves. Moreover, below a depth of about 0.2 A_ the velocity
components are reversed, which means that the elliptical motion described by the
particles also behaves in the same manner: on the surface the particle motion describes
ellipses passing backwards in the sagittal plane, at a depth of 0.2 A, the particle motion
displays a minimum in all components and below this depth, the elliptical motion of the
particle turns in the opposite direction. From the results provided by the simulations, the
physical analysis confirms that the waves propagating in the orange tissue are surface

acoustic waves, more specifically Rayleigh waves.

4.3 Relation between the dehydration status and the elastic parameters

The main hypothesis considered to determine the elastic parameters of the orange
peel is that the peel is a homogeneous waterlike tissue, i.e. the longitudinal wave speed
is similar to that in water (cp~1500 m/s) and Poisson’s ratio falls in the range between
0.49 and 0.5 (Goss et al., 1978) which results in an established relation between the pure
shear wave and the Rayleigh wave (cg=0.95c;) (Malischewsky, 2005). From the linear

elastic solid model, cs=(w/p)™ and cp=((A+2u)/p)*, and the hypothesis listed above, the

-10 -
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elastic parameters of the orange peel can be determined using the following

expressions:
1) , ( 1 jz , 1V
=3¢, +4 —— -2 —
(0.95 CR) { “r "M 0.95 . ‘e 2[0.95 CRJ

:p B - 2
1 2 2 1
(0.95 CRJ Cp 2C, 2[0.95 CRJ

where cg is the ultrasonic measured speed, cp is the longitudinal wave speed in water,

(10, 11)

p 1s the orange peel density, E is the Young modulus and v is the Poisson’s ratio. Thus,
using the proposed empirical model for the propagation speed shown in (8, 9) and the
previous relations (10, 11), the evolution of the elastic parameters during storage time
can be obtained for the two varieties of orange (Fig.8). Moreover, the evolution of the
Young modulus can be correlated with the measured dehydration process (Fig. 9); this
figure reveals an almost linear relationship between Young’s modulus and the measured

dehydration of the orange peel.

5. Discussion

Most ultrasonic devices are used in quality evaluation of fruit and vegetables in an
attempt to simply correlate the velocity and absorption of the ultrasonic wave travelling
through the tissue with the quality parameter of interest. These being either sensory
properties such as texture, physiochemical properties such as hydration degree, or
mechanical properties, for example - firmness. Nevertheless, a solid knowledge about
the type of wave that the ultrasonic device is measuring is necessary if we want to
evaluate the elastic parameters of the medium, which are definitely of significance for
its characterization.

The above simulation results show that the measured waves are surface Rayleigh
waves, and therefore the elastic parameter can be calculated from the measured wave
propagation speed values. Moreover, this study has found a relationship between the
ultrasonically evaluated Young’s modulus and the measured dehydration of the orange
peel, which means that the elastic parameters predicted by ultrasound are strongly
related to an absolute physiological index. Therefore, the proposed ultrasonic test
reported in this work is capable of determining the hydration state of the orange simply
by measuring the propagation speed of the Rayleigh waves on the orange peel, and

hence, can be used as a fruit quality index during post-harvest processes.
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6. Conclusion

An experimental method has been used to evaluate the hydration state and the
velocity of the ultrasonic waves in the peel of two varieties of oranges during their
dehydration process. Both magnitudes change with storage time (hydration degree
decreases and velocity increases) because the peel suffers many physiological changes
during its dehydration process and aging. So, the measurement of the ultrasonic wave
velocity can be used to estimate the hydration degree of the orange. Otherwise, in order
to evaluate the effect of the dehydration on the mechanical characteristics of the peel
(Young’s modulus and Poisson’s ratio) a better understanding is necessary of the nature
of the ultrasonic waves that our experimental device is measuring. A solid elastic model
has been proposed to simulate the wave propagation into the orange peel and good
agreement has been found between the ultrasonic wave velocity measured in the
experiment and the velocity associated with a Rayleigh wave in the simulation. The
values of Young’s modulus obtained in the simulation fall in the range between 40 and
132 MPa, considerably higher than the values obtained from quasi-static measurements
(1.57 MPa Singh and Sreenivasula, 2006). The proposed model is able to explain the
low values of velocity obtained in most of the experiments that make use of ultrasonic
technology for fruit characterization (Camarena et al., 2007; Baryeh, 2000; Grotte et al.,
2002; Jindal and Techasena, 1985; Bunyaphlana, 1973): the ultrasonic waves detected
are shear or Rayleigh waves, depending on the experimental configuration. Finally, this
model allows the elastic parameters during the storage time of the fruit to be obtained
from the values of the velocity measured and a linear relation has been found between
the Young’s modulus and the dehydration degree of the orange peel. This relation can

be used as a non-destructive method to estimate the hydration state of the orange.
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Table 1. List of symbols used.
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Table 2. Quasi-static measured elastic properties, calculated longitudinal (cgux) and
shear (Cspear) Wave speed, and ultrasonic measured speed of various fruits and
vegetables.

Table 3. Mechanical parameters used in the simulations for the two models.

Table 4. Parameters obtained from the fit of experimental data to the theoretical
expressions for dehydration and velocity.

FIGURE CAPTIONS
Figure 1. Diagram of the ultrasonic measuring system.

Figure 2. Dehydration of oranges during storage under ambient conditions. Uncertainty
bars show the standard deviation of the values obtained for 7 oranges.

Figure 3. Ultrasonic wave speed in the orange during storage under ambient conditions.
Uncertainty bars show the standard deviation of the values obtained for 10 oranges.

Figure 4. Snapshots of the stress and the particle position for the fruit model with 1.8
dB/mm viscous loss.

Figure 5. Space-time diagram for the fruit model without damping. The circles represent
the linear fit for longitudinal waves and the squares represent the fit for surface waves.

Figure 6. Space-time diagram for the fruit model with 1.8 dB/mm viscous loss. The
circles represent the linear fit for surface waves.

Figure 7. Particle velocity amplitude components versus the orange peel depth
normalized by the wavelength. On the right, the equivalent layer of the orange fruit.

Figure 8. Evolution of the predicted elastic parameters (Young’s modulus and Poisson’s
ratio) during the storage time for the Navelina and Ortanique oranges.

Figure 9. Measured fruit dehydration versus the predicted Young’s modulus for the
Navelina and Ortanigque oranges.
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