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Abstract. When a wheat kernel is infected by insects, nutrients of the kernel are
damaged, which reduces the commercial value of wheat and threatens its food
safety. We suggest a new non-destructive method for revealing infected kernels,
which is based on laser-induced ultrasonic. A detection process is simulated using a
finite-element analysis. Firstly, we formulate a finite-element model for normal
wheat and models for infected wheat (with the wormhole radii 0.4, 0.6, 0.8 and
1.0 mm), following from a classical thermal-stress theory. Secondly, a controlling
equation is obtained, a process of ultrasonic excitation is simulated for all the
models using a standard Newmark time-integration method, and the ultrasonic
signals are obtained for those models. Finally, we derive the velocity of ultrasonic
wave propagating in the kernel and analyze the relationships among the ultrasonic
parameters and the structural parameters of the models. Our results show that the
time interval between two adjacent ultrasonic echoes depends notably upon the
internal kernel structure. In particular, the interval between the first and second
echoes is longer and the interval between the second and third echoes is shorter with
increasing wormhole radius. This can be used for finding out the infected kernels at
early stages and determining the sizes of wormholes.
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1. Introduction

Wheat kernels are easily infected by insects when they are stored without proper processing. This
affects the quality of grain itself and its products [1]. Therefore, early detection of infected kernels
is very important for keeping high-quality wheat and reducing post-harvest losses. A common
method for detecting infected grain is based mainly on the difference in density and suspension
speed between the infected and normal kernels. The method is time-consuming and laborious.
Often, it fails to distinguish infected kernels because of some unaccounted factors, while the
testing accuracy can be unsatisfactory [2]. In the recent years, a number of new testing methods
have been suggested, e.g. those based on acoustics [3], near-infrared spectroscopy [4] and X-ray
studies [5]. Although these methods can overcome many drawbacks of the common detection
method, they have restrictions of their own.

Let us mention some illustrations. The acoustic method can detect the infected kernels basing
on the acoustic signal produced when a kernel hits a metal target. The reason is that there are
wormholes or insect tunnels inside the infected kernels, which cause changes in their internal
structure. The weight of a kernel becomes less and, hence, the sound signal is different. Although
the infected kernels can be detected fast, the method is affected by the background noise that
appears in the microphone used for acquiring the sonic signal. The near-infrared spectroscopy can
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detect the infected grain since there is a difference in the absorption or reflection of the near-
infrared electromagnetic waves for the cases of infected and normal wheat. However, it is
impossible to detect the infection in its egg-larval stage. Moreover, the method is easily affected
by the content of grain moisture and cannot detect dead insects. The other method uses X-rays to
penetrate a kernel. Then ionized atoms produce fluorescence such that the grain can be imaged.
However, it is difficult to detect tiny larvae or eggs and, moreover, the method cannot be used as
long-term and large-scale because of its radiation risks [6].

To recognize the infected wheat kernel at early stages, a new real-time non-destructive
detection method based on the laser-induced ultrasonic has been put forward [7]. Here the detected
ultrasonic signal is obtained and processed in the both time and frequency domains, using fast
Fourier transform and discrete cosine transform. Six significant features have been selected as the
characteristic parameters of signals, using a method of stepwise discriminant analysis. Then, a
back-propagation neural network has been designed using these six parameters as an input, in
order to distinguish the infected kernels from the normal ones. The results have demonstrated that
the infected kernels can be recognized efficiently, whereas the false negative and false positive
errors are only 12% and 9%, respectively. Although the discriminant method based on the erosion
effect of laser ultrasonics has already been studied well, this does not concern the excitation
process of the ultrasonic signal. Moreover, the propagation velocity of the ultrasound has also not
been measured and the relationships between the signal characteristics and the parameters of
infected kernels (especially the wormhole sizes) have not been revealed. Unfortunately, all of
those problems are difficult to study basing solely on experiments. The propagation process and
the velocity of ultrasonic waves in the kernel should rather be simulated numerically and the
relationships among the signal parameters and the sizes of wormholes can be analyzed using a
finite-element method.

In the present work, we first give the principles of measurements for the infected kernels,
following from the laser ultrasonics, the classical heat-transfer theory and the wave equation. Then
a normal model and four infected models with different erosion radii are introduced and simulated
ultrasonic signals are excited using the finite-element method. Finally, we analyze the propagation
process and its velocity, and study the relationships among the characteristics of ultrasonic signals
and infected kernels.

2. Principles of laser-ultrasonic detection of infected kernels

Laser light has been widely studied and applied in various fields, e.g. in information science and
telecommunications, medical diagnostics and treatment, industry, military technologies and
hardness detection of wheat [8—13]. When an object is irradiated by laser, the laser energy is
quickly absorbed and heat is generated. This creates large thermal gradients near the object
surfaces and results in thermal expansion [14—16]. Then a certain stress distribution is generated
and ultrasonic waves are excited. We have an ultrasound excited due to a thermo-elastic effect.
Being widely used for non-destructive detection in many fields, it has been studied extensively
[17-19]. In the recent years, numerical simulations of laser-ultrasonic propagation have been
developed rapidly, using the finite-element method. The method is capable of simulating sound-
field distributions and describing with high accuracy the displacement waveform observed at any
point [20, 21].

In Fig. 1 we illustrate a situation when a surface of wheat kernel is irradiated by a pulsed
laser. The laser energy is absorbed and the surface temperature of wheat kernel increases rapidly,
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resulting in uneven distribution of temperature field. Due to thermo-elastic coupling, a mechanical
motion is excited as a result of constraints appearing among the adjacent particles of kernel. In this
manner the ultrasonic waves are excited and propagate outward.

Y

laser

-

Fig. 1. Scheme of irradiation of wheat kernel with laser light.

Z

Issuing from the energy conservation law, the enthalpy of grain surface increases whenever
the grain is irradiated by the pulsed laser. Macroscopically this can be represented as temperature
increase and volume expansion. During energy exchange between the laser and the kernel, the
convection and radiation effects are not considered, so that heat conduction is considered as the
main process. Assuming the Gaussian distribution of pulsed-laser characteristics, one can write the
heat conduction equation as

ne 6T(x,y,z,t) =i(kx aT(x,y,z,t)}ri{ky 6T(x,y,z,t)j+g[kz 6T(x,y,z,t)} L)
ot Ox Ox Oy Oy oz oz

where T(x, y, z, f) denotes the temperature distribution at a time ¢, the parameters p, ¢ and k imply
respectively the density, the heat capacity and the thermal conductivity coefficient of wheat.

The availability of pulsed laser can be regarded as a kind of boundary conditions with respect
to the wheat kernel. Here we deal in fact with an external heat source of which the energy and
distribution changes over time. Since the boundary condition for the heat flow must be satisfied in
the irradiated region which is situated on the upper surface of the kernel, we have

0 WV, Z,
e, T2 ) ()0, o

At the same time, the adiabatic condition is satisfied on the lower surface of the kernel:

T(x,y,2,1)

y
where A(T) is the absorption rate of the wheat, b the radius of cross section of the kernel model, 7,

=0ay='ba (3)

the energy of pulsed laser, and f{r) and g(f) represent the spatial and temporal distribution
functions for the laser pulse. The latter can be expressed as

f(r)= exp(—r2 /ag) , 4)

where r is the distance of the point of measurements from the laser centre, a, the spot radius of the
laser irradiation, and ¢, the rise time of the pulsed laser.
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Although the time of laser action is very short, its power is high. Then the effect of thermo-
structural coupling affects significantly the characteristics of generated ultrasonic signal. When the
laser power is lower than the melting threshold of the kernel, local thermal expansion occurs near
the kernel surface. The transient displacement thus excited satisfies the following equation:
o’T
o’
where U is the transient displacement, A and u are the Lame constants of the wheat, and « and p

(i+2y)V(V><U)—/,t(VxVxU)—a(3l+2,u)VT(x,y,z,t)= o (6)

denote the thermal expansion coefficient and the density of wheat, respectively.
Free boundary conditions should be met on the upper and lower surfaces of the kernel that
correspond to y = b and y = —b:
ixo=0, (7)
where 7 is the unit vector of the vertical surface and o the stress tensor. Meanwhile, the following
initial condition is satisfied:

GU(x,y,z,t)

U(x,y,z,t)= P

=0, t=0, ®)

3. Numerical simulations with finite-element method

To study the processes of laser-induced ultrasonic excitation and propagation, we have employed
the finite-element method. Here the wheat is regarded as an idealized isotropic uniform medium.
Let the laser light be incident along the negative direction of y-axis. We suggest a ‘one-half solid
model’, which is symmetric with respect yz plane. The pulsed laser supplies instantaneous heat for
the kernel and the thermal stresses are analyzed by indirect coupling method. We use an 8-node
3D thermal solid element to analyze the transient thermal process. An equivalent structural
element is adopted for the structural analysis. According to the principle of virtual work, the finite-
element control equation is as follows:

[M){T}+[K) {0} ={Fa ) ©)

where [M] is the mass matrix, [K] the stiffness matrix, U the displacement vector, U the

acceleration vector, and F,

laser

the laser-induced transient-force source generated around the

irradiated area of kernel. The kernel can be regarded as a thermal elastic body. In the cylindrical
coordinate system, the external-force vector is expressed as [[B]'[D]{e,}dV, where {g} denotes
the thermal-strain vector, [B]" the transposed matrix of multiplicative inverse of the shape
function, and [D] the tissue property matrix of wheat.

Eq. (9) is based on the balance equation with the time ¢. To obtain the time-history curve of
displacement, the equation must be discretized in the time domain and solved with a standard
Newmark time-integration method. Supposing that the time step is given by Af, one can write the
displacement and its first derivative as

(0., =10} [o-nlg] ++{e] Jar 10
(g} =0} +At{lj}t ; [(0.5 - ﬁ){ﬁ}t ; ﬂ{lj}w}mz, (10

where £ implies the parameter that determines stability of the integral and y the parameter that
determines its accuracy.
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Substituting Egs. (10) and (11) into Eq. (9), one obtains

1 1 1 At
TRy AU Vo
Here the notations
1 1 1 At
TRy AU Vo T

are used, with [C] being the heat capacity matrix of wheat. In this way, the time history curve for
the entire displacement field can be generated by continuous integration.

4. Simulation results and their analysis

Five different models are introduced in this study. These are a normal-wheat model (model 1) and
four infected-wheat models with the wormhole radii 0.4, 0.6, 0.8 and 1.0 mm (models 2 to 5,
respectively). The wormhole is regarded as a sphere of which central point is located at the origin.
The kernel is modelled as an ellipsoid, of which long and short axes are equal respectively to
a=3mm and b= 1.5 mm. The physical parameters of wheat used in our numerical simulations
are listed in Table 1.

Table 1. Some physical parameters of wheat needed for our simulations.

Density, Thermal Specific heat Linear thermal Elastic =~ Poisson
kg/m’ conductivity, capacity, expansion coefficient,  modulus, ratio
W/(mxK) J/(kgxK) K Pa
760 0.15 0.32 1x107"° 3x10° 0.3

When the laser irradiates the kernel, heat conduction is considered as the main physical
process, which results in a sharp temperature increase near the kernel surface. The convective and
radiative effects are ignored. The mesh size of the finite element is taken to be 200 um, the initial
temperature for all of the five models and the reference temperature of the thermal stress are both
equal to 25°C. The power density of the Gaussian laser beam amounts to 3x10'> W/m* and the
pulse width to 0.1 ps.

Fig. 2 shows simulation flow chart for our thermal-stress analysis of laser ultrasonic based on
the finite-element analysis. The transient thermal processes are analyzed by defining two load
steps. In the first load step, we simulate in fact the action of pulsed laser. Here the duration is equal
to 1x107 s and the time step is 1x10™"s. In the second load step, the body load is deleted because
the irradiation of the pulsed laser has already been finished. Here the variations of temperature
field are simulated, with the same time step equal to 1x10*s. Then the structural analysis is
performed. Its results for the transient thermal process are applied as a body load in order to find
the displacement field.

When the grain is irradiated by the laser, the energy of the latter is absorbed in a rim surface
zone of the kernel and the temperature is increasing sharply, thus forming large thermal gradient
and causing thermal expansion near the surface layer. A stress distribution is generated due to
constraints of surrounding tissues of the grain. In Fig. 3, the transient thermal stress distribution
along the y direction is shown for the normal kernel and the infected kernel with the radius
0.8 mm. One can see that the maximal compressive stresses for the normal and infected kernels are
equal respectively to 43.20 and 38.39 KPa. They are located near the irradiation point. The stress
becomes smaller farther apart from this point. When the wheat is infected, there appears a hole
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filled with air inside the kernel. Considering that the density of air is much less than that of the
wheat, one concludes that the compressive stress is buffered and attenuated. This causes the stress
in the infected kernel to be weaker if compared with that typical for the normal kernel.

e *

Selecting the equivalent structural analysis
unit; defining wheat structure parameters
Defining the parameters of the pulse
laser

|

Selecting thermal analysis unit;
defining grain thermal parameters; and
establishing wheat model

Reading temperature load and imposing
constraints

Solving the thermoelastic equation

Meshing; defining initial conditions,
boundary conditions; apply loads (give
laser parameters)

Obtaining stress and displacement
distribution field

Analysis of the
displacement field

S

Fig. 2. Flow chart for our analysis of thermo-structural coupling.
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Fig. 3. Stress-field distributions obtained for normal (a) and infected (b) kernels. The hole radius for the latter is
equal to 0.8 mm.

The absorbed laser power causes non-uniformity of the temperature along the radial and axial
directions, which excites the stresses along these directions. To detect the infected kernels, we
analyze just the radial stress for all of our models. The propagation of the excited ultrasonic along
the y axis is illustrated in Fig. 4. Here the laser light is incident parallel to the y axis and the
irradiated point is denoted as A (the coordinates (0 mm; 1.5 mm)). The point of detection is
the same point A. For the normal wheat, the laser-induced ultrasonic propagates inside the kernel
and is then reflected at the bottom boundary. The first reflected signal, which reaches the detection
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Fig. 4. Schematic diagrams of ultrasonic propagation in normal (a) and worm-eaten (b) wheat kernels.

point A, is recorded as A1l. Then a part of the signal is reflected again and again between the upper
and bottom bounds of the kernel. The appropriate signals received at the point A are denoted as
A2, A3, ... (see Fig. 4a). Since there is a hole inside the infected kernel, a part of the ultrasonic is
first reflected at the upper and lower boundary of the hole, which corresponds to the locations
y =R and y = —R. The signals received at the detection point A are denoted as Al and A2. Then a
part of the ultrasonic signal penetrates the hole and reaches the bottom of the kernel. It is reflected
and detected at the point A (see the signal A3 in Fig. 4b).

The signal waveforms detected at the point A for the cases of all five models are shown in
Fig. 5a. Two or more extreme points can be obtained for each of the models, because multiple
reflections at the boundaries of the kernel occur at different times. In order to understand better the
propagation of ultrasonic mode inside the wheat, one has to analyze the signals for each of the
models.

The ultrasonic signal obtained for the normal wheat is shown in Fig. 5b. The point Al is the
first maximum at the detection point corresponding to the first reflection, with the arrival time
being equal to #;=2.63x10°s. The maximum point A2 is associated with the second reflection
detected at the time £,=7.75x10 °s. Finally, the point A3 corresponds to the third echo signal
received at the time #;=1.316x10"s. The intervals between the two adjacent reflected signals are
Ati=t,—1,=5.12x10° and At,=t—16,=5.41%x10°s. Then the average interval is equal to
At=(At; + Ak)/2 =5.27x10°s. According to the trivial formula V" = S/, the propagation speed of
the ultrasonic wave in the normal wheat amounts to V'=1139.6 m/s.

The ultrasonic signal detected along the y axis for the model 2 is shown in Fig. 5c. The first
three reflected signals detected at the point A are denoted as Al, A2 and A3. The corresponding
arrival times are #;=3.43x10°%, ,=8.13x10° and ;= 1.048x107 s, respectively. According to
Fig. 4b, the first and second reflections of the ultrasonic wave occur at the top and bottom
boundary of the hole, so that the path length difference for these two signals is twice the wormhole
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Fig. 5. Comparison of ultrasonic-signal waveforms simulated for different wheat models (a), and particular
signals simulated for the models 1 (b), 2 (c), 3 (d), 4 (e) and 5 (f).
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diameter, and the interval is equal to Asy=6—1= 4.7x107s. Hence, the hole radius R can be
calculated as R = VyAty/4, where V, denotes the ultrasonic speed in air (V, = 340 m/s). We obtain
the hole radius R = 0.400 mm and the error AR = 0.001 mm. Similarly, the path length difference
between the second and third echo signals is twice the thickness of the kernel underneath the
wormhole. Since the time interval between the two signals is equal to At, = t3— t,=2.35x10%s, the
thickness underneath the hole is given by b— R = VAf/2, where the V parameter has been
calculated above. We obtain b — R = 1.34 mm and the absolute error |A(b — R)| = 0.24 mm. Finally,
the radii of the wormholes and the thicknesses of the kernels underneath the holes for the models
3,4 and 5 can be calculated in the same way. The relevant results are gathered in Table 2.

Basing on the above results, one can see that the arrival time and the amplitude of the
reflected signals depend on the wormhole radius. The underlying reason is that, when the energy
of the pulsed laser is absorbed by the infected kernel, the distribution and diffusion of the
temperature field become different, if compared with the normal kernel, thus resulting in changed
ultrasonic velocity. The time taken by the ultrasonic to pass the hole increases with increasing
wormhole radius, which causes the interval between the first and second echoes to be longer.
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The thickness of the layer between the hole and the surface of the kernel becomes less whenever
the wormhole radius becomes larger. Then the propagation time of the ultrasonic in the kernel
decreases, leading to shorter intervals between the second and third reflected signals.

Table 2. Time intervals and some geometrical parameters calculated from the ultrasonic-signal
waveforms for different models of wheat kernel.

Model Aty, R, AR, At,, b—R, A(b - R),
10°s mm mm S mm mm
2 4.700 0.3995 0.0005 2.35x10° 1.3400 0.2400
3 7.090 0.6027 0.0027 1.92x10° 1.0940 0.1940
4 8.910 0.7574 0.0426 1.41x10° 0.8034 0.1034
5 1.101 0.9359 0.0642 1.09x10°° 0.6211 0.1211

Hence, a number of important physical parameters of wheat can be inferred issuing from the
parameters of the laser-induced ultrasonic signal. In particular, the analysis of the detected echo
signals can resolve the problem of whether the kernel is infected or not, as well as yield the size
and the position of the wormhole. This implies that the infected kernels can be recognized and
studied at the early infection stages, using the laser-ultrasonic technique.

5. Conclusion

The mechanical displacement field generated by the pulsed laser is simulated for the normal and
infected wheat kernels, using the finite-element method. It is revealed that the propagation
velocities of ultrasonic signal are different for the cases of normal and infected kernels, because
the physical parameters of the kernel are changed by the wormholes. The interval between the two
adjacent echo signals is almost invariable for the normal kernels. On the other hand, the ultrasonic
wave suffers extra reflections at additional boundaries appearing inside the infected kernels, thus
causing the intervals and the amplitudes of the detected signal to become essentially different, if
compared to the case of normal kernels. All of these differences are closely related to the geometry
of wormholes. The propagation of the laser-induced ultrasonic is simulated for a number of wheat
models. It is demonstrated that the infected kernels can be successfully distinguished from the
normal ones and the radii of the wormholes can be measured, following from the time intervals
among different reflected ultrasonic signals. This suggests a new method for detecting the fact of
wheat infection at its early stages.
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Anomauin. Konu nwenuune 3epHo 3apagicene KomMaxamu, nOUKOONCEHHsL 1i020 NOJNCUBHUX PEYOBUH
NOHUICYE KOMEPYIUHY YIHHICMb NueHUuYi [ 3a2poxcye besneyi ybo2o xapiosoeo npooykmy. Mu
NPONOHYEMO HOBULL HEPYUHIGHUL MeMOO GUAGIEHHS THDIKOBAHUX 3ePeH, 3ACHOBAHUL HA 1A3ePHO-
IHOYKOBAHOMY Y1bmpasgykoei. [lpoyec euseientss MOOEIIOEMbC HA OCHOBL MEMOOY CKIHYEHHUX
enemenmis. Cnoyamxy copmyibo8ano MoOenb CKiHUeHHUX eleMeHmis il HOPMANbHOI nueHuyi
ma mooeni onucy in@ixosanoi nwenuyi (3 padiycamu uepsomouunu 0,4, 0,6, 0,8 i 1,0 mm),
BUXO0SIYU 3 KIACUYHOI meopii mepmiynoco cmpecy. [Jani odepoicano Kepyloue pieHsHMS,
npoMoOenb08ano npoyec 30VO0NCeHHs YIbMpaszeyKy Ol 6Cix Mooeneil i3 SUKOPUCMAHHIM
CMAandapmuozo mMemooy 4acogozo inmezpyeants Holomapka, a maxoic 00epicano yiompaszeyKosi
cuenanu Onsg yux Mmodeneu. Hapewmi, 3unaiioeno weuoKicmv YibmpazeyKoeoi Xeuni, sKd
NOWUPIOEMBCSL 8 3ePHI, I NPOAHANIZ08AHO CNIBBIOHOULCHHSL MIdIC YIIbMPA36YKOSUMU NAPAMEMPAMU
i cmpykmyprumu napamempamu mooerei. Hawi pezynrvmamu 3aceiouyioms, wo yacosull
iHmepsan Migc 080Ma CYCIOHIMU YIbMPA3EYKOSUMU JIYHA-CUSHANAMU NOMITMHO 3ANeHCUMb 6I0
GHYMPIWHBLOT CIMPYKMYPU 3epHa. 30Kpema, iHmepean Midc nepuium i Opyeum IyHA-CUSHATAMU
008ULUTL, @ THMEPSAL MINC OpYyUM T MPemiM JIYHA-CUSHAAMU KOPOmwuil y pasi 6iisuio2o padiyca
uepsomouunu. Lle modcna euxkopucmamu O GUSLGIEHHS 3aPANCEHUX 3epeH HA PAHHIX CMAOIX
3apaoicenns ma 0Jisl BUSHAYEHHS! POIMIDI8 YePBOMOYUH.
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