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5- VIS/NIR spectroscopy

6- Time-resolved reflectance spectroscopy
7- Hyperspectral backscattering imaging
8- Laser induced backscattering
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4- Turgor pressure
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1- Biospeckle
2- Shelf-life
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9- Continuous convolution autocorrelation function
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Fig. 1. Mechanical test machine and biospeckle imaging system
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1- Time History Speckle Patter (THSP)

2- Autocorrelation function

3- Inertia moment (IM)

4- Absolute value of differences (AVD)

5- Gray level co-occurrence matrix (GLCM)
6- Gray level run length matrix (GLRLM)
7- Local binary pattern (LBP)

8- Wavelet transform (WT)
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Table 1- Available texture features measured by statistical techniques for each THSP image
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. * Smoothness
(Ojala et al., 2002)

» Skewness

* Mean gray level
+ Standard deviation

« Uniformity (energy)
* Entropy
* Kurtosis (4th moment)
« Coefficient of variation

* Autocorrelation

« Contrast
« Correlation
g Bl oa s plo

* Cluster Prominence

* Sum average
» Sum variance
* Sum of squares: Variance
« Difference variance

Sl * Cluster Shade « Difference entropy
(GLCM) * Dissimilarity * Information measure of correlationl
(Clausi, 2002; Ojala * Energy * Information measure of correlation2
etal., 2002) * Entropy * Inverse difference (INV)
» Homogeneity * Inverse difference normalized
» Maximum probability * Inverse difference moment normalized
* Sum entropy * High gray level run emphasis (HGRE)
. - » Short run low gray level emphasis
Short run emphasis (SRE) (SRLGE)
 Long run emphasis (LRE) « Short run high gray level emphasis
g £ sl (ot o . (SRHGE) _
* Gray level non- uniformity * Long run low gray level emphasis
St (GLNU) (LRLGE)
(GLRLM) * Run length non-uniformity « Long run high gray level emphasis
(Ojala et al., 2002) (RLNU) (LRHGE)

* Run percentage (RP)
* Low gray level run emphasis

(LGRE)

* High gray level run emphasis (HGRE)
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Force vs. Extension
Polynomial Force Function
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Fig. 2. Force-Deformation curve in compression test with fitted polynomial curve
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Table 2 - Statistical information of mechanical properties

o3l €9 Sl Caols  ole Sl il B0 S
Test Type Property Mean  Maximum Minimum devisatﬁon
) Penetrationforce 2, 511 1091190 28.200 14.879
Cusgy b (N)
- W Skin Penetration energy  »71 6og 422520 85.484 0.075
Rrey (mJ)
Penetration Test Penetrationforce 43309 69770 14800 10477
Cuogy (9 (N) ' ' ' '
WO Skin Pe”etra(t;‘]’j‘) enerey 132834  277.769  31.608 0.051
2.5% 0.433 1.722 -0.166 0.400
Tangent modulus of 5% 0.085 1.909 -0.040 0.422
S5 et elasticity (MPa) 7.5% 1.214 2.488 0.023 0.459
(BT 0 B 10% 1.534 2.876 0.066 0.495
Uniaxial Compression Secant modulus of elasticity (MPa) 1.680 2.490 0.400 0.386
Test Failure stress (MPa) 0.504 0.740 0.250 0.098
Failure strain (%) 32.720 95.260 16.720 0.098
Toughness (mJ/mm®) 0.077 0.222 0.026 0.028
Initial compliance Dy (MPa™) 1.329 1.395 1.390 0.001
IS Retarded compliance D; (MPa™) 0.050 0.242 0.033 0.022
Creep Viscosity n (Pa.s) x10° 6.448 10.082 2.035 1.552
Retardation time T, (S) 66.244 207.147 56.475 15.148
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Table 3 - Statistical comparing mean information of mechanical properties

Day Failure Failure

Initial Retarded

Retardation Penetration

) stress strain Elastic Elastic time Viscosity force (S)
3 (kpa) (%) Modulus  Modulus s) (kPa.s) N)
(MPa) (MPa)
1 495a 0.282b 1.0ab 21.013b 78.233b 1.125b 75570 b
2 478a 0.287b 1.065a 20.59b 70.453 ¢ 1.359 ¢ 72.337¢C
3 491a 0.273Db 1.13a 23.215a 63.538 a 1.468 a 69.618 a
4 501b 0.355a 0.92b 21.68Db 64.304 a 1.482 a 69.332a
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Fig.3. b: The biospeckle pattern at the wavelength of 780 nm; a: The concentration of non-zero values around the
principal diagonal of GLCM; c: Autocorrelation function
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Table 3 — Best mechanical properties prediction model using of different texture analysis technique

Type of mf No. Calibration Prediction
Mechanicgl ;rrfglt;sﬁg . _of Optim.
Property technique Input Output mrﬁ?t method RMSE., MBE¢ re RMSEr, MBEp rp
Toughness GLRLM  Tri Linear 2 B;‘rcé" 0029 0007 0732 0005 0.011 0.869
Break stress Wavelet DSig  Constant 3 Bgfé(' 0.091 0.034 0.732  0.030 0.067 0.823
Break strain GLCM Pi Constant 3 Hybrid 0.047 0.016 0.730  0.010 0.016  0.920
2.5% Wavelet  Gauss2 Constant 2 BS[E:QI(- 0.060 0.110 0.851 0.056 0.071 0.821
o 2 5%  Wavelet GBell Constant 3 Bgrc(')" 0087 0043 0709 0.120 0.099 0.778
n Q
S % 75% GLRLM  Gbell Constant 2 Bgfé(' 0028 0110 0798 0.030 0103 0.791
=9 10%  GLCM Pi Linear 3 Hybrid 0072 0166 0783 0.034  0.074 0.880
Secant  GLCM Pi Linear 3 Bgrcé" 0067 0016 0702 0.033 0143 0.843
Do LBP Gauss  Linear 3 Bsrc(f' 0028 0030 0822 0034 0028 0.808
D, THSP DSig  Linear 3 Bsrcc')" 0.095 0048 0.640 0.075 0.055 0.790
CTrgsetp Tee  THSP PSig Constant 2  Hybrid  0.010  0.007 0747 0010  0.003 0.890
M  GLRLM Pi  Constant 3 Bsrc(f' 0021 0019 0919 0067 0129 0.728
m  Wavelet Pi Linear 3 Bsrcc')" 0421 0291 0827 0.165 0.189 0.886
. Back-
Penet, Enrg GLRLM  Trap  Linear 3 oro 0269 0056 0707 0.117 0102 0.816
withskin-— ¢ qep Pi Linear 2 Bsrc(f' 0096 035 0693 0056 0071 0.883
Penet. Enrg  Wavelet Gauss Linear 2 BSrCcI)(- 0.118 0.069 0.639 0.120 0.099 0.879
without
skin F Wavelet  Trap  Linear 3 B[?fé(' 0246 0166 0.682 0030 0103 0.853

a: F: Force, E: Energy, S-S: Stress-Strain, Dy: Initial compliance, D;: Retarded compliance, n: Viscosity.

b: Tri: Triangular, Trap: Trapezoidal, Psig: Product of two sigmoidal functions, DSig: Difference between two sigmoidal functions,
GBell: Generalized bell-shaped, Gauss: Gaussian, Gauss2: Gaussian combination, Pi: TT-shaped.
c: In 2.5%, 5%, 7.5%, and 10% of initial length.
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Introduction

The texture of fresh fruit is determined by the structural and mechanical properties of tissue. It depends on
climate, maturity, variety and postharvest condition. During ripening, due to loss of turgor, degradation of starch
and cell walls, the flesh of apple softens. The relationship between fruit quality and its physiological changes has
been widely investigated. Using techniques according to the principles of force-deformation, impact, and
vibration tests, texture of fruit and its mechanical properties can be associated, conventionally. In analyzing the
vitality of biomaterials; a non-invasive technique based on the optical phenomenon is the Biospeckle method
which occurs when the surface of the sample is illuminated by laser light. It seems that because of the fact that
the laser light can penetrate tissue, it is possible to obtain information about the texture and cell condition from
tissue under the skin. This means that, there would be a chance to detect and monitor the variation of cells and
try to make a model to predict mechanical properties. Therefore, the overall objective of this study was to

develop prediction models based on biospeckle imaging to predict mechanical properties of ripe Golden
Delicious apples.

Materials and Methods

The 400 fresh and intact 'Golden Delicious' apples were harvested and were prepared for mechanical tests
and biospeckle imaging. Biospeckle imaging was carried out first, followed by compression and creep test and

then penetration test. During imaging, to avoid environmental reflections, the process was carried out in a dark
and closed chamber. Biospeckle activity was saved as a video (AVI format) in a computer for analyzing. The
THSP method was used to analyze biospeckle activity in samples. The indices which have been used for
analyzing biospeckle images are divided into 3 statistical features and 4 textural features.

Apples were cut in half. One of the halves was used for cylindrical sample extraction for uniaxial
compression and creep tests and another was used for penetration test. From compression tests the tangent
modulus of elasticity, stress and strain of bio-yield and failure energy for toughness calculation were determined.
The creep behavior was obtained by fitting the Burger's model to the experimental data. In penetration test, a
stainless steel probe with a hemispherical tip was used for peeled and unpeeled samples. For each sample
maximum penetration force and energy were obtained.

Prediction of mechanical property was carried out using adaptive neuro-fuzzy inference system (ANFIS). To
reduce the dimension of the input vector the PCA was used. Four significant adjustments were made in the
structure of ANFIS in order to find the best models. The models were evaluated using RMSECV, RMSEP,
MBEC, MBEP, RC, and RP.

Results and Discussion

Models for modulus of elasticity prediction have Rp=0.821, 0778, 0.791, 0.880, and 0.843 for 4 compression
rate and secant modulus, respectively. Clearly, the results from this research are encouraging, indicating the
potential of using speckle imaging system for predicting apple fruit mechanical properties. Comparing to the all
texture analysis techniques, Wavelet and GLRLM provided good results for most properties leading to select
them as the best techniques for analysis of biospeckle images because of their consistency in prediction
performance. Prediction model for break strain has the highest Rp (Rp=0.920) followed by the retarded time
(Rp=0.890), retarded viscosity (Rp=0.886) and maximum penetration force in unpeeled case (Rp=0.883). A
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lower correlation (Rp = 0.728) was observed for initial viscosity.
Conclusions

The described optical method based on biospeckle represents an innovative and reliable method for rapid and
non-invasive detection of mechanical properties. The results of the evaluation showed that, as time passes, fresh
apples due to the loss of water in both the elasticity and the biospeckle activity were dropped. Biospeckle
imaging can accurately predict mechanical properties. The average accuracy of best prediction of mechanical
properties models was R?=0.899. The present results can provide the basis of future development of in-line
quality monitoring during apple quality control.

Keywords: Creep test, Laser imaging, Penetration test, Prediction, Uniaxial compression test



