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Im.

SUMMARY

. Title

Development of Measurement System for Mechanical Property of Fruit

using Ultrasonic Technology

. Objective and Significance

Recently, in Korea, there has been an increased interest in the packing
facility to develop an automated, precise, and an accurate instrument for
grading fruits. Since fruits are living and biological materials, their
composition, moisture content and texture vary continuously after
harvesting as well as in the course of storage. The hardness (mechanical
properties) of fruit is an essential factor affecting the physical property
related to storage, processing, and quality control. Ultrasonic technique is
very useful for nondestructive measurement of the mechanical properties
of materials. In the past few decades, a tremendous amount of research
has been performed in the field of ultrasonic nondestructive testing and
evaluation of material. Despite the wide uses of ultrasonic techniques in
industry and medical areas, very little has been done to employ this
technique for testing of fresh food products, especially for fruits and
vegetables.

The ultimate goal of this project is to develop an measurement system
for mechanical property (firmness or bioyield strength) of fruit using
ultrasonic technology. To achieve this goal efficiently, the research
subject was divided into three sub-subjects, namely, "Characterization of
mechanical and ultrasonic properties of fruit (Chungnam National
University)”, "Development of ultrasonic measurement system for
mechanical property of fruit (Hanyang University)” and "Development of
ultrasonic transducer for fruit (Korea Research Institute of Standards and

Science)”.

Research Contents and Scope
Main research contents of each sub-subject by research Institution are

as follows.



[Characterization of mechanical and ultrasonic properties of fruit

(Chungnam National University)]

1. Apparatus for measurement of mechanical property of fruit
1) Characteristics of force-deformation of fruit

2) Fabrication of apparatus for measurement curve of mechanical property

2. Measurement of ultrasonic parameter of fruit flesh
1) Fabrication of apparatus for ultrasonic measurement of fruit flesh
2) Analysis of ultrasonic parameter of fruit flesh according to storage

time

3. Correlation analysis between mechanical property and ultrasonic
parameter of whole fruit
1) Fabrication of ultrasonic measurement system for whole fruit using
developed ultrasonic transducer for fruit
2) Correlation analysis between mechanical property and ultrasonic

parameter
4. Development of estimation model for mechanical property of whole fruit
using ultrasonic parameters
1) Multiple linear regression model
2) Principal component regression model

3) Artificial neural network

[Development of ultrasonic measurement system for mechanical

property of fruit (Hanyang University)]
1. Comparison of ultrasonic inspection method for fruit
2. Development of signal processing algorithm for ultrasonic parameters

3. Development and evaluation of ultrasonic measurement system for

mechanical property of fruit

_‘IO_



1) Development of ultrasonic measurement system

2) Development of operating software

[Development of ultrasonic transducer for fruit (Korea Research
Institute of Standards and Science)]

1. Components of ultrasonic transducer for fruit

2. Optima design of ultrasonic transducer for fruit
1) Acoustical matching between piezoelectric material and fruit

2) Design of back-acoustic material to control the sensitivity

3. Fabrication and evaluation of ultrasonic transducer for whole fruit

IV. Results and Suggestions to the Practical Applications

[Characterization of mechanical and ultrasonic properties of fruit

(Chungnam National University)]

1. Apparatus for measurement of mechanical property of fruit
1) The basic properties of apple, pear and peach such as weight, size and
density to measure the mechanical property were surveyed.
2) Based on the ASAE standard, the specifications of universal testing
machine (UTM) to measure the mechanical property of fruit various

indenter for fruit were considered.

2. Measurement of ultrasonic parameter of fruit flesh

1) Ultrasonic transmission method was applied to measure the ultrasonic
parameters of uniform sliced fruit samples such as apple, pear and
peach. After ultrasonic measurement, the mechanical properties were
measured by wusing UTM. The correlation between mechanical
properties and ultrasonic parameters were analyzed.

2) The coefficient of correlation at apple and peach were relatively higher
than pear. It was for the reason that the texture of pear had a little

different internal property from the other fruits.

_‘I‘I_



3) Ultrasonic parameters and mechanical properties of apple were
measured and analyzed to know the relation ship between ultrasonic
parameters and storage time.

4) The rupture point at force-deformation curve decreased and
deformation increased as storage time increased. Also, the attenuation
increased and the waveform was changed according to storage time.

5) The average ultrasonic velocity of apple at initial stage of storage was
about 222 m/s and the average one at last stage of storage was
reduced to 175 m/s. Elastic modulus decreased with storage time
increased. Since ultrasonic velocity of material is a function of elastic
modulus, ultrasonic velocity of apple decreased according to storage
time.

6) From the correlation analysis between ultrasonic parameter and
mechanical property of fruit, it is possible to estimate the firmness

using ultrasonic parameter.

3. Correlation analysis between mechanical property and ultrasonic
parameter of whole fruit
1) The rupture point and elastic modulus of non-sliced apple (whole fruit)
according to storage time at room temperature rapidly decreased.
2) Among ultrasonic parameters of apple, time of flight, propagation
velocity, 7 parameters such as acoustic impedance, maximum and
minimum amplitude, and 1st and 2nd attenuation coefficients were

found high correlated to mechanical properties.

4. Development of estimation model for mechanical property of whole fruit
using ultrasonic parameters
1) The multiple linear regression (MLR) models for estimating the elastic
modulus of fruit (apple, pear and peach) were developed using time of
flight, maximum and minimum amplitude and attenuation coefficient.
The coefficient of determinations of MLR models for apple, pear and
peach were 0.9986, 0.6485 and 0.9844, respectively.
2) To reduce the multicollinearity among ultrasonic parameters and
extract the significant ultrasonic parameters, the principal component

analysis was performed. The bioyield strength of fruit could be
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accounted for by the first to the fourth principal components. The
principal component regression (PCR) models for estimating the bioyield
strength of fruit were developed and evaluated. The coefficient of
determination of PCR models for apple, pear and peach were 0.6532,
0.8343,and 0.9999, respectively.

3) Artificial neural network (ANN) were developed to estimate the
firmness of fruit. The developed ANN consisted of 3 layers having
input, hidden and output layers and the optimal node number of hidden
layer was obtained. The coefficient of correlations between measured
values (hardness) and predicted values by ANN were found 0.7269 for
apple, 0.6875 for pear, and 0.9991 for peach, respectively.

4) Finally, the MLR model showing best results was selected and applied
to wultrasonic measurement system for measurement of mechanical

property of fruit.

[Development of ultrasonic measurement system for mechanical

property of fruit (Hanyang University)]

1. Comparison of ultrasonic inspection method for fruit
As nondestructive evaluation of mechanical property of fruit using
ultrasonic technique, transmission method and reflection method in air and
water were evaluated. The transmission method was found better method
than other two methods for evaluating the mechanical property of fruit on

condition that transmissibility is enhanced.

2. Development of signal processing algorithm for ultrasonic parameters
Algorithm for ultrasonic parameters such as peak amplitude, time of
flight, propagation velocity, frequency characteristics, and spectrum
density were developed to analyze the transmitted ultrasonic wave
through fruit.

3. Development and evaluation of ultrasonic measurement system for
mechanical property of fruit
1) The developed ultrasonic measurement system for mechanical property

of fruit consisted of ultrasonic pulser, ultrasonic transducer for whole

fruit, moving block which drives the ultrasonic transducer and controls

_13_



the contact pressure between ultrasonic transducer and fruit surface,
sample thickness measuring unit, high speed A/D board, fruit lift table
and computer.

2) As a main part of the developed system, the electronic control unit
(ECU) to operate all hardware unit was constructed. The ECU can
control the load cell and its driving circuit for measuring the contact
pressure between ultrasonic transducer and fruit surface, ultrasonic
pulser, on/off circuit, and thervo-motor and its driving circuit.

3) The operating software for developed system was developed using
LABVIEW software. After the transmitted ultrasonic wave through
fruit was acquired and stored in the memory of the computer, in order
to obtain the ultrasonic parameter from that signal, the MATLAB
program linked to the operating software was performed. Finally the
bioyield strength of fruit could be calculated by the multiple linear
regression equation built in the developed system.

4) From the performance test of the developed ultrasonic measurement
system for mechanical property of fruit, the firmness of fruit could be
measured without universal testing machine.

5) The developed ultrasonic system for mechanical property of fruit will
be applied to the packing facilities and useful for monitoring the

storage condition and sorting of fruit.

[Development of wultrasonic transducer for fruit (Korea Research

Institute of Standards and Science)]

1. Components of ultrasonic transducer for fruit
Several parameters should be considered when designing and fabricating
an ultrasonic transducer. Among design parameters, the characteristic of
ultrasound are mainly dependent on the kind of piezoelectric materials.
Four kinds of piezo ceramics having different piezoelectric properties were
selected. Based on the longitudinal vibration mode of the piezo-material,
as operating frequencies, 100 kHz and 200 kHz were chosen. Also, the

piezo—film sensor which called PVDF was considered.

2. Optimal designs of ultrasonic transducer for fruit

_14_



1) The optimal acoustic impedance of wear plate between piezoelectric
material and fruit was determined. From the result of preliminary
experiment, the acoustic impedance of the fruit was found to be 0.16 to
0.3 MRayl. The calculated acoustic impedance of wear plate between
piezoelectric material and fruit was 2.19 to 3.24 MRayl.

2) As wear plate materials, Teflon, acrylic, and the mixture of silicon
rubber and tungsten powder were used. Considering the curved surface
of fruit, the wear plate was fabricated with acoustic lens having the
curvature of 60 mm.

3) The backing material is in place to get as much energy out of the
transducer as possible. Optimal impedance matching of the backing
material is achieved by sizing the matching layer so that its thickness
is one quarter of the wavelength. Various backing materials such as
the tungsten powder and epoxy, silicon carbide and epoxy resin, and

tungsten powder, silicon carbide and epoxy resin were evaluated.

3. Fabrication and evaluation of ultrasonic transducer for whole fruit

1) In order to evaluate the fabricated ultrasonic transducer at various
design conditions, ultrasonic transmission method was used. The fruit
was placed between two fabricated transducers and the transmitted
signals through fruit were analyzed. Among the wear plates materials,
Teflon was found to be the best choice. The backing material showing
best sensitivity was mixture of tungsten powder (1 pm), silicon carbide
(150 pm) and epoxy resin of which ratio is 1 : 2 : 1. The ultrasonic
transducers for fruit were successfully developed and will be useful for
evaluating the internal quality of fruit non—destructively.

2) As a thin film sensor for fruit, the PVDF piezo-film sensor of which
diameter and thickness are 5 mm and 100 pm was developed. The
developed PVDF sensor could be used to evaluate the internal quality

of fruit by impulse response.

_15_
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Mizrach(1989) 52 g Ak, 742k 2o o HaEel A7 20 mm, 2o] 1
0~20 mellA 5 mitA ez AlEg AFHFT F 50 kHzo 2595 F34 AA A
&t A s FAHT A, Al o] 259 AoESees AAEY =
Hed ool AR 2F el 71A Fgke] A7) Wil Ao®E Hdsid o
o, fAke] 22L& HGHol AL Qu AE T W9 1A Fito]l o 2% ¥
of Hx] gF7] wEolgta st Eg o5& F 92 olH 7%= (Avocado) ¢t
Al 2 of®ItE(Avocado)dll Whete] &3 T3 AFS 3 A oA F2 A
o] o] & ol H|sto] HrfAom F&o] vrton o Ay & o 555 o
sto] olR =S 8 A7|E #EFE F S Folgtal Rkt

Sarkar®} Wolfe (1983)2 2 ##] X texture, EVFES] %™ crack, husked
sweet corn®] WHAZ S SAS7] ftd 253 $A8&2E2A= 05 MHzY
A 2o EdafA, FAL0ZAE 1 MHzY Fdl9 253 EWRAFA
= AlgEte] ARE F3ete] Yo &3 Amo s ZAHee EA A

=3

SR AE 0](1996) 2&nE ol&ate] FrHE el Hsy

A% A4RE A7) gl YahEel g3 AREHe o
FEQ UE, 253 AsEE UTMO 9%

ro,
=
4z
ol
i
)

> H

1

e

(E

_‘

]
o o

o,

B

L

N)

i
Mol o ¥2 oX

= |
“a 5{?5

H o
)
9,

m > N Hdn &AL e o o

AR

N
4
oo do

2lth Kim 5(2002)& Al82 F3s)
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A3 A =3 e R A

A ARERE ARS A ARAReE $x] EFo], wie] A Aa FFol, 5F
ofel A T FFom dubgriolA Al - AR Ak spdelit Abate] b
Ab EES S o] AE4 (% ¢ 15T, RH 65%) A A FstHA 39 (FAS R
13l 157]¢] MRS Yoz FEoto] ARGstAar, Aol 4 FF 3 wje) Al
I ETY AS w7 ARAFIL(RE 2T, RH 85%)l A FstHA 109 zH
Aow zt 3 F 13 57/ AEE o FEsto] AR o HFolbl]
5 w7kl A gt 2 e Ao A9 (&% 18T, RH 65%)0l 4 A%
shAA 1Y HA R 134 9] AlmE doZ FE3t] A&t 7 7
of dgk 72 =4 thaol AAE FelA et 2

Table 1-1. Physical properties of the fruit used in this study

SD Dia. Mass Volume Density
(days) |(x 10 2m)| (X 10 %ke) | (X 10 ‘m") (kg/m’)
7.08 18.71 2.2870 637.7127
Sansa 30 - - - -
| 8.80 95.84 3.2005 962.0704
appie i | 60 7.39 20.59 2.4520 839.6467
- 160 ~ 793 | " 22922 | T 26142 | ~ 859.1964
60 801 36.75 37641 841.4041
r
pea ~120 | ~ 1028 | ~ 5436 | ~ 55167 |~ 1008.5686
N 6.79 1971 2.0590 853.8160
peach 2710 - - - -
8.01 24.57 25313 998.7521

* Note : SD = Storage days (day), Dia. = Diameter of the fruit (m)
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pl=)

e =94 S gHE 4] 9 S 3 Al diste] 4

wato]l Al (AL, wf o] AEeIAL) S AR dH(EsohadEEs 2Y

of AR&atsith oluf St AFel 2291 Aul= (2000)0] A Fste] ARgE AW

UTM ZH| & ol&ste] A dS st em, olue] 85 A et = (loading rate)

© 5 mm/min°] $1t}.

P52 d Al AR AAY FFo] F9- L™l A ek o] ASAE standardell A Al
i e FWE 74 el (intenter) & o] €39, e Apzbe] 4] %%

o] Ggoll= 2gollA Bolx=ukel o] ASAE standardell A Al Al 8FaL

= ABOes oSG el Holsl A% THolA melA st 2ol

s el g (whole fruit)e 1tHE Hd(plate)s ©l&sto] HHAAE AN A3

o AR e PoaRAel e fagdor sgom s i)

50 % AHE 7IF o R g AAE R ~(secont modulus)E 483kt

lF

Indenter
<—— Diameter of curvature d

~<—— R, R’
~— Sample
(Fruit cut in half)

Fig. 1-1. Single intenter contact for mechanical properties of apple.
l F
-«+—— Plate

«— R,R’,
+—— Sample
(Fruit cut in half)

Fig. 1-2. Single plate contact for mechanical properties of apple and pear.



<—— Sample
(Whole Fruit)

Fig. 1-3. Single plate contact for mechanical properties of peach.

2. B el A% 54

7}

n%

-y

RE EAE 52 wow W (deformation)o] At 1ol 3-wHEgH
(force-deformation curve)ollA HE=wlel o] LLAZIAE Hld AL 3FH,
olf el A 7te stETe A, L =A= A FHE HEopith YRS 3
54 (yield point)elet 3til, R¥ S 37 A (rupture point)o]etil gkt

ey LRl A H‘—C‘H}S’Jr Zol AAEL ARt AR E G s W
Pzl BAE AR Ao 244 A9t EEe s vd AT F#
A A9 gl A7 Bk wabA FaEd e &2 stFdRE g7 Pl dof
A atss AAGHSE 4P 0w HFotA .

o9} o] HHZo] F-wF FMo] zy|oE FAoR el 3FAA A

A Yo HeaA gn FUY Y% dde F2 ARG AR
w3 25 2 240 AV4e 2t Addae Aow 2dA 3

Eolxlo] A7|=H lla‘oﬂfﬂ LRSS
o] PIZ ¥ AH+ AT AEAFTEH (bioyield point; BP)¥ 33 & (rupture
point; RP)e|th. AEAIFEHolet stz-HPFA oA g5 FT7te gled
M= o] AL dojus= HE watw, 1 A7]= oA ss(N)e®E 1
Elja A7 AEAle] AEzA S 7t A RET] A AeE Holal, o]
o] stx(N)e2 1 A7]E Yvepdn T3 - g8 3] A 2Hol A A=A
54 9@ @R FHAYE 47 AEA|gEHE H(bioyield deformation;
BD) ¥ =3W 3 Z(rupture deformation; RD)ol&}al A o] sk},

N

o
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Deformation

Fig. 1-4. Force-deformation curve for industrial materials.

RP
8 BP /
)
o PI
- RD .
_/
Deformation

Fig. 1-5. Force-deformation curve for biomaterials.
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AEA &7 (bioyield strength)= AEA] FEHoM 9 35S 1 A5

HAEAA R U go= AHoxw =34 = (ultimate strength)= 343 3
5 Z7] AFAA R Uie gtoz HoHr) o}ﬂﬂ &= e
R =

of whel ARAFEAE, FHLE D NP B opA

oW Azl AA(rigidity) S YEIHE F=2A B84 ﬁ]—?(apparent elastic
modulus)7} F& AREEIL k. AW oR AQm w4
A(stress—strain curve)®] 7| &7|2 Aol diFE F
ol Zdo] ofyrB g IR K upep o] 371A] &
=3

%27] BHE RE3%7 ~(initial tangent modulus)E FAME S $#H-HY E M0 A
Ao el HA7|&7]olH, ANHE RiF2 2~ (secant modulus)E S2-H3
o Qoo Ay AHS ddste HAAY 7l&7|oln, §HE R4 ~(tangent

AN

4o
modulus)ts $H-WBEFAFe] Qolo oMol PA L7 1 AR
HgAFE gelgn

olg} ol Fuhzel @AMFE ofn BAAFE A8t W e A
Ao @A GAE 7 gl wg ok webd FAEY BAFE 5
Y wE oln WSS A8s9EstE 2y weok s AdE BRY
29 BAE 2RAsE 488 490t 488 4 948 $e Wl
& Aotk

Initial
tangent
modulus

Tangent
modulus

e

Stress

Strain

Fig. 1-6. Stress—strain curve for elastic modulus of biomaterials.
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Fig. 2-1. Principle of moving direction of shear wave(upper) and

longitudinal wave(lower).
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Qurgon gur} Asett wFel th wde FUSW wAlel 24 ol
FaeA wed, ol wdel Tt de 5% 9¥UA} et 4
v g}

e, RYIsY A7t AW F5F WA gl Dojurh webd x
23 AEE wille] WAEE AV Z4EE SFYIUsY o] B & F 9
i, o2 E W wde AAH B4 WA S

dukA o g7 wAo HupxEe= 539 7H(attenuation) ™ AFeh(scattering) 2}
T (absorption) & Q18}e] dojuy=d], At Ao H| HFA wFoln, &

B
npgd 507 &3 YA (sound energy)’} &oly A (thermal energy)® &

rir oot

N

o]t o] s} o] ARo] W x&te] FASHL AR T 2o 54
3w E BEg et
2gate] FAE vt gol BAT = Atk F, A9 2WES 2E 28
S7b FAZL A2 ARE T Fo £ve] AEL thg AQ-1DF 2ol Y
SIS

A, = A Exp(—a xd) (2-11)

AH@2-1D9] FHel AddE Astar Aestd v 2] nepers(Np)=

4o % vk

axd =In i
A, (2-12)
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2(2-12)2 YA 23 22 decibel(dB)2] 29t 1 nepers(Np)e] A=
5E

dB =10log Ay
A, (2-13)

INP =8.6859 (2-14)

& A (2-15)3 #Zo] decibele] 2o & vEld 4 gt

4,
axd =log A /log(e) |*8.6859 =20log| —
4 4 (2-15)

wehi] $54 AEe AES ZAa 1 wWaEe] dAEga Ade T
4 ; 3

1&717F 4 Al (dB/m)7F €t

B AFfgME Ao e AYE 229 e HE AusEzet S 9
SHag Ageta, olEe 4] 9% PHeE ¥ 219 F b $Ae 4
Eotdt.
Table 2-1. Ultrasonic measurement method
Ultrasonic parameter Method of transmitted and receiving
Propagation velocity transmission
Reflection coefficient (impedance) Reflection (in air and water)

_37_




WA AsEEE 2807k A URE A%d Ae 2P olE s
2 ouprel FaE Aol dwdelth ol AnAWW Ei: TOF (Time
-Of-Flight)® elebar Reh, ol A& Fabat WAPgo]l R /A5a, Tl
A g 229 @dAsh ol FAALE FHsm o FaAem e
AR g Fach ool wal WAl AL 19229 el AS Lol WAL
HEoksh £AHE AE S45a o8 FRAYR o] AREEE s

Aol o},

2 dAFMs FHEE o] &2 3T vAME S WA} o] ulRd &
Ak MARA (M) 7F Qo] FHRREGE 9RAL7E fElst 9o o]gd 4 e, 2
Aol A AEGNOR st ALY A Sole AW 55 AAZ E93HA
olA] Aol A o] WAL AT E Q%ﬂﬂ ol H i, et WA H o T o]
9 fgstE et A= wiEo|d) o] AY dojA = A= FI)(H
), 45, NE BF F343 2519 ﬁéﬁ”—i?_ Arol7] ol Abdp A A
HEAQl A (e §AATE B9 E Aoz qddy

i} _]- 1]
I , = i 1% D
il L = ? | ;I F= £
A i r Ay Af
a) transmission b)reflection

Fig. 2-2. Measurement principle of ultrasonic propagation velocity.

A (FA)e] Are da F559 FrE o= Ak g A
Zevh e 2 Aol A= *P‘WME Hole] A=
oot Byl s v HA R dhseke] A
o] 1 FAZE wig- GFobA el A} 71;01 I W Foll M o] REALIE

s SAse e A48T F gk ol & dAFelAe
BI7IE 3t ol & fdlAe WA S HEslof sl o
W FEUAb el disiA A EsE
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Fig. 2-3. Ultrasonic transmission measurement system.
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-

Fig. 2-4. Ultrasonic transmitted signal through apple.

Fig. 2-5. Experiment for cutting—off the signal
through air.

R B i B G B e T B T e e

Fig. 2-6. Obtained ultrasonic signal at the signal
through air cut-off .
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Fig. 2-7. Leakage comparison of air through signal at
acoustical horn with 100 mm of length and

10 mm of existing diameter.
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Fig. 2-8. Leakage comparison of air through signal at
acoustical horn with 150 mm of length and

20 mm of existing diameter.
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Fig. 2-9. Leakage comparison of air through signal at
acoustical horn with 200 mm of length and

10 mm of existing diameter.
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Fig. 2-11. Reflection method in air by air-coupled capacitive
ultrasonic transducer.
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Fig. 2-12. Comparison of signal-amplitude at various

hardness of apple(in air).
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Fig. 2-13. Concept of acoustic reflection.

H

Oy 2-14% iE19 £F d9dart ngse] Ja viE 29 $F dvd s
7b Wkl whel 23bo] oA WhAgo] ojB A W JtE 2(2-16)% ©] &3
EA 3 Aotk a9 2-158 Awrd, vid 29 33 AW da(zy)7F Wi 19
S Azl A Fojd wf, 1 IR Aolof] wpE oA WHAE o] A
ol 7} magE & F Atk ool Wkl zy7F 2,9 FEolA wE u WHAME(R)

A W F Jrt AT FEFPUEE 0.8g/cm’E o], 7]Eo] Lzl A

oA &&e digf 1007200m/s AEdb Bk uw, Al#e] &3 Jud
= 12H0.8x104 T1.6x104 g/cm’sec AER oA 4= itk F7), B &3 9
HE s 747 40 g/em’sec, 1.48x105 g/cm’secd Eolth. waka] wjA1L T2
St T 2oTte] AS A QIEae F719 IEa Aolzb AA wEAL
Al

159 Aol7h Mg el QAW Ao Amdth 1Y 2-15 oA U
Hom dis Aue $3 Jsda FHEA N6l da WAl F7)9
B2 @ 4% uA wAES EA% Aotk 19 2-159 FA o] T

A (@)e] A oA wbAbe Aol Wdo] glal, (b)e] ABF oA WhALE €]
o]

o714 @ A4 AFE AL 19 2159 (0B wW ol 4E Ae] £ )
Wb QA R, 2o 99 duus woh W) gEe, & Anuss) 2
HEEE UA WARS ol Age A Aow qZHAW, AA 3
a2 Agste] AW R Avh 1 e AL waths Aot oAe
Aol AN oF P WEow AprE i, o FRel galNt FF A4
9 AEst Bastth T PR BHAA Fo] Frlntks YAS WAE o



o 0.8 +
A

Xl 06
gt

At 0.4

=3

(R 92

0 L L
z, —— Z ,lglem 2sec]

Fig. 2-14. Change of reflection energy according to acoustic impedance

of material 2 when the acoustic impedance of material is

fixed.
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Fig. 2-15. Comparison of change of reflection energy according to
acoustic impedance of material 1 when the kinds of

materials are air and water respectively.
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f=r/(1—=V,/V)=7/0.44 (in Acrylite) (2-17)
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Fig. 2-20. Reflection signal of focused ultrasonic wave according

to the distance.
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Fig. 2-21. The curvature of reflection surface effect on

reflected signal.
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Fig. 2-22. Ultrasonic C-scan
image of hard apple.

Fig. 2-23. Ultrasonic C-scan image
of hard apple.
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Fig. 2-24. Comparison of signal-amplitude between hard

and soft apples.
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Table 2-2. Comparison of ultrasonic measurement methods

Parameter Merit Weakness
-Difficult to detain
-Small effect L
. transmission
o propagation | surface shape .
Transmission . o -Need to contact with
velocity |-Good sensitive )
uniform pressure
property
) -2D scan using focusing
Ration of . .
transducer is required to
. energy
Reflection i -Non-contact reduce the effect of
. reflection .
(in water) . -Good sensitive surface shape
(acoustic
) —-Represent only local area
impedance)
property
Ration of
) energy -Effect of surface shape is
Reflection ] —Non-contact
. reflection . large
(in air) ~ |-Simple apparatus o
(acoustic —less sensitive
impedance)
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Ao 7IAIA 5 Atold] A#RAAE EA AT % Zh E =
o] €3t TOF(time of flight), %<3 &%, ZAASF, 93 F942 =
NAZA B B gAeA Add UTM(H %, 2000)% o]&ate] =43a4t

AR PP

Olr

O 2-25v 259 FHAAES ] 9 A@AAY ANFEE el e
W9 2-262 AA g9 F3 AY ARt 253 BA/E AW = Square
Wave Pulser (SP-801 RITEC Inc., USA)$®} Broadband Receiver (BR-640
RITEC Inc., USA)E A&ttt 259 EdawA = 45357 05 MHz,
27 20 mmS! HAEF4 2Ly EdAFA(Panametrics Inc., USA)E AF-E3}4]
FEFA8A T Al H S F35te] ald 239 1 GHze sampling rateE 714
= 242233 (LeCroy Inc., USA)E o]-&3le] =413514 1}
A 8= XiﬂE FAPEA ATl A :r“’]@}i’i‘i}. Tdsh Ady 3

Ulo

TJrPJ A FiEa dulE A Qg 3}% ol EHO}Oi 8726 mm?2] —r”ﬂ AlRE AF
stttk o714, Al AR S 253 EdAFAY A (32 mm) BUF T8 A
7] WEe] 2t AlEY 2W 52 B FoF dAuete AL WA 5 9l
o 253 FHAge] Ed AJHLS UTME o83ty AEAEFTE 7= (bioyield
strength)¢} &A= #HES SAHNI T

1) 25 shebelE a4

F4 AR RAG AFe Y 227904 B vle} o] Fgo] wol T
o] &g TOFs 2 Frp4el Z4o] oty Y@ TOFS 2 ol
2 Sl ol —9Q90.

249 9 FAE 289 255 A5 AAS F AT 29 28L A
fe] o] We TOFe Was e, #4 A8e £38 TOF: 74 A
Aol Frel Walel wep d¥How Wsen vk 19 2-20% A AR
Solel e 2ew gAASE dehw gom FAzE Frbgel wa 7
b 2bEE A ¥ 4 Atk 19 2-302 32 ARG Bra Ase] Fu
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Square wave Pulser
RITEC (SP-801) Digital storage Computer

\ 1 [ oscillocope (Lecroy)

000 QO 500
ey
T — .E —

Q00 00—+— ]

[

Broadband Receiver Ultrasonic Ultrasonic
RITEC (BR-640) Transmitter Specimen Receiver

Fig. 2-25. Schematic diagram of ultrasonic measurement system.

L transmitter

Fig. 2-26. Specimen, ultrasonic transmitter and
receiver.
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2~HEHS YE L ok A AAE T3 Alse= dgiFE 100 kHz W] v
AFar ZEYAS ¢ F Aok

E 2-32 4 R wE AT, B S5 93 FasE UEdY 25
T3 = AR 23244 m/sec, W7 255.2 m/sec, B °}7F 1954 m/seco] 1L
7y el A AFE A 161 dB/mm, ®i7F 115 dB/mm, H5ok7F 0.58

dB/mmelw 33 Fugs AbrE 2218 kHz, wi7b 2812 kHz, E<Fob7b 137
kHz2 =74 = e},

Table 2-3. Ultrasonic attenuation and wave velocity of the fruits

) Attenuation )
Material Velocity (m/sec) | Peak frequency (kHz)
(dB/mm)
Apple 1.61 232.44 (13.19) 22.18 (3.38)
Pear 1.15 255.20 (21.59) 28.12 (11.79)
Peach 0.58 195.40 (22.80) 13.70 (1.44)

*() notes standard deviation

0.2F Original transmitted ultrasonic signal
S 01t
< 00
g 1
% -0.1
< -0.2 i 1 1 1 1
100 200 300 400 500
0.2
—_ Averaged signal
> olf LT
< 00
=
<, -0.1
S 021 I I I I
0 100 200 300 400 500
Time (us)

Fig. 2-27. Transmitted ultrasonic signal through the apple

specimen and its averaged signal.
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Fig. 2-28. Time of flight versus the sample length.
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Fig. 2-29. Ultrasonic wave attenuations through the

fruit specimens at different sample length.
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Fig. 2-30. Frequency Fourier spectra of transmitted ultrasonic
signals through the fruit specimens with 22 [mm]

sample length.

) Z2&vh gEpulE ek 71 A A 54 Al o] Ak

289 Fepuge B2 ARl JAH 54 Aol FuBAS EAGYY. 1
9 231 7t Bl ge JAH 54 F A2 AFEL % (bioyield strength) 2t
@475 E TOFS sl EAan 29 2-328 24750 ha 2890
B 29 233 W3 Fdol ool LS TORS Ga A S A9
o] 71AA B4 e *uwﬂ bl sz ko A;—l b th

A
S HAASE dEa AR A5E Aoz auad
Z53% FHE ol &dto] AeAdEAE=d dAAFE dF67] 9% 3
Are gedt g
B=ay+ a, TOF + a,A + a3F, (2-1)
E: ao + a]_ TOF+ a2A + a3F1 (2_2)
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o714, B AEAIELE(kPa), Ex B A4 (kPa), AE 74 A5 (dB/mm)
A

ola Fi1 93 F3(kHz)ol ™, ag, ai, as, as< ]t}

274 AR Adg goFste] vehdth g7 mde A4 AFR)E )
£ AQsta B5F 05 o]ielth 3FEA AdmFY Ao VA 5E4s %
&3 g EE B A 7bed Aoe® yehwth 2§ 2-34% 7 3 o
sl AAl S BEATEG RS AdFd BEATELE Atole] FHRAAE
Ebdlivh 1% 2-35% 7 el dis] AAl SAg AT d5E S As
Abol o] BHHAE Yl vlo] AT 53 WA yeve AL 2 JhA
el EudAdd A9 A T oul A AT AE sty dlel Aew
gtk o] AT 24 AErE 259 et e ojw s A A=
AE &7 A d47F 283 Aew UEyt
Table 2-4. Regression analysis for mechanical properties as a function
of time of flight, attenuation, and peak frequency
Model Fruit Regression coefficient ® |RVSE

) di 5% a3
B= ay+ a,TOF Apple 62304 | -0.03 10.81 -348 | 0627 | 51.28
+ oA+ aF Pear 85.42 1.72 443 -020 | 0532 | 4097
31 Peach 36.11 0.20 0.81 =374 | 0294 | 1420

E= ay+ a,TOF Apple | 23308 | 11.10 399 | 2754 | 049 | 35654
4 A+ aF Pear 41962 | 1333 16.83 -535 | 0.742 | 169.03
31 Peach 5193 | 5056 1537 | -11.22 | 045 | 13849

*R* and RMSE note coefficient of determination and root mean square error,

respectively
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Fig. 2-31. Plot of time of flight versus mechanical properties of the fruit

spectrum (a) bioyield strength, and (b) elastic modulus.
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Fig. 2-32. Plot of time of flight versus mechanical properties of the fruit

spectrum (a) bioyield strength, and (b) elastic modulus
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Fig. 2-33. Plot of time of flight versus mechanical properties of the fruit

spectrum (a) bioyield strength, and (b) elastic modulus
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Fig. 2-35. Relationships between actual values, and predicted

values of elastic modulus of (a)apple, (b)pear, and
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Fig. 2-37. Ultrasonic measurement setup.
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Al s EHE%O] E¥) clg};g% ol
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uf SEE BAAGY Bholne A97del 3

7 grasl Ha e
heel weh gt SEE PashA A

EH, Y 2-4dol A Biksh @o] gt gAAFE AN dolHE A
sat A7) nhet AR R Fhste 3ES e Aoz #AH9
th Ags17kel FAHFl wheh Abw kg Uiel AEM Bk Az 249
IHAFOE Qldkel WAAFI BasI K3 olo] mek A} 359 sponge
Agom Aste] AW WRAA BT AUAZL WA Bol FEuo] 74
7 2 s Ao Andd

. —#— Bioyield deformation
8  —3— Rupture doformation

e
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Fig. 2-40. Variations in bioyield and rupture
deformations of apple flesh with the
storage time. Error bars represent =+
one standard deviation.
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Fig. 2-41. Variation in secant elastic
modulus of apple flesh with the
storage time. Error bars represent
* one standard deviation.
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Fig. 2-42. Ultrasonic transmitted signals from
apple flesh with the storage time.

_71_



Secant elastic modulus (kPa)

2000

1600

1200 |

800

400

\+\ 1
— \'}\%/{-
\+\%

0

4 8 12 16 20 24 28 32 36

Storage time (day)

Fig. 2-43. Variation in secant elastic modulus of

Ultrasonic velocity (m/s)

250

N
N
a

200

175

150

apple flesh with the storage time. Error
bars represent + one standard deviation.

0

4 8 12 16 20 24 28 32 36

Storage time (day)

Fig. 2-44. Variation in ultrasonic velocity

of apple flesh with the storage
time. Error bars represent *
one standard deviation.
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A7 A FBAAE dehddTh # 2-69 AR ESE uhehA] Abake] A
A7 = FF T 25 WS 289 FgnEE o] gt o=o] 7eE A
o= Jd¥E

Table 2-5. Correlation coefficients of mechanical properties and ultrasonic
parameters of apple flesh with the storage time.

Mechanical property Ultrasonic parameter
Ttem Bioyield | Rupture |Bioyield | Rupture | Elastic | Ultrasonic | Attenuation
deformation|deformation | strength | strength | modulus | velocity | coefficient
(mm) (mm) (kPa) | (kPa) | (kPa) | (m/sec) | (dB/mm)
Correlation ~ _ _ _ _
coofficient 0.6814 0.6222 0.8711 | -0.7976 | -0.9703 0.9653 0.7429
4 29 9 A8
2= AFAE AAE 253 EdATA ALES Y 283 oy 7HA] e
Pe 4AST 1 ARE BHFAh
e 24e RN Aon SHst WHoR Fiby, FEUAM, FEukAl
Mo Agalel 45 va BAANY A9 4% 2 PR FEany
Fapol HAe] fiFE A4S SAste HA o o E dudn
el GEAQ A Al W, Bgeld A4 I AWoE A%
S A82eT EALFAS ol 88 FAALN UTME o) £8 7144 A4
& AN F gt shelEsh A 54 Aole ARaAE 2

A}, Bgole] BuAFE AUHOR =i Uehdon] Wi g x4 54O
2 Q8] ARAZIE Abs, Bgolel us) ofzk v vhebyk

“wpdel 4RIk 24 dEt 285 e oW @ Bt dEAE L
7] Sla AnE gaoR ATzl hE 2g senge AAE 54w
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= eS+ €°E
cPS— eF

D
T

(3-2)

sk,

(piezoelectric constitutive relation)” =}

o
=

T=T(S, E),D=D(SE)

(3-3)
(3-4)

=cf54 ¢°F
D(S,E) = ePS+ € E

T(S, E)

¢S = (9T/OE),,  ef=(0D/3S),,

¢ = (0T/05)p,

¢S = (AD/IE) ot
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T developed  stress (N/Vim]

e= ES - applied electric field (3-5)
D developed electric displacement 2 -
€= SE applied strain [c/m”] (3-6)

MBI AN EE 4749 S FFEA oo 2o g

S(E,T)=d"E+ s“T (3-7)
D(E, T)=e"E+ d*T (3-8)

A7 M, dT = (8S/0E), s¥=(9S/0T)y €' = (9D/IE)y, d¥=(dD/OT),

o] .
G MRS d e o] Aol

0}

D _ developed electrode displacement (3-9)
d= TE applied mechanical stress [C/N]
d— S developed strain m/V]  (3-10)

EE  applied electric field

£93 A/ 4e Wolda s g Ee] g dod 2o @,

T(D,S)=h*D+c?S (3-11)
E(D,S) =D+ h"S (3-12)
714, h¥=(0T/dD)g, c”=(0T/0S)p, hP=(0E/0S)p, (°= (0E/OD)g
ot}
S S his O3 o] HoHr)
Y developed stress -
h= DS applied electric displacement [N/C] (3-13)
_F _ developed electric field
h= sP applied strain [V/m] (3-14)
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47147 AR e AgAd LR 8o d5wa e o] xadn:

E(D,T)=j5"D+¢"T (3-15)
S(D,T)=g™D+sT (3-16)

A7 A, 7= (0E/OD)y, 9" (OE/OT)y, s = (0S/0T)p, 9" = (8S/0D) ol tt.
¥ g thga 2ol gejwrt

E developed electric field

- - ; - Vm /N -
I T" applied mechanical stress [Vm/N]  (3-17)
_ 8 _ developed strain )
9= DT applied electric displacement [m®/Cl 3-18)
FATABAAN LS o3 2ol AHejd
T=c"S—ek S=dE+sPT
D=eS+¢€E D=c"E4+d T
T=cPS—hD E=p3"D—g4T
E=3D—h S S=g,D+s"T (3-19)
71A, dy, e, he gt & 27 d, e, h, g & W&ol ¢ HA E= A A7
(short circuit), S 443 WEHE(clamped state), D= LA WAL=

(free state)& YEFHTL
dAAe dHd EAS UEdlE AeEs 984 duA e d714 dy A el A
= (ky), A A BAAAA

)
(o]
@
=
Q.
=
o
=8
s
-
rr
e
o
o,
oo
v
ox
fu)

J
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oA WY g g9

FHaAE A7A AUA g A AUAZF N2 wEE dFe] Wi
(transducer)o]th. oleldt WMEAAL 29 3-1& T3 48T 5 vh. 254
Mgl &ﬂroﬂﬁ 9 3-19] (a)sk #Zo] ¢ghA Fleof whel fFuEE HeAkE 7
o JA& el Aol ojFEdtn o5kl #AE ¥ 3-19] (b9 el d¥d
E A 1V/ *?Eaé )& ol &3] o5 Atol9 4E AgWAE YErd &
FGEg e dusl s o gt YA =g 7 F At

v=jw{M 'sin (zz) + N 'cos(zz)} (3-20)

A7IA, vie FALA Wl &R, wes FakE,

M’:M+N, N'=M— Nou
st azte] ¥ AAWENA ] YALEE thg 3t o] xHHT
v, =v(0) =jwN"' (3-21)

vy, =— v(l) =— jwM 'sin (zl) — v,cos(xl) (3-22)

9 HomyE mAF M, N'o| g 2ol A4,

v
Jw
M/ =_ ]Lw (vyc8¢20 + v cot26) (3-24)

o 7] A, 0 = zl/2 0]t}
HAASGHEEE A7kl s 238} oz HdFEE
Jp=0D/0t = jwD o]i AFE= ]

At zEe] 4% gawe] WA (wnolth WAHSUE D AF A
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@ b — 4— pori(2)
F.'?vl /}/ FEJvE
5 / W
L L
port(3)
v,
o—1 Z11 Z12]213 L
® Fif 221 2221223 [F2
0 iy 0
port(1) 731 732 733 port(2)
I3
V3
port(3)

Fig. 3-1. (a) Piezoelectric thin-disk transducer and

(b) Electric equivalent of acoustic port and electric port.
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jwA 3

AW F WS @ wve] S paAny gy o,
Fy=—AT(0) 3
F,=— AT() (3

2(3-35) oF wHr F, 2(3-2003% 2(3-25)% ol &

q
el ¥ ge theat wol mAWT

tjo

rE

do

.y

o

=2

=
Koot
>,

iy
Jw

Fy=— c”Ax(M 'cos20 — N 'sin20) (3

Fl=—cPAM 'z+ (3
o714, h= A 244 (transmitting constant)©] TF.

21(3-23)7 4 (3-24)% 2(3-28)7 2 (3-29)] Y] #F F cPr/w=cPf =
PV = ZoThe HAIE ol &EHH, o] F IS AAWAA Y Hxo} HFe

A thew gel EAT & Ak

Fl:—j{ZO’(vlcot29+v2csc29)+%I3} (3

>

Fy=— j{Z)/ (vlesc20 + vycot260) + Elg} (3

Vy, = E dz (3
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2(3-32), (3-25)9F WMol gle o Ao AvgF G =A/ o o) gdt

RS AAAM e daret dAEES] g R D 5 3

I} (3-33)

2](3-30), (3-31), (3-33)% E&std ste] gH 2oz vl 5 QU

h
F,- Zycot2  Z,'csc20 o v -
F-| =—j| Z,/csc20  Z/cot20 h v,— (3-34)
2 J 0 0 w 9
h h 1
Vo w w o we BT
oA d¥Ha FH A molw o FHS ol feto] WA hduE
719l A7]-71A Aga el gk s o] 7he sttt
t}. KLM model

KLM X428 Krimholz, Leedom, Mattaeiol] <38} |2t I thH(Krimholtz 1970,
Leedom 1971). o] RS ¢4dde] & FE& dSHE=E 1359t 7] &
Zo] (el 479 Ad avux X'on Y Ay BES AMn7t hel

T w—

HAVE B3 AFHR Tl AZsA 19 3-2= KLM 571 3|25 yeld

r =}
v
rir
K}
)
ofy
by
u
1o
o,
h=)
an}

Vi=L=0 < ), KLM 57} 3|2t d$d=
2 a2 @G-34 oal vt o] xdEH
Zycot(0)  Zjesc(0)) [y

= -7 (3-35)

F, Zyesc(0)  Zfcot(0)] |u,
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71X, z==% 1/2 oluz 0 =xz=x% zl/20]r}

Fel Aol W(F)T H5

F cot(6) esc(0) U
o~

F, csc(0)  cot(9) | oF

F, cot(0)  csc(8) [0
:_jZOI

F, csc(0)  cot(9)| v

o] AL HMstE v 2ol At
F.=— jZvcsc(0) — jZ/vEcot (0)

Fy=—jZvfcsc ()

Fgol Al 4

olE A(3-39)0 o8 theT 2ol AR,

_ Fisin(0)
=T

7)o AR e o] TalA,

F.=— jZ,'vicsc(0) — jZ, v cot(0)

=
2of, vhHE go g8 o zd=

(3-36)

(3-37)

(3-38)
(3-39)

2 (pf +v£)—t—‘o’o11 de F,=0V,z Folan. ¢f'=—cf

(3-40)

7o

=—jZ vcsc(0) —jZU’cot(Q)L,(G)
72y

=—jZ,viesc(0) — Fysin(0)cot(0)
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2(A/4) 112(A/4)

FIY 2y, va / Z,,va IF’E

12 hi4) 112 W/4)

o O
acoustic _ acoustic
P’C'Il Z“:l Vv z-n LA P,D]_'l

Fig. 3-2. KLM equivalent circuit.
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=—jZy/v,csc(0) — Fycos(0) (3-41)

o 7A, F,= dV,olnz

OV, =— jZ/vcsc(0) — Fycos (0) (3-42)
@ V3 — jZOICSC(e ) — M (3_43)
() il

Vi _ h F _ .
AN r = S = am m =4 esc(20) 9 AAE o8

?—wh =—jZycsc(0) +jZ, csc(20) cos(6)
i _ 1
- ]ZO [CSC<9> 282”(0)]

—— jzysel) (3-44)

=— 7% 2

weba) Wsrle] BANE B o] Felwr)

o] Aaduas gy o] xdHT
V, 1 . Zy'cot (0)
3 = _ 4 gX, — 20 P _
I Jw Gy I 2p? (3-46)
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(3-47)
(3-48)
(3-49)

H7] o

o= =elH sfHe] 4

9

L

=

=

A713 = thalel dEd=

- 511,20 )
k2 sinc (w/w, )

3]

-8

h2
w37,
sin(mwz)/mz, 8 = Tw/ 2w, o]t}

Mason model®] T

o

R

o714, sinc(z)

KLM model
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= B o H
GA A AR FF YA P ddEE G pdade
Atole] SFAuE s Aok AAE gepAth o] w] gAiAst B3} Abele] A
F2e Pol &% JYdz BIAE Adety 289 duAe RAHE T
AN F ool ol@Ao R AREL oo FukE AR £ QAT AARE
GALAeh Fake] gz o8 ) i 20E AR

p, = Pellwi=ha) (3-50)
p,= PTej(wt+ k) (3-51)

7NN, w = F3h, kzw/v? olul pi= AAbTe 9%, pi= wAbahel £k
WA o B x P02 QS SUS dEh 2o

D, = Aej(wtf k, x) (3-52)
p, = Belwtthe) (3-53)

WAl A Fohe] gohe thga 2
p= PRy (3-54)
7t &uke] YRS EE SFUT U] Holo o) et

v, =+ % (3-55)
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R
=0 <o o

fﬁ;fi; :% (ﬁig) (3-56)
=1L o u

Ae mI4 Be IhE - Z
Ae L _ Beikl — 7 (3-57)

(1) (II) (1)

PC; P2C; P3Cs5

x=0 x=__

Fig. 3-3. The transmission and reflection of an incident wave on
the interface.
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P (1_uéé)aw(@L)ﬁjﬂé%-—“§L>M"(@L>
R=_—~= - —
P, (1+ 2 )cos(/ch)—i-j(%—Fé)Sm(kzL)
) (1—7;)+j(%—7;)tan(k2m
(1+28) 4+ 5 (2 + 28y tan (k1)

E 3} 7} (the intensity transmission coefficient)

- It_ Z 0
I'i=+= 72|T|

7

YkAL 7} % (the intensity reflection coefficient):® th&3 72t}

1,
R;= T = |R|2

1

of| 1 x| 3} A 4= (the power transmission coefficient)® tS3 7t}

T. = ﬁfTI:

2

Az1
A,

-1 77

A7IAM, A dAEAY, A FAA AR

of| 4 X kA A 4= (the power reflection coefficient)

R.= R,=|RP
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(3-59)

(3-60)

(3-61)

(3-62)



= CH— (3-63)
A Z; | 4% I
— + = koL + sin? (kL)
2+(Z1+Z3)cos(2 ) (Z1Z3 72 )

ol AL g gk A9sin(kL) < 1, cos (kL) = 1), X

~ 244 - (3-64)

(Z,+ Zy)
285 ENATA AZ Ao GAAg A - FuA AFEE 1 FAS F8
3 kA W FAIE £ QA HH 2 9A FAE 3o 12002 g 9l

(3-65)

_89_



=
shute]l A3EE AFESteE A4S, 4A
A= o5 2ol xdd)
A
q71M, 0, = tw/v,
AR 7 FHF
Z9o dId e O
Cal

Agrzo] AANA Hel&s
Z,+ jZ tan(0,)
Y Z.+jZ tan(6,) (3-66)
A AEZ=e FAZ 1/4 340, =7/2)0|H AF
| xdH}
7,=J7.7, (3-67)
1.5
os
u}
-0.5
A
15 &
40
0

125 15

-0
1

-40 :
05 075

I 125 15
Fig. 3-4. (a) Input impedance of a single wear plate
(b) Input impedance of a double wear plate
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T AT AgE A% At AFF) FANA Resg viete

Z,+jZ tan (0,) .
YZ .+ 37 tan (0,) J+3Z,tan(0,) 36
i L+ 77 tan(0) -
Z2+][Zl Z1—|—thtan(91) ]tan<02)

Z2
=7 —= (3-69)
Z3
2(3-69)ell F A= AW~ Wago| RNIL,/ L. =7,/7 ) 0L F
W7t AREe Jdudae ggy 2ol mddd
L3
Z, =727} (3-70)
3 1
Zy=227} (3-71)

AFFel Atk FALA FFeIAe 4F AWz Zyw ARF 9uus

(3-72)
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T (3-73
7}
AAF Ao e H3t o= oy Zo] xdE
2
72 73
Z;= Zl =< (3-74)
t T
Z3

Table. 3-1. Impedance of the wear plate by KLM model

Z Zs Z, Z, Zf
Matchi Z?
atching . Z. z,
layer #0 Z,
1
Matching zZ3 2 1 2 1
3 Z, 73723 | 7373
layer #1 73 t “ec c 4y
t
8
Matching zZ. 7 3 4 (" 6 1
1 c zZ'7Z, /A zZ1z"
layer #2 77 ¢ ¢
t
o) $HA dudset A8 QY s HA
KLM S7F3 2ol A A7) dyA et 58 Ao a&4< ¥es i es &
g RE "y 2R Q— factors XA 7= Ao Fasth $H &I B

=
wel Q— factor (Q,)el dh#d A4 Fena @)
Gz Aws Fue QuHse 247 Z3 Zolg gk ASHR

.
Fol A AW G zsh FH GUEAE vetE dudsE gen 2ol E
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Table 3-2. Physical and electrical properties of piezo—electric ceramic

Physical & Blectrical property Piezoelectric material (PZT)
K-1 K-2 P-1 P-2
Coupling coefficient (%), kt 48 52 52 47
Strain constant, dss 220 700 190 600
Voltage constant, gss 46 19.8 54 18
Mechanical Quality factor, Qm 200 30 1000 65
Frequency constant (kHz-m), Nt 2180 2032 2100 1970
Acoustic impedance (MRayl), Za 34 35 32 31
Sound velocity (m/sec), Vs 4360 4615 4200 3940
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Table 3-3. Thickness of wear plate materials

Silicon+Tungsten

Acrylic

Teflon

Wear plate(mm) 6.93

11.58

8.38

Table 3-4. Acoustic impedance of

acryl and teflon

Velocity (m/s)

Density (kg/m”)

Impedance (MRayl)

Acrylic 1180

2670

3.15

Teflon 2200

1350

3

Table 3-5. Acoustic impedance of the ratio of silicon rubber and tungsten

powder(100 fm)

Silicon : . . 5 Acoustical
Velocity(m/s) | Density(kg/m”)
Tungsten(100u) Impedance(MRayl)
1 00 925 1260 1.165
1 0.5 870 1790 1.56
1 1 833 2292 1.91
1 2 813 3183 2.59
1 25 795 3930 3.13

Table 3-6. The power transmission ratio of wear plate materials

Silicon +

Silicon Acrylic Teflon
Tungsten

Acoustic impedance
1.165 3.13 3.15 3
(MRayl)
The power
40.54 99.88 99.92 99.4
transmission ratio (%)
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Fig. 3-7. Photo of zig with curvature for

wear plate.

Fig. 3-8. Photo of fabricated wear plates
with silicon rubber and tungsten

powder.

Fig. 3-9. Photo of fabricated wear plates

with acrylic and Teflon.
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Velocity (m/s)
1612
1286
1389

Velocity (m/s)
1050

Velocity (m/s)
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Velocity (m/s)
2033
2081

125
© 30
112

Epoxy : Hardener :
: 65

Epoxy : Hardener :
Tungsten (100u)
Tungsten (250u)

Epoxy : Hardener :
Tungsten (150u)

: 15
Epoxy : Silicon (1504) :
Tungsten (1)

a9 (3-10)

Table 3-7. Acoustic impedance of various backing materials
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Fig. 3-11. Ultrasonic beam profile of
100 kHz transducer.
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Fig. 3-12. Ultrasonic pressure profile
of 100 kHz transducer.
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Fig. 3-13. The simulation results of ultrasonic transducer with 16
MRayL of backing impedance.
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Fig. 3-14. The simulation results of ultrasonic transducer with 2.74
MRayL of backing impedance.
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Fig. 3-15. The simulation results of ultrasonic transducer with Teflon

wear plate.
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Fig. 3-16. Experimental results by fabricated ultrasoni transducer

with Teflon wear plate.
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Fig. 3-17. The simulation results of ultrasonic transducer with acrylic
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Fig. 3-18. Experimental results by fabricated transducer with acrylic

wear plate.
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Fig. 3-19. The simulation results of ultrasonic transducer with

silicon rubber/tungsten powder wear plate.
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Fig. 3-20. Experimental results by fabricated ultrasonic transducer

with silicon rubber/tungsten powder wear plate.
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Fig. 3-21. Photo of apple and
fabricated ultrasonic

transducers.

Fig. 3-22. Before backing with epoxy.
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Fig. 3-23. After backing with epoxy.
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Fig. 3-24. Transmitted ultrasonic signal through the apple by K-2
transmitted ultrasonic transducer and K-1, P-1 received

ultrasonic transducers.
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Fig. 3-25. Transmitted ultrasonic signal through the apple by P-2

transmitted ultrasonic transducer and K-1, P-1 received

ultrasonic transducers.
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Fig. 3-26. Transmitted ultrasonic signal through the apple by K-2
transmitted ultrasonic transducer and P-2 received ultrasonic

transducer.
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Fig. 3-27. Transmitted ultrasonic signal through the apple by P-2
transmitted ultrasonic transducer and K-2 received ultrasonic

transducer.

Pzt K29 P20 ofad AW AFFS stu FAANE AF o
FEl A FARRSE FAAE vpro b Fak AS Ak 27 (3-28)2
K-25 &A= g1 P28 FAARE 3to] 53 A9 AAe Ao, 19
(3-29)&= P25 AR ol K28 F2IAR 89 3 23S AAg Ao
th oladEs AW AFFToR AbEsh= Ao AYE eivet Haw B A9
AFZTERG Fa =7 ° 58k YEbgth 1ol f e AEE et |§2ad
FOE uiggste Az AW AFESS vSHA ARomE HEFT A 4t
gyl Fe7F ol BAEe] AudE 229 duA 9 FAHE 289 ouXA
7F A7) Wi Ao dokEnt

a9 (3-28) ¥ (3-29)F KW " W AS <td FAl Asrh 23E o
TR As7h & FEEA 4 vk ol g Wl W ASE ZHAAT7] 99
oty AW AFFol olZFA : Hawl B(250um) = 10 132 FHAE ALE
st A 253 EWAFAE o)Este] F3 A¥S HAA AT 19
(3-30)2 253 EWNnFTA A B4 FoA Aol~E szl RFola, 1
H (33D ofa¥ HH AFFoR AE 2HI EWAFA HFoth 1
g (3-32)9F 19 (3-33)2 AAE 257 EWNAFAE o]Este] T HES
s Aol FHAE AMEe AF W W AS7F A sy AR F
FEo] Al E Fe AE7E oF 500 ps EANA UERES & F7F Ak A9

- 118 -



o AbE¥ Abo] FA7F oF 10 cmo] 22 TOF(time of flight)7} ¢F 500 pso]#

2% £ 9F 200 m/secE ALET o] At H AN AR} 5o
HE 285 5 AN 44T @2 2= Ao2A S48 A5 AR
g AEYe TR FE Aol

0.10 T T T

00 ” v

Amplitude (V)
o

-0.10 s 1 s 1 s 1 s
0 500 1000 1500 2000

Time (pus)

Fig. 3-28. Transmitted ultrasonic signal through the apple by K-2 transmitted

ultrasonic transducer and P-2 received ultrasonic transducer.
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Fig. 3-29. Transmitted ultrasonic signal through the apple by P-2 transmitted

ultrasonic transducer and K-2 received ultrasonic transducer.
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Fig. 3-30. Fabricated ultrasonic
transducers without casing.

Fig. 3-31. Fabricated ultrasonic

transducers with acrylic wear
plate.
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Fig. 3-32. Transmitted ultrasonic signal through the apple by K-2 transmitted

ultrasonic transducer and P-2 received ultrasonic transducer.
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Fig. 3-33. Transmitted ultrasonic signal through the apple by P-2
transmitted ultrasonic transducer and K-2 received ultrasonic

transducer.
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Fig. 3-34. Photo of fabricated ultrasonic

transducers with Teflon wear plate.
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Fig. 3-35. Transmitted ultrasonic signal through the apple by K-2

transmitted ultrasonic transducer and P-2 received ultrasonic

transducer.
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Fig. 3-36. Transmitted ultrasonic signal through the apple by P-2
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Fig. 3-37. Transmitted ultrasonic signal through the apple by P-2 ultrasonic

transducer with Teflon wear plate.
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Fig. 3-38. Transmitted ultrasonic signal through the apple by P-2

ultrasonic transducer with Acrylic wear plate.

- 125 -



Amplitude (V)
o
o
o

0 500 1000 1500 2000
Time (ps)

Fig. 3-39. Transmitted ultrasonic signal through the apple by P-2

ultrasonic transducer with Silicon rubber/Tungsten powder

wear plate.
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Fig. 3-40. Transmitted ultrasonic signal through the apple by P-2 of

fabricated ultrasonic transducers with Teflon wear plate.
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Fig. 3-41. Transmitted ultrasonic signal through the apple by K-2 of
fabricated ultrasonic transducers with Teflon wear plate.
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Fig. 3-42. Calculated ultrasonic Fig. 3-43. Calculated ultrasonic
beam profile of 200 kHz pressure profile of 200
transducer. kHz transducer.

Table 3-8. Acoustic impedance of backing materials

Epoxy © Tungsten (1) Velocity Density Impedance
(m/s) (kg/m"3) (MRayl)

1:2 1276.9 3041.3 3.88

1:3 1247.3 3126 3.9

1:4 1272.8 3216 4.1
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Fig. 3-44. The simulation results of 200 kHz ultrasonic transducer.
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Fig. 3-45. Experimental results by fabricated 200 kHz ultrasonic

transducer.
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Fig. 3-46. Ultrasonic signals received by 200 kHz transducer for fruit
under various conditions of backing materials. the ratios of

epoxy to tungsten power are (a) 1 : 2, (b) 1:3, (c) 1: 4
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Fig. 3-47. 100 kHz and 200 kHz of the

fabricated ultrasonic

transducers.
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Fig. 3-48. Photo of PVDF (thickness: 110

pum, diameter: 3, 6, and 12 mm).
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Fig.3-49. Construction of a piezo—polymer

sensor’'s wire harness.
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Fig. 3-50. Mechanical impulse device.
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Fig. 3-52. Acoustic response signal and its

Amplitude (V)
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Fig. 3-53. Acoustic response signal and its

frequency spectrum of sample No. 2

with the storage time.
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Fig. 3-54. Acoustic response signal and its
frequency spectrum of sample No. 3

with the storage time.
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ST=a,RT+ a;RC+ ayEN+ a3ED+ a, PA+ as (3-109)

1714, ST = A%7]13Hday)
a ~ a5 = JAELY ASF

g A3 109)0 EgEE SRRsE SRddel A dehEne 1deg

.,]
o & 3-99 Avke 7 A ARSI AR FH

Table 3-9. Multiple regression analysis for storage time of apple using
acoustical parameters.

Sample Model Regression coefficients R
No. ap ap az a [¢7] as

1| o, 41564 | 46835 | 2%516 | 397 | 0260 | 8475 | 09956
2 60132 | 8761557 | 57272 | 78308 | 0537 | 512 | 09721
3| W [T13673 | 7153444 | 1229208 | 16466 | 1244 | 1168 | 0.98%

00025 O Sample No.1 o
O Sample No.2 © o)
| A Sample No.3 .
0.0020 +
A
0
o 0.0015 -
£ .
= ) 5
3 00010 © N
@ A
0.0005 + A
AN A
00000t v v
0 2 4 6 8 10 12 14 16 18
Storage time (day)

Fig. 3-55. Relationships between storage time and

rise time.

- 137 -



32

O O Sample No.1
28 O O Sample No.2
i A Sample No.3
24+
€ L
>
8 20+ o}
o] ’
8 6 o)
c r O O O
X 12t A A
A A
8 A O
1 L 1 1 L 1 L 1 L 1 L 1 4

0 2 4 6 8 10 12 14 16
Storage time (day)

Fig. 3-56. Relationships between storage time and

ringdown count.
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Fig. 3-57. Relationships between storage time and

energy.
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Fig. 3-59. Relationships between storage time and
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Fig. 4-1. Force-Deformation curves of apple(Sansa) according to the storage

days.
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Table 4-1. Rupture point and elastic modulus of apple(Sansa cultivar)

according to storage days.

Storage day (day) Rupture point (N) Elastic modulus (kPa)
Avg. 144.66 1128.34
! S. D. 31.63 209.66
A Avg. 113.54 950.37
S. D. 21.64 186.67
7 Avg. 109.09 839.28
S. D. 24.38 215.86
10 Avg. 103.73 679.77
S. D. 21.48 186.25
13 Avg. 94.36 635.06
S. D. 18.58 128.16
15 Avg. 89.59 572.31
S. D. 16.50 125.91
19 Avg. 78.85 513.42
S. D. 22.37 198.84
01 Avg. 74.01 452.20
S. D. 20.44 160.53
93 Avg. 72.48 422.14
S. D. 26.31 185.80
o5 Avg. 69.03 401.70
S. D. 18.15 171.32

* Note : Avg. = average, S.D. = standard deviation
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Fig. 4-2. Trend of the rupture point and the elastic modulus of apple(Sansa

cultivar) according to the storage days.
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RP=—10.0067d°+0.3403d*— 7.5244d+ 147.3588 (#*=0.9719) (4-1)
E=—0.0353d° +2.3441d°— 68.5091d+ 1194.5293(»*=0.9963) ————(4-2)
o714, RP = Rupture Point(N)
E = Elastic modulus(kPa)

d = Storage day(day)
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Table 4-2. Bioyield strength of apple(Fuji cultivar) according to the storage days.

Storage day (days) Bioyield strength (kPa)
60 181.505
70 172.018
80 182.422
90 170.712
100 189.843
110 165.509
120 194.917
130 199.058
140 220.356
150 190.365
160 174.323
230
220 -
=
£ 210}
=
S0 200 |
o {
g -/
5 190 | o °
©
g e ® .
= N\ '
170 | d '
[ ]
160 1 1 1 1 1 1 1 1 1 1 1

50 60 70 80 90 100 110 120 130 140 150 160 170

Storage day (days)

Fig. 4-3. Bioyield strength of apple(Fuji cultivar) according to the storage
days.
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Table 4-3. Bioyield strength of pear(Niitaka cultivar) according to the

storage days.

Storage day (days) Bioyield strength (kPa)
60 144 .350
70 138.855
80 126.766
90 171.824
100 157.555
110 137.293
120 155.832
200
~ 180
[y]
[a
=
= 160 |
o]
o
g
v 140
el
T
E 120
m
100 : : : : :
50 60 70 80 90 100 110 120 130

Stroage day(days)

Fig. 4-4. Trend of the ioyield strength of pear(Niitaka cultivar) according to
the storage days.
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Table 4-4. Bioyield strength of peach(Jungbak cultivar) according to the

storage days.

Storage day (days) Bioyield strength (kPa)
3 276.824
4 178.991
5 144.390
6 182.630
8 149.681
10 114.906
12 137.668
310
3 280
&
\:‘-_:,/ 250
on
é 220
» 190
i)
(&)
=
ML 130
100

6 8 10 12
Storage day(days)

Fig. 4-5. Trend of the bioyield strength of peach(Jungbak cultivar) according

to the storage days.

- 149 -



2. A71ke] e e xg3t sl

AR e AV EEE 289 A% 54

i

Uehidlen #(4-5), (4-6)°ll= AL FF] 137HA 253 dhefe
sto] 2 gy FEA9AE e

ol
o
Mo

0.010 |-

0.005 |-

0.000

Amplitude (V)

-0.005 -

-0.010 |-

I I I I I I I I I
0 2000 4000 6000 8000 10000 12000 14000 16000 18000 20000

Time (micro-sec)

(a) time domain

o 4 "'-ﬁ:"‘u—h.,.--. H
o 0s 1 1.5 ] 1L
Fregiusmey (HX) W |:|"

(b) frequency domain

Fig. 4-6. A typical transmitted ultrasonic signal from the apple sample.
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Table 4-5. Ultrasonic parameters of apple(Sansa cultivar) according to the

storage days.

Sd TF v Al Max. a | Min.a | Ac max. a | Ac min. a |Ac max. a/T

(Days) (us) m/s) | (kg/m's) | (V) W) (dB) (dB) (dB/m)
Avg. | 435 |187.595 - 0.00618 {-0.01095 | -98.4378 | -93.4054 |-1211.8465

: S D 280 10152 - 0.00148 | 0.00235 | 2.3191 2.0292 | 53.5515
Avg.| 479 |168.488 - 0.00488 |-0.00833 |-100.4106 | -95.7092 |-1251.7861

! S.D.| 400 | 1259 - 0.00100 | 0.00142 | 1.8955 1.6364 37.2691
; Avg.| 504 |157.267 | 129820.06 [0.00374 |-0.00415 |-102.8476 |-102.0069 |-1306.9964

S.D.| 490 12651 12079.41 |0.00103 | 0.00113 | 2.5383 2.7962 | 44.3365

Avg.| 575 |137.567 | 114155.00 [0.00276 |-0.00272 |-106.0382 |-106.4871 |-1365.7054
o S D 80 |18714 | 1553093 |0.00112 | 0.00112 | 4.2363 50079 | 75.2123
Avg.| 614 |132.140 | 108962.31 [0.00290 |-0.00254 |-105.1570 |-106.4573 |-1324.4896
. S.D| 920 |18.848 | 16341.29 |0.00092 | 0.00097 | 2.7951 31719 | 586714
Avg.| 631 |127.655 | 105288.23 [0.00247 |-0.00234 |-106.5991 |-107.7121 |-1347.6841
© S.D.| 80 |17.597 | 14012.19 |0.00080 | 0.00160 | 2.9728 40979 | 464673
Avg. | 652 122485 | 100595.69 [0.00195 |-0.00160 |-108.3334 |-110.3603 |-1366.4786
. S.D.| 580 |10.240 8909.96 10.00037 | 0.00051 | 1.7433 2.9634 | 48.8081
ol Avg.| 814 | 98252 | 8116524 [0.00145 |-0.00113 |-110.9787 |-113.1142 |-1417.9412
S.D| 132 | 14206 | 1226312 |0.00033 | 0.00023 | 2.0635 1.6791 40.9562
Avg.| 813 | 98518 | 80281.11 [0.00149 |-0.00121 |-110.8579 |-112.6417 |-1427.1523
. S Dl 138 |18942 | 15915.35 |0.00041 | 0.00033 | 2.5377 2.3528 | 53.6295
- Avg.| 681 |114.597 | 9392222 |0.00133 |-0.00158 |-114.2040 |-110.4872 |-1504.6750

S.D.| 116 |19.060 | 15800.80 |0.00091 | 0.01053 | 9.3222 3.0017 | 118.5347

* Note : Sd = storage day(days), TF = time of flight(us)

TV = transmitted velocity(m/s), Al = acoustics impedance(kg/m’s),
Max. a = maximum amplitude(V), Min. a = minimum amplitude(V),
Ac max. a = attenuation coefficient at maximum amplitude(dB),
Ac min. a = attenuation coefficient at minimum amplitude(dB),

Ac max. a/T = Ac max. a/Thickness(dB/m), Avg. = average,

S.D. = standard deviation
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Table 4-6. Ultrasonic parameters of apple(Sansa cultivar) according to the
storage days(continued).

Sd Ac min. a/T 1 peak 2 peak 3 peak 4 peak
(Days) (dB/m) (Hz) (Hz) (Hz) (Hz)
) Avg. -1149.92576 22971086 3%.715H 531.6103 904.5374

S. D 50.46392 171.3992 2211763 360.7740 760.2602
A Avg. -1193.26698 3501259 281.3593 576.3444 908.2852
S.D. 3749828 184.7312 178438 414.8790 4546260
. Avg. -1296.16627 2330097 427.4097 487.66% 1032.1817
S. D 41.94374 144.4618 2303719 3925791 7265408
10 Avg. -1371.59490 281.3215 303.7378 92715 667.5547
S.D. 84.52099 162.0861 1921.9448 3606071 613.8816
Avg. -1340.90704 3488130 3435223 533707 833.3832
= S.D. 62.96068 149.3215 276.2090 3637827 787.01%
Avg. -1362.20023 406.0863 4338311 507.6205 1189.9097
b S.D. 67.34538 6905793 310.2683 3870735 11466965
Avg. -1391.80383 1280.7091 766.0545 1109.9318 1167.2136
B S.D. 53.33448 15305779 1121.3472 1311.7948 13350121
Avg. -1445.35370 1665.7818 1194.2227 1030.3000 14432545
A S. D 4312038 16565.2583 1510.7860 1246.3603 1450.4601
Avg. -1450.75636 1180.8200 1482.2133 129%6.1533 1304.3267
23 S. D 69.71798 16139849 1568.3409 1575.2948 1504.7552
Avg. -1456.43271 871.0698 7795964 344.8801 2067.6623
» S. D. 544191 1349179 1364.4823 11689065 16366379
* Note : Sd = storage day(days), Avg. = average, S.D. = standard deviation,

Ac min. a/T = Attenuation coefficient in min. amp./Thickness(dB/m),

1 peak = First peak frequency(Hz), 2 peak = Second peak frequency(Hz),

3 peak = Third peak frequency(Hz), 4 peak = Fourth peak frequency(Hz),
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4 9 (frequency domain)oll A1 ¢] I3 Fi+E&
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Table 4-7. Correlation coefficient between ultrasonic properties and mechanical

properties of apple.

Rupture point (N) Elastic modulus (kPa)
Time of flight (s) -0.4966 -0.6173
Transmitted velocity (m/s) 0.5066 0.6748
Acoustics impedance 0.5317 0.6832
Max. amplitude (V) 0.5966 0.7037
Min. amplitude (V) -0.4835 -0.5793
Attenuation coefficient in max. amp. 0.5223 0.5754
Attenuation coefficient in min. amp. 0.5138 0.6293
A“e“uamﬁﬁf&i‘; in max 0.3136 0.4821
A“e“‘laii‘; goeient in 0.2814 0.5095
First peak frequency -0.2131 -0.2161
Second peak frequency -0.1014 -0.1153
Third peak frequency -0.1214 -0.1559
Fourth peak frequency -0.0999 -0.1138
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Table 4-8. Multiple liner regression equation for rupture point of the apple as a
function of ultrasonic parameters.

RP = axXV+bXA+cxXAs+d Coefficient of
Variables determination
Coefficients Standard error t-ratio (R
a 0.1707 0.0851 2.0052
b 10588.2376 2231.8438 4.7442
0.5635
c -0.0256 0.5001 -0.0511
d 38.5179 56.9086 0.3758

* NOTE : RP = Rupture point (N),
V = Transmitted velocity (m/s),
Al = Max. amplitude(V),
A2

Attenuation coefficient in max. amplitude (dB)
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Table 4-9. Multiple liner regression equation for elastic modulus of the apple as
a function of ultrasonic parameters.

E = axV+bhXA;+cXAotd Coefficient of
Variables determination
Coefficients Standard error t-ratio R
a 3.3322 0.6318 5.2743
b 76734.3351 16566.4495 4.6319
0.7089
c 1.4117 3.7120 0.3803
d 144.6006 422.4194 0.3423

* NOTE : E = Apparent elastic modulus (kPa),
V = Transmitted velocity (m/s),
Al = Max. amplitude(V),

A2 = Attenuation coefficient in max. amplitude (dB)
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Table 4-10. Ultrasonic parameters of the apple sample according to the storage

days.

Spectrum density

D | V| Max | Coeff. | Gap AA11 DD11 DD10

(days)| (/s) | (V) | (@B | (V)
1000 | 2000 | 3000 | 2000 | 4000 | 6000 | 8000 | 6000 | 9000 {12000
(Hz) | (Hr) | (Hz) | () | (Hp) | (Hz) | (Hg) | (o) | (o) | ()

15000
(Hz)

60 1226.245|0.013| -91.687 | 0.041 | 264.0|48.49| 20.32 | 0.320 | 23.63 | 5.641 | 0.552 | 3.418 | 5.031 | 1.074

0.248

70 1221.252) 0.015 | -90.495 | 0.039| 161.0 [55.26 | 25.70 | 0.873 | 28.46 | 12.59 | 1.118 | 3.733 | 5.095 | 0.605

0.238

80 |223.121]0.016 | -89.769 | 0.041 | 193.2 {52.15| 30.77 | 0.636 | 26.62 | 8.689 | 0.954 | 8.085 | 3.639| 0.720

0.239

90 214.965|0.008 | -96.042 | 0.023 | 120.2 | 13.64 | 4.395 | 0.033 | 2.945 | 1.364 | 0.220 | 0.742 | 0.325 | 0.067

0.019

100 |227.050]0.039| -90.189 | 0.058 | 180.1|24.41]5.928 | 0.201 | 11.27 | 2.934 | 0.278 | 1.142 | 1.344 | 0.264

0.067

110 |235.033]0.016 | -90.132 | 0.039 | 259.1 |38.41|11.50 | 0.504 | 17.79 | 2.671 | 0.405 | 4.335 | 2.094 | 0.865

0.141

120 |247.849/0.016 | -89.931 | 0.042 | 302.6 |52.43| 14.15| 041 | 16.43 | 4.368 | 0.559 | 2.609 | 2.509 | 1.132

0.101

130 |238.320]0.014 | -91.383 | 0.039 | 235.5|40.17| 12.19 | 0.643 | 22.05 | 5.450 | 0.875 | 2,618 | 1.699 | 0.387

0.131

140 |233.479]0.013 | -92.136 | 0.032 | 236.1 |34.27| 7.939 | 0.307 | 1043 | 2.344 | 0.395| 2.218 | 1.405 | 0.164

0.079

150 |221.182]0.012 | -92.542 | 0.033 | 208.0 |35.31]10.99 | 0.166 | 8.972 | 2.073 | 0.336 | 2.690 | 1.372 ] 0.349

0.091

* NOTE :

SD = Storage day (day), V = Transmitted velocity (m/s), Max. = Max. amplitude (V),

Coeff. = Attenuation coefficient at max. amplitude (dB),
Gap = A gap of max. amplitude and min. amplitude (V),
AAl1l

DDI11
DD10

11th low frequency component of wavelet decositions,

11th high frequency component of wavelet decositions,

10th high frequency component of wavelet decositions,

7 FA FF) ARA GRYES 23 S Fuw

oot
d
N
b
49
PN'

F(@-1Del= Aol A=A

ox getuHE 7he] ARA L=

|
A5kl o] gho] mlwd =W AES YERIY X (4-10)°] A spectrum density
9] AAll, DD11 ¥ DD1052 Z+Z} wavelet H3boll M A Fu HE 3 1F34
A T

N
N
°

s YEUE Aotk A B npel 2
g 259 v EE 7k H]
%9} spectrum density ] DD11(8000 Hz)oll A& A Al47F wj-9- w7 vebwt

L
S o
S &
)
:
rr
£l

- 156 -

WEA FRAES} B AT
4 w2 vdehen), 283 a4



Table 4-11. Correction coefficient among bioyield strength of the apple

(Fuji) and spectrum densities at various frequencies.

Bioyield Strength (kPa)
V (nys) 0.3133
Max. (V)
Coeff. (dB)
Gap (V)
AA11 1000 Hz
AA11 2000 Hz
AA11 3000 Hz
DD11 2000 Hz
DD11 4000 Hz
) DD11 6000 Hz
Density DD11 8000 Hz
DD10 6000 Hz
DD10 9000 Hz
DD10 12000Hz
DD10 15000Hz

* NOTE : V = Transmitted velocity (m/s),
Max. = Max. amplitude (V),
Coeff. = Attenuation coefficient in max. amplitude (dB),

Spectrum

Gap = A gap of max. amplitude and min. amplitude (V)
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Fig. 4-7. A typical transmitted ultrasonic signal from the pear sample.
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Table 4-12. Ultrasonic parameters of the pear sample according to the storage

days.

Spectrum density

SD Vv Max. | Coeff. | Gap AA12

DD12

DD11

(days)| (vs) | (V) | @ | V)
1000 | 2000 | 3000 | 2000
(tz) | () | () | (Hz)

4000
(Hz)

6000
(Hz)

8000
(Hz)

6000
(Hz)

9000
(Hz)

12000
(Hz)

15000
(Hz)

60 |194.566| 0.007 | -97.192|0.019|78.61| 6.59 | 0.30 | 4.75

4.23

0.0003

0.013

9.26

0.279

0.0003

0011

70 1199.990| 0.009 | -95.555|0.024|105.9|17.60| 0.38 | 6.34

29.2

0.0004

0.068

8.48

0.273

0.0005

0011

80 |191.997| 0.008 | -96.497|0.017 |67.09| 5.92 | 0.29 | 3.07

7.65

0.0008

0.020

4.69

0.144

0.0001

0.005

90 |182.433] 0.004 |-102.515|0.011|11.13| 0.76 | 0.04 | 3.38

4.91

0.0002

0.013

201

0.061

0.00004

0.003

100 |188.526] 0.004 |-101.938|0.010 | 24.68| 2.71 | 0.04 | 1.38

1.73

0.0003

0.005

4.40

0177

0.00005

0.006

110 |188.413] 0.010 | -94.459 | 0.020 | 72.67 |12.02]| 0.24 | 10.8

20.1

0.0012

0.064

7.31

0.347

0.00005

0.010

120 |192.965| 0.007 | -97.301 | 0.017 | 43.56| 4.84 | 0.25 | 6.98

6.64

0.0005

0.020

10.1

0.345

0.0002

0.013

* NOTE : SD = Storage day (day),
V = Transmitted velocity (m/s),
Max. = Max. amplitude (V),

Coeff. = Attenuation coefficient in max. amplitude (dB),

Gap = A gap of max. amplitude and min. amplitude (V)
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Table 4-13. Correction coefficient among bioyield strength of the pear and

spectrum densities at various frequencies.

Bioyield Strength (kPa)

V (/s) 0.7045
Max. (V)
Coeff. (dB)
Gap (V) 0.7283
AA12 1000 Hz
AA12 2000 Hz 0.6371
AA12 3000 Hz 0.4939

DD12 2000 Hz
DD12 4000 Hz
, DD12 6000 Hz
Density DD12 8000 Hz
DDI11 6000 Hz
DD11 9000 Hz
DD11 12000Hz
DD11 15000Hz

% Note : V = Transmitted velocity (m/s),
Max. = Max. amplitude (V),

Coeff. = Attenuation coefficient in max. amplitude (dB),

Spectrum

Gap = A gap of max. amplitude and min. amplitude (V)
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Fig. 4-8. A typical transmitted ultrasonic signal from the peach sample.
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Table 4-14. Ultrasonic parameters of the peach sample according to the

storage days.

Spectrum density

SD \4 Min. | Coeff. | Gap | AA11 DD11 DD10

(days)| (m/s) ) (dB) V)
100 1500 | 2000 | 2500 | 3000 | 4000 | 5000
(Hz) (Hz) (Hz) (Hz) (Hz) (Hz) (Hz)

184.011]-0.009|-94.79]0.0125|5.4848 | 0.0066 | 0.0087 [ 0.0022|0.0180|0.0169|0.0179

184.329]-0.005|-100.4{0.0069 | 3.7843]0.0126 | 0.0060 | 0.0018 | 0.0090 | 0.0083 | 0.0085
188.214]-0.004 | -102.3|0.0056|3.0617 | 0.0049 | 0.0029 [ 0.0010|0.0042 | 0.0027 | 0.0027

168.378]-0.003 | -104.1]0.0046 | 2.2327 | 0.0044 | 0.0027 | 0.0009 | 0.0042 | 0.0032 | 0.0032

@ | OO ] W

218.966|-0.003|-104.0|0.0052|1.8264 | 0.0019 [0.0051 | 0.0014 [0.0032 | 0.0029 | 0.0030

10 [219.577|-0.003|-104.8|0.0044 | 2.0063|0.0033]0.0032|0.0010|0.0065|0.0020|0.0020

12 1161.376|-0.002|-106.6|0.0035|4.3973|0.0029 |0.0027 | 0.0011 [ 0.0028 | 0.0012 | 0.0012

* NOTE : SD = Storage day (day),
V = Transmitted velocity (m/s),
Max. = Max. amplitude (V),
Coeff. = Attenuation coefficient in max. amplitude (dB),

Gap = A gap of max. amplitude and min. amplitude (V)

2) Hwote] AeA FHFEe} 259 54| FaaA

E(4-15)0= HFote] AEA FHAES 253 dovEE He] A
S A3k o] Frel My =dd AES YERUTE E(4-15)°1 A spectrum
density®] AAll, DD11 ¥ DDI10%< ZtZt wavelet W3lo| A A Fu4 AR
LFIg QS YERE Bolth Egole] A= mollA K= uhel o] A
A FEAE} & AN n9d 251 FdgvHE Fo Al 7F Bl
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Table 4-15. Correction coefficient among bioyield strength of the peach

and spectrum densities at various frequencies.

Bioyield Strength (kPa)
V (y/s) 0.7544

Min. (V)
Coeff. (dB)

Gap (V)

AA11 100 Hz
DD11 1500 Hz
DD11 2000 Hz
DD11 2500 Hz
DD10 3000 Hz
DD10 4000 Hz
DD10 5000 Hz

Spectrum

Density

#* NOTE : V = Transmitted velocity (m/s),
Max. = Max. amplitude (V),
Coeff. = Attenuation coefficient in max. amplitude (dB),
Gap = A gap of max. amplitude and min. amplitude (V)

3. e =4
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=g s
M e R
D Apzte] e F5705 34

AtEe]l AEA FEAEE FH57] 9% 253 JYvHERE E4-16)9A]
Hizvkel o] AJ@ASIE vnd EA(eF 05014 AW, ZAAF(H AR
Z) A - JAZ 2} spectrum densitys 13719 FEHEHE & £ gtk o
H ByolE zto] A& WMFrt JowME A3 AT ¢ s B
Bygolnz o)AM= 137F /‘”&7414:7} A E=okd 8709 wEtu gz
S st ®okth 8719 259 SV E (AN E, A AS, Ad - AL

—

rﬁ 1-1:1 ol -
1 ot rlo
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o] =}, spectrum density [AA1l, DD11, DD10)S W2 at= Alae] FEA 3
BEAEE FAFIE A A gedd 3AAS E(4-16)o] LER AT

Table 4-16. Multiple linear regression equation for bioyield strength of the

apple as a function of ultrasonic parameters.

BS = aXAl+bXA2Z+ cXA3+ dXA4+ eXAS+ fXAG+ gXAT+hxA8+1i
RZ

Coefficient | 338.0006 | 072265 | -144% | 56004 | -4.8574 | 100684 | -87.3383 | -346.522 | 834342 | 09986

* NOTE : BS = Bioyield Strength (kPa), Al = Max. amplitude(V),
A2 = Spectrum density(AA11, 2000 Hz), A3 = Spectrum density(AA11, 3000 Hz),
A4 = Spectrum density(DD11, 6000 Hz), A5 = Spectrum density(DD11, 8000 Hz),
A6 = Spectrum density(DD10, 6000 Hz), A7 = Spectrum density(DD10, 9000 Hz),
A8 = Spectrum density(DD10, 12000 Hz), A9 = Spectrum density(DD10, 15000 Hz)

ﬂ

2) W] BEA FEAE 372

ol AEA FEAEE FH37] A 253 e HEZE R(@-17)AA
Hevpel o] AaAAG7E vlaA EZ=Qkel(eF 050174) AUz E, A AF(FH g
Z) Ao - H AW E9 2} spectrum densitys 13719 et EHE 5 & 9tk 13
Aol stetnly F AT IE vy =gd 570 devHE B S JfEetd
wBokeh 57He] &3 S E(H NS, ZAAS, HAd - HAAFe] A
spectrum density [AA12, DD12, DD11))E& ® 42 sl= Hje] AEA AHFEE
FAste] Ao A¥ Ay IAAE BU-1DA HEFH AT

4»

]=J
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Table 4-17. Multiple linear regression equation for bioyield strength of the

pear as a function of ultrasonic parameters.

BS = axXAl+bxXAZ+ cxXA3+ dXA4+ exXAS+ T

Coefficient |-10055.267| -5.2225 | 2.9328 |7658.9599(6048.5511|186.3582 | 0.9864

* NOTE : BS = Bioyield Strength (kPa), Al = Max. amplitude(V),
A2 = Spectrum density(AA12, 2000 Hz), A3 = Spectrum density(DD12, 4000 Hz),
A4 = Spectrum density(DD12, 6000 Hz), A5 = Spectrum density(DD11, 15000 Hz),

3) Bgolel AEA FERPE 394

ot AEA FEAEE FASHY] T 259 JYVHERE F(4-18)
oA Heupel o] AdAFTE Bl ERdW(eF 050174) AW E, AT
(FHAZ) Hff - H 27022 2, spectrum densitys 13719 steEngHE &

Uk 13709 Fepry T AuATrE ¥ad m=3d 578 serE R RE S
Adkste] ®okrh 570 &9 ﬂJrE}U]Eﬂ(JJEHXJ%, dAAG, A - HAAE
2}, spectrum density [AA11l, DD11, DD10)E W2 dhe Ao AEA &%
AeE FAT F dE Ay IANS ﬁ(4—18)°ﬂ e AT

i
o

N
=

Lo

Table 4-18. Multiple linear regression equation for bioyield strength of the

peach as a function of ultrasonic parameters.

BS = aXxXAl+bXAZ2+ cXA3+ dXA4+ exXAL+{

Coefficient | 10081.5409 | -0.5289 |-85232.026| -10030.8751 | 28960.9236 |241.562| 0.9844

* NOTE : BS = Bioyield Strength (kPa), Al = Min. amplitude(V),
A2 = Spectrum density(AA11, 100 Hz), A3 = Spectrum density(DD11, 2500 Hz),
A4 = Spectrum density(DD10, 3000 Hz), A5 = Spectrum density(DD10, 4000 Hz)

- 165 -



RN B9 29 AR

1) Akt

05 28 A4S LesA &S A5 SAA A3t vig- E-bgstA Ak
olgfg T B WEEAAN freofgt SFHUFES A5y flste] oy 71
SA% e Ee] AgH o, 2 AelA E4staurt o}~ Z3 9

shetelel g Aestad sl

& Fsho] A4

= AnAze Agghe] 19 71e4E 5 W Alolo] AbE o]FEA o] mj9-
Fomn, FAAgol EAFS ondth. AF7HA9 Abdtel] digk 5T et E
E o] AHdEAE B(U-190AAH 248 Aas 2AR AT 0.92¢9]
el wg A FHdAE vkl FRARE FasER, HAvA %)c,

/}j
spectrum density 59 45 A9fstal dEste] 10719 =& veulE =
SR ddsigin
Aeie 10709 255 gl A d s, HAgiua, Hdu e 344
F, HAYae #FaAS, HAd-HAI 9, spectrum density & AAll
1000-2000 Hz, DD11 8000 Hz, DD10 6000-12000 Hz 5& 7[IAa FAHE &
A& AABEAT ool Abgd 2L Matlab 6.5 (Matwoks Ins., USA)©]

A= F@-109] Feseo] dew, HA
Aol o2& F4dtol AAl ]Ei kil M 99%° 1*&% ZF
1{]_.

PC1 = 0.3822xAI+0.1746xMax.+0.4220x AC1+0.4240x AC2+0.2795x GAP
+0.3017xA(1000)+0.3058x A(2000)+0.2183xD1(8000)+0.3273*xD0(6000)
+02194><D0(12000) ....................... (4_3)

PC2 = -0.2009xAI-0.2470xMax.-0.3027xAC1-0.3154x AC2-0.1175xGAP
+0.0757xA(1000)+0.3804x A (2000)+0.3270xD1(8000)+0.2003>xD0(6000)
+06296><D0(12000) ....................... (4_4)
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PC3 = -0.0359xAI+0.3091xMax.—-0.1307x AC1-0.1179x AC2+0.1830x GAP
+0.2675x A (1000)-0.2233x A(2000)-0.7047xD1(8000)+0.1843xD0(6000)
+0.4322xDO(12000) = + =+ o e e e e e e e e e e e e e e e (4-5)

PC4 = -0.1537xAI+0.6861xMax.—-0.2395x AC1-0.2011x AC2+0.4283xGAP
-0.2995x A (1000)+0.0435x A (2000)+0.3301 xD1(8000)+0.1070xD0(6000)
—0.1116XDO12000) = + = + = o e e e e e e e e e e e e e (4-6)

* NOTE :
Al = Acoustic impedance (kg/m’s), Max. = Max. amplitude (V),
AC1 = Attenuation coefficient in max. amplitude (dB),
AC2 = Attenuation coefficient in min. amplitude (dB),
Gap = A gap of max. amplitude and min. amplitude (V),
A(1000) = Spectrum density(AA11, 1000 Hz),
A(2000)= Spectrum density(AA11, 2000 Hz),
D1(8000) =Spectrum density(DD11, 8000 Hz),
D0(6000) = Spectrum density(DD10, 6000 Hz),
DO0(12000) = Spectrum density(DD10, 12000 Hz)
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Table 4-21. Multiple regression equation of bioyield strength of the apple as a

function of principal component

Y = axXPC1l+bXPC2+ cXPC3+ dXPC4

R2
a b c d e

Coefficient |-0.04866|-0.10429| 0.04303 | 6.5632x10™" |51.13991| 0.6532

* NOTE : Y = Principal component of bioyield strength (normalized)

PC1 = 1st principal component, PC2 = 2nd principal component,

PC3 = 3rd principal component, PC4 = 4th principal component

2) W

L

2 AFNA A A sk 253 v H(TOF, +3ddd 2, Hda=a
Zr, A A4, spectrum density %)< uf

b 19EA 1 Sk A ] e
of 7t 23 erlEE kel AREAL Sahe] 44T AfrEE AP
A shglh

z, guAse Aol 16 7 F g Aol 4 SJEA o]
e I L I PR T P
AE FAF A%E B2 JEhiov], 1 A%E TAZ FRAFI 09

HAE vede Fa&=, Adaa g, Hx93 @, A
2y ae] fgAAS, HAd - HAaIA gkl A, spectrum
density 59 4FE A9t AWste] 79 259 DErHES SAHAMSE
83} k.

A hel 253 Sen E(FAARY FEFJI G2 spectrum density
AA12 3000 Hz, DDI12 2000 - 6000 - 8000 Hz, DD11 6000 Hz )& 71 F4
WA AAE ofel AREF 232 Matlab 6.5 ©] .

F(4-23)ell 4] Hogx]=upel zro] wfoAe] A Fgw Abe] A -oF wpirhA|
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2 AA e FAEENA A HAAM v MA o2 FAEol HAA dHelE

wolo] 9990l e AH et o vheideh wekd wguEeh 28 e

BE o]gato] obeist @ol A 1 ~ 4 FAES 247 ehd 5 Al

PC1 = 0.50386xTOF+0.50815x AI+0.35259% A (3000)+0.29238xD1(2000)
+0.25939xD1(6000)+0.25106xD1(8000)+0.38444xD0(6000) ~ « « - - - (4-7)

PC2 = 0.49695xTOF+0.39588x A1-0.33178xA(3000)-0.35712xD1(2000)
-0.17379xD1(6000)-0.56155xD1(8000)-0.11471xD0(6000) - - - - - (4-8)

PC3 = 0.13854xTOF-0.00515xAI-0.48442x A (3000)+0.29338xD1(2000)
+0.65453xD1(6000)+0.11166xD1(8000)-0.46815xD0(6000) ~ « - - - - (4-9)

PC4 = -0.20528xTOF-0.17011xAI-0.05824x A(3000)+0.28051xD1(2000)
+0.36146xD1(6000)-0.66450xD1(8000)+0.52405xD0(6000)  « -« - - - (4-10)

* NOTE : TOF = time of fly (s), AI = Acoustic impedance (kg/m’s),
A(3000) =Spectrum density(AA12, 3000 Hz),
D1(2000) = Spectrum density(DD12, 2000 Hz),
D1(6000)= Spectrum density(DD12, 6000 Hz),
D1(8000) =Spectrum density(DD12, 8000 Hz),
DO(6000) = Spectrum density(DD11, 6000 Hz)

- 171 -
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Table 4-24. Multiple regression equation of bioyield strength of the pear

as a function of principal component.

Y = axXPC1l+bXPC2+ cXPC3+ dXPC4

a b C d e

Sample | -84.8328 | 206.0954 | 124.2569 | 222.4455 | 15.8567 | 0.8343

* NOTE : Y = Principal component of bioyield strength (normalized)

PC1 = 1st principal component, PC2 = 2nd principal component,

PC3 = 3rd principal component, PC4 = 4th principal component
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PC1= 0.37433xAI+0.54094x AC1+0.54127x AC2+0.23542x A (100)+0.21854xD1(1500)

+0.33453xD1(2500)+0.24330xD0(3000) « + =+« = s e e e e e e (4-11)
PC2= -0.62321xAI-0.06819x AC1-0.08979x AC2-0.13274x A(100)+0.36844xD1(1500)
+0.44163xD1(2500)+0.50049xD0(3000) « =« =+ = = o e e e e (4-12)
PC3= -0.10100xAI-0.10789x AC1-0.07474x AC2+0.68698x A (100)-0.50227xD1(1500)
-0.10174xD1(2500)+0.48786xD0(3000) = + = « =+ =+ = o+ oo e (4-13)
PC4= 0.28417xAI-0.31600x AC1-0.32165x AC2+0.50882x A(100)+0.66974xD1(1500)
-0.01622xD1(2500)-0.09068xD0(3000) = + = « « =+ o e e e e e (4-14)

* NOTE : Al = Acoustic impedance (kg/m’s),

AC1 = Attenuation coefficient in max. amplitude (dB),

AC2 = Attenuation coefficient in min. amplitude (dB),
A(100) = Spectrum density(AA11, 100 Hz),
D1(1500)= Spectrum density(DD11, 1500 Hz),
D1(2500) =Spectrum density(DD11, 2500 Hz),
DO(3000) = Spectrum density(DD10, 3000 Hz)
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Table 4-27. Multiple linear regression equation of bioyield strength of the

peach as a function of principal component.
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Table 4-28. Correlation analysis between measured bio yield strength of
apple and predicted one by ANN at several numbers of node
in the hidden layer.

No. of node| 2 4 6 8 10 12 14 16

Coefficient
of 0.4129]0.2919(0.5323(0.7070]0.6625[0.7277|0.7398 |0.8734

correlation

Input node 1
Output node (BS)

Input node n

Input layer =~ Hidden layer Output layer

Fig. 4-9. Artificial neural network.
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Table 4-29. Correlation analysis between measured bio yield strength of
pear and predicted one by ANN at several numbers of node

in the hidden layer.

No. of node| 1 3 5 7 9 11 13 15

Coefficient
of 0.744010.7657]0.3926(0.8464|0.9834 10.8934 10.98410.9981

correlation

Table 4-30. Correlation analysis between measured bio yield strength of
peach and predicted one by ANN at several numbers of node
in the hidden layer.

No. of node 1 3 5 7 9 11 13 15

Coefficient
of 0.91271]0.9392(0.9559(0.9319/0.9512(0.98070.974710.9996

correlation

Bpolel A BE ¥ Ads sAAAR F 1049 283 weteleE ol
&

&ste] 2ol FdE AFAAES TSI VAR HArEFE 27
At =45 1~15707HA S7HA1718 A JIFAA S st5Azl § A %
w3 gEnE o] AAEe dEete] FEAEE JdF3Ah 2(4-30)2 L A
2A AAEe] weg STt wE ASiH dSa Atelo AdATE diAlF
o2 HA mE=Foll A FHAAZE 090]74S YER ST
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Table 4-31. Comparison results of bioyield strength of apple among
measured, multiple linear regression, principal component

analysis and artificial neural network.

A time Measured MLR PCA ANN
1 181.505 182.771 180.720 177.738
2 172.018 172.507 178.394 166.442
3 182.422 183.054 180.014 182.293
4 170.712 170.792 176.308 183.375
5 189.843 190.614 185.275 195.043
6 165.509 166.323 186.178 170.067
7 194.917 195.886 193.848 182.507
8 199.058 199.886 188.104 202.073
9 220.356 220.898 220.360 210.455
10 190.365 192.763 177.539 196.746
r? - 0.9986 0.6532 0.7629

* Note : Measured = Bioyield strength (kPa)
MLR = Multiple linear regression,
PCA = Principal component analysis,

ANN = Artificial neural network,

r? = Coefficient of determination
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Fig. 4-9. Comparison result of bioyield strength of apple among measured,
multiple linear regression, principal component analysis and artificial

neural network.
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Fig. 4-10. Calibration and prediction to bioyield strength of apple by multiple linear

regression, principle component analysis and artificial neural network.
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Table 4-32. Comparison results of bioyield strength of pear among measured,

multiple linear

regression, principal

artificial neural network.

component analysis and

A time Measured MLR PCA ANN
1 144.350 163.247 148.681 167.246
2 138.855 158.641 128.685 157.809
3 126.766 140.456 135.746 137.908
4 171.824 173.527 169.226 175.528
5 157.555 170.357 153.915 168.939
6 137.293 157.736 139.600 159.545
7 155.832 188.540 156.614 185.511
r? - 0.6485 0.8343 0.6875

200
—e— Measured

190 - —2—MLR A
—v—PCR

180 | —<o— ANN

170 |
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160 [~ A\

150

140

Bioyield strength (kPa)

120

110

3 4

5 6 7

The number of times

Fig. 4-11. Comparison result of bioyield strength of pear among measured,

multiple

linear regression,

artificial neural network.
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180
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150 -

140 |

130

Measured value by UTM (pear, kPa)

120 1 1 1 1 1
120 130 140 150 160 170 180

Predicted value by ANN (kPa)

Fig. 4-12. Calibration and prediction to bioyield strength of pear by multiple
linear regression, principle component analysis and artificial neural

network.

Table 4-33. Comparison results of bioyield strength of peach measured, multiple

linear regression, principal component analysis and artificial neural

network.
A time Measured MLR PCA ANN
1 276.824 272.453 276.824 277.056
2 178.991 188.938 178.990 180.517
3 144.390 152.548 144.391 145.161
4 182.630 181.584 182.630 179.427
5 149.681 142.623 149.682 150.458
6 114.906 114.346 114.905 114.101
7 137.668 132.597 137.667 138.352
r? - 0.9844 0.9999 0.9991
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Fig. 4-13. Comparison result of bioyield strength of peach among measured,
multiple linear regression, principal component analysis and

artificial neural network.
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Fig. 4-14. Calibration and prediction to bioyield strength of peach by multiple
linear regression, principle component analysis and artificial neural

network.
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Table 4-34. Analysis of variance for the regression model of multiple linear
regression, principal component regression and artificial neural

network (apple).

Multiple Source | DF égﬁlafefs g/lq?g; o F Ratio Prob(F)
linear Regression| 1 |2338.4582|2338.4582|5610.5115™ 0
) Error 8 3.3344 0.4168
TEBTESSIONT potal | 9 [2341.7926
Principal | Source | DF %‘Cllﬁlafefs Isvc[lizrrle F Ratio Prob(F)
component Regression| 1 |1529.6961|1529.6961 | 15.06911" | 0.00466
) Error 8 812.0965 | 101.51206
TEBTESSIONT potal | 9 [2341.7926
Artificial Source DF glé?;aroefs g/éizrrle F Ratio Prob(F)
neural Regression| 1 |1786.4818|1786.4818| 25.73667" | 0.00096
Error 8 555.3108 69.4139
network ROl | 9 |2341.7926

Table 4-35. Analysis of variance for the regression model of multiple linear

regression, principal component regression and artificial neural

network (pear).

Multiple Source | DF élért?alf)efs 2&1?121?6 F Ratio |Prob(F)
lnear |Regression| 1 | 895.5065 | 895.5065 | 9.226757° |0.02883
. Error 5 | 485.3257 | 97.06515
TEBTESSIONT " rotal | 6 | 1380.9223
Principal | Source | DF égﬁlaroefs ls\giil?e F Ratio | Prob(F)
component|Regression| 1 | 1152.1598 | 1152.1598 | 25.18244” |0.00404
) Error 5 | 228.7625 | 45.7525
TEBTESSIONTpoal | 6 [1380.9223
Artificial | Source | DF ggﬁlalf)efs &iﬁ?e F Ratio | Prob(F)
neural Regression| 1 949.4122 | 949.4122 11.00104" ]0.02108
Error 5 431.5101 86.3020
network "ol | 6 | 1380.9223
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Table 4-36. Analysis of variance for the regression model of multiple linear
regression, principal component regression and artificial neural

network (peach).

Multiple Source | DF %lcllrt?afefs Is\giirrle F Ratio | Prob(F)
linear |Regression| 1 |16536.2256 [16536.2256| 316.1501" | 1x10~°
_ Error 5 | 261.5249 | 52.3050

FEBTeSSIONT o al 6 |16797.7505

Princial Source | DF étcllrl?afefs Is\/éizrl}e F Ratiow* Prob(F)

_ 1.468%<10
component Regression| 1 |16797.7505(16797.7505 . 0
regression| Error 5 [5.719x107°|1.144x107°
Total 6 |16797.7505
Artificial Source DF glélrlll’lalf)efs Is\giaa?e F Ratio Prob(F)
neural |Regression| 1 |16782.7901|16782.7901|5609.05647| 0
Error 5 14.9604 2.9921

network o 6 |16797.7505
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Fig. 5-1. Sketch of measurement system for mechanical property of

fruit.
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RX trans. holder
l TX trans. holder

Load Cell |—— |
s

Stepping Motor

Fig. 5-2. Composition of measurement system for

mechanical property of fruit.

Table 5-1. Specification of NI5052 digitizer

ACQUISITION SYSTEM

Resolution 8 bits
Bandwidth 15 MHz
Number of channels 2

1 GHz repetitive,

Maximum sample rate .
20 MS/s single shot

Onborad sample memory 663,000 samples
Max waveform buffer 663,000 samples
vertical ranges 50 mV to 5 V

TIMEBASE SYSTEM

20 MS/s to 1kS/s with 20,000

sample rate range ) ]
intermediate rate

Interpolator resolution 1 ns

Frequency <20 MHz with a 50% duty cycle
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Table 5-2. Specification of the ultrasonic pulser

TRANSIT TIME MEASUREMENT

Range(s) 0.1 ~ 9999
Resolution(us) 0.1
TRANSMITTER

Nominal 1.2 kV or 500 V

Energising Pulse .
1.5 ps switch selected

OUTPUT

Pulse width equal to transmit time available
Analogue Pulse
from BNC socket on rear panel.

POWER SUPPLY

Battery Internal rechargeable Ni-Cd battery.

Mains 105/125, 210/250 V ac 50760 Hz
ENVIRONMENTAL

Dimensions 186 x 130 x 186 mm

Weight 3 kg
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Fig. 5-3. Ultrasonic pulser(PUNDIT).
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Table 5-3. Specification of driving

part of moving block

Servo Motor
Capacity(W) 100
Power Supply Voltage 200VAC

Serial Encoder

13-bit incremental type

Design Revision Order

Standard

Shaft end Specifications

Straight, no key

Brake, Oil Seal Specifications

No brake, no oil seal

Servodriver
Usage Temperature 0C~557T
Speed Control Range 1 : 5000
Repeatability 2 %
Reference Input Voltage +6 VDC

Position Control Bias Setting

0 ~ 450 r/min.

Reference Input Pulse

Line driver type(+5 V)

Position Signal Output

Phase A, Phase B,
Phase C(Line driver)

Communication Interface

RS-422 A port for PC

v}, Transducer Holding Unit
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(a) TX transducer holding unit (b) RX transducer holding unit

Fig. 5-4. Transducer holding unit.
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Fig. 5-5. Lift table for fruit.
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Fig. 5-6. Load cell mounted on the RX transducer.
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Fig. 5-8. Signal flow diagram of measurement system for mechanical property of
fruit.
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Fig. 5-9. Circuit diagram of ECU CPU board.

Fig. 6-10. Photo of electrical control unit(ECU).
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Fig. 5-12. Display at automatic

operation mode
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Fig. 5-14. Graphic user interface of program (ver.0.1) for

analyzing the hardness of fruit.
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Fig. 5-15. Flowchart of program (ver.0.1) for

analyzing the hardness of fruit.
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Fig. 5-18. Performing data acquisition of measurement

system for mechanical property of fruit.

(a) Photo of analyzing the firmness of fruit.
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Fig.5-19. Operation of measurement system for

mechanical property of fruit.
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