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Measurement of Firmness in Apples Using Ultrasonic Techniques(!])

-Development of the prediction model for apparent elastic modulus and
bioyield strength of the apples-
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Fig. 1. The experimental equipment for Fig. 2. Result window of the compression
compression tests. test.
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Fig. 3. Force-deformation curves of the apple according to the storage period.
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Table 2. Bioyield point and rupture point of the apple according to the storage period

Storage period (day)
ltems 1 8 15 22 29
BP (N) AVE 33.41 22.09 17.91 13.27 10.24
SD 5.06 3.84 3.75 2.02 2.16
RP (N) AVE 49.86 41.51 35.82 33.85 30.03
SD 6.00 10.11 7.85 3.94 4.27
Note: BP=Bioyield Point, RP=Rupture Point, AVE=Average, SD=Standard Deviation
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Table 3. Bioyield deformation and rupture deformation of the apple according to the storage period

Storage period (day)
tems 1 8 15 27 29
BD AVE 2.51 1.82 1.75 1.54 1.52
(mm) SD 0.27 0.26 0.26 0.26 0.25
RD AVE 3.80 3.73 3.94 4.10 4.59
(mm) SD 0.24 0.51 0.43 0.34 0.54

Note: BD=Bioyield Deformation, RD=Rupture Deformation, AVE=Average, SD=Standard Deviation
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Table 4. Bioyield strength and ultimate strength of the apple according to the storage period

Storage period (day)
tems 3 8 15 25 29
BS AVE 586.18 387.48 314.11 232.33 195.32
(kPa) SD 88.68 67.32 65.72 34.82 57.76
us AVE 874.48 728.09 628.19 593.71 526.76
(kPa) SD 105.33 177.32 137.67 69.16 74.93

Note: BS=Bioyield Strength, US=Ultimate Strength, AVE=Average, SD=Standard Deviation
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Table 5. Apparent elastic modulus of the apple according to the storage period

Storage period (day)
ltems 3 8 15 22 29
E AVE 18233.62 17007.97 13409.15 12310.80 9387.59
(kPa) SD 2033.65 1618.12 1725.57 996.81 1407.79

Note: E=Apparent Elastic Modulus, AVE=Average, SD=Standard Deviation
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Table 6. Analysis of variance of mechanical properties for the apple according to storage period

Factors DF SS MS F-value
BP 1 3042.51 3042.51 183.01xx
RP 1 2238.05 2238.05 47 .82x*
8D 1 5.1574 5.1574 57.34xx
RD 1 3.7752 3.7752 19.97x*
BS 1 87774413 877744 .13 153.92+*
RS 1 688604.55 688604.55 47 .82 *
E 1 501278336.4 501278336.4 108.97»*
37 Aol 4, ZIAASAE € 253540 AAaA ¥4

Ao A A, 9x 9 gege v|E

2470 BFY 4

t‘“ﬁ]-r— T

sgon, Ase =g

F2AP I Ao JAY S4N @ 289 B4 UE 5

vehll= A2A]

BlE 7}

G

T 3% 3% L VA

F53 259

2479 912 Fa5 9 adede) B4 9 Dol 4B WAV EA 9o Fas 998 oduAls F94 9
o] AuAlE AT SAH SHASD MR e AU BAS dehigler 53 289 $% 459 AE
(PTP) 2 52 32 oAzl 4BA 9 2T L SYASSHE 09 £L 4B VAT Uehieh =2 2 G o
@ o) HE okt B2 A BAS BT
371 A @AAGS 283 25 AZETIRTE] B
AEPTPRI B
37 }'}% e dehieic
AL olnl g

Jgze RAR AoE AT @
oJRe Ak A1zl RN B



372 Alghe] BAASe} 285 SR ouiA WS 39ste] B

2YEAIAE ATk SIS FaEgdolne 235 3RS X 2¥EY UEgS 39due wAE
a2 mAEET: Alsle] BAAGH AMASS BT o8 9ol 289 $94Ee U Ay
UEPS 399 7RI B Btk AL BAAST RolASE A9 289 SYTe o] Zhat
7 B F3FAE tide] BFH} g oA 2MEY YEP4 39%0] 27817) BEelck

25 25

E=-8083.4856"A+23486.2697 E=-0.000958"ESDF+19875.55%6
l R?=0.7478 : R?=0,7357

20 -

Apparent Elastic Modulus (10%3*kPa)
Apparent Elastic Modulus (10*3*kPa)

0 - * 0
0.2 0.4 06 0.8 1 1.2 14 16 18 0 2 4 [ 8 10 12 14

Amplitude (V) Energy Spectral Density Function 3 (106)
Fig. 4. Relationship between apparent elastic Fig. 5. Relationship between apparent elastic
modulus and amplitude(PTP). modulus and energy spectral density

function (Range 3).

373 Aol AEAFERT ) 285 $FAF o AZPIP)He TA
3O Astel 4EATRAS NGNS 285 SENFANZPIDUTe] WAE IWCE BAY 2

20
2 ASAREYE At w289 $RATY AEEIPIE F7RKE A3 Btk oS Almtel ARz
o] ZolAw Alel TlHE H) PHATIE S2o] Zas, old] ek 2ET $HAE FEL FokshA Tk

374 Abte] AEAFRAES oA YETS 39939 B
YL A AZAREREY Fosdelig 285 $RAEY X DEEs 39se) S 1
3

g
ENE Aoz A YZALEFTIL Aol wet 239 FHA5Y VA BxF 399 Fkeke YL
2o

-475-



600 600

[BS=-267.3045°A+596.7869 BS=.2.7290°ESDF+485.2506 |
o R=0.6928 | a | R?=0.6393

500 |- - TNt s s

400

300

200 f---oreee e H g BRG]

Bioyield Strength (kPa)
Bioyield Strength (kPa)

L R R RRRRAEE

0.2 0.4 08 08 1 1.2 14 16 1.8 o 2 4 8 8 10 12 14

Amplitude (V) Energy Spectral Density Function 3 (10°6)
Fig. 6. Relationship between bioyield strength Fig. 7. Relationship between bioyield étrength
and amplitude(PTP). and energy spectral density function

(Range 3).

38 Aol GAAS 2 FEAFRFE JSAANY
381 Aol @A s

ke A 98 SAS AASE 20 RAU sl 2l o) S oot oE e 4

o2 AU 1 AAEF A $AL Skl DS ARH) B IASS Hdadn 1 AselE o

o geldl Alel J1E B4R AF 2 AF 283 SR ABYGeAY 285 $YAze AEFIP) 2

shogels) 335is] o) 2aEy AEUE SIh Aok BAASE 3SR ST oI5 wlel e A%

e SPASE se] BARAE Z2IYDatfit 702 ol8eld BAAS l5§ 2L 2L 29, de B

s e Alstel AFV), AFM), ABFL AEETP), Fohrgeel 3999 ofulx] 208 YSYHESDH 3 A
% JRHD)E kel SYESE AR DERREA TDE Aegon B4R Anke wEo) Uehic:

Table 7. Coefficients of multiple linear model for apparent elastic modulus of the apples

) =axD+ + + + +
Variables E=aXD+bXV+cXM+dXESDF+eXPTP+f p?
Coefficients Standard error t—-value .
a -80.4445 36.8642 -2.1821
b -1095444 119 738459.2561 -1.4834
c 161.8175 106.4539 1.5200
d -0.0004088 0.0003177 -1.2868 0.8021
e -3553.6391 3128.4365 ~1.1359
f 16823.0998 5451.1015 3.0861
Note : D=Days of storage, V=Volume of apple (n'), M=Mass of apple (kg)
ESDF=Energy spectral density function of the range 3, PTP=Peak-to-peak of the amplitude (V)
Table 8. ANOVA table of the model for apparent elastic modulus of the apples
Source DF SS MS F-value
Regression 5 448279044 .9 89655808.98 33.15243677 %=
Error 43 11628707.5 2704350.5
Total 48 564566116.4

Note : DF=Degree of freedom, SS=Sum of squares, MS=Mean square
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Table 9. Coefficients

of multiple linear model for bioyield strength of the apples

. E=axXD+bXV+cXM+dXESDF+eXPTP+f 2
Variables R
Coefficients Standard error t—value
a -3.6363 1.2554 -2.8965
b 3836.4840 25148.3147 0.1525
c ~1.0152 3.6253 -0.2800
d 2.5907E-06 1.0820E-05 0.2394 0.7439
e -212.6412 106.5392 -1.9958
f 693.3404 185.6378 3.7349

Note : D=Days of storage, V=Volume of apple (m'), M=Mass of apple (kg)

ESDF=Energy spectral density function of the range 3, PTP=Peak-to-peak of the amplitude (V)
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Table 10. ANOVA table of the model for bioyield strength of the apples

TE e AE

Source DF SS MS F-value
Regression 5 391853.3321 78370.66641 24.9876753 %

Error 43 134864.0294 3136.372776

Total 48 526717.3614

Note : DF=Degree of freedom, SS=Sum of squares, MS=Mean square
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