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Table 1- Specifications of measuring instruments used in the research

Manufacturing

Instrument Model Manufacture Features
Country
Pendulum Impact o Arm length: 49cm .
Device Arm mass: 508g
Force Sensor AC20 APTech® Sensitivity: 1.87 mV/N Netherlands
Acceleration Sensor A/120/V DJB® sensitivity: 10 mV/g England
. . Resolution: 2500
- ®
Optical Encoder E50S8-2500 Autonics Pulse/1Revolution (0.144%) Turkey
. L Kjaer £ Frequency range: 6.3-20000 Hz
Microphone 4189-H-041 Briiel sensitivity: 50mV/Pa Denmark
Amplifier NEXUS Kja(_e_r & Denmark
Briel
Signal Processor 3564 Kjaer & 4 channel pulse processor Denmark

Briel
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Figure 1- a- installing and placement of the pendulum and impact arm, b- placement of the apricot in the
impact position and status of the sphere impactor at the moment of impact, c- schematic diagram of the
pendulum impact device and its components
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Table 2- Different impact levels used in bruising
tests

Impact

levels Impact energy (J) Impact force (N)

Average  SD*(/)  Average SD*(/)

Level 1 0.025 2.3 16.5 17
Level 2 0.04 4.1 19.5 21
Level 3 0.1 35 30 13

* Standard deviation
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Figure 4— a- How to measure the radius of curvature

by a curvilinear device, b- Geometric schematic
characteristics of measuring radius of curvature
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Figure 3- An example of the time-force diagrams
obtained from the CHMI method for Shahroudi
apricot cultivar
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Figure 5- a- How to place the microphone next to

apricot fruit to measure acoustic stiffnes, b-

schematic diagram of acoustic stiffness
measurement procejure
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Table 3- How to divide experimental data into

separate ranges and applied values for each group
to perform analysis of variance

Parameter Dara Range Applied value
=<0.019 0.019
Radius (m) <0.019-0.022< 0.022
<0.022-0.024< 0.024
0.024< 0.027
<14 14
Acoustic Stiffness <1.4-1.6< 1.6
(10%.Hz% kg??) <1.6-1.8< 1.8
1.8< 2
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Table 4- Summary of the experimental values measured for the studied independent and dependent
characteristics

Parameter Min. value Max. value Mean Standard deviation
Major diameter(mm) 48.70 59.52 53.26 2.84
Mass (g) 35.28 61.66 44.04 3.63
Sphericity 77.70 87.48 82.12 2.32
Shahroudi Radius'od Qurvature 0.015 0.028 0.02 0.0032
Acoustic stiffness (10%.Hz2 kg??) 1.34 1.98 1.60 0.144
Peak contact force 15.98 32.65 22.65 5.52
Impact energy 0.017 127 0.061 0.038
Absorbed energy 0.014 0.10 0.052 0.031
Major diameter(mm) 42.71 50.18 46.66 2.31
Mass (g) 44.85 62.63 52.04 3.6
Sphericity 91.21 99.94 96.22 2.62
Ordubad Radius.od c_urvature 0.016 0.031 0.025 0.0031
Acoustic stiffness (10%.Hz2 kg??) 1.35 2.25 1.90 0.191
Peak contact force 16.10 32.70 22.05 5.43
Impact energy 0.014 0.123 0.059 0.035
Absorbed energy 0.011 0.09 0.047 0.028
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Table 5- Results of variance analysis on the effect of independent characteristics on the absorbed energy in
apricot fruit

Source of variation Degrees of freedom Mean square
Peak contact Force (PF) 2 0.015**
Radius of curvature (R) 3 0.008**
Acoustic stiffness (S) 3 0.013**
PF xR 6 3.2x104*
PF xS 5 1.9x104**
R xS 9 6x10"°ns
PF xR xS 5 3x10°ns
Error 86 0.007

#% Indicates a significant difference in the probability level of 1%

# Indicates a significant difference in the probability level of 5%
"™ No significant difference
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Figure 6- Mean comparison of the main independent characteristics of the research, including the Peack contact
force (a), Radius of curvature (b) and the Acoustic stiffness (c) on the absorbed energy
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Figure 7- The absorbed energy changes compared to the radius of curvature changes at different levels
of peak impact force in Shahroudi (a) and Urdoobad (b) cultivars
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Figure 8 - The absorbed energy changes compared to acoustic stiffness changes at different levels of maximum
impact force in Shahroudi (a) and Ordubad(b) cultivars
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Table 6- Linear, multiple-linear and logarithmic regression equations developed using research independent
parameters including maximum Peak contact force (PF), impact energy (Ei), radius of curvature(R) and apricot
acoustic stiffness (S) as two Models 1 and 2, and the calculated values of the criteria for evaluating the developed

models
Model Model type Developed Models Razdj R? RMSE
Linear AE=5.154x10"3xPF -1.152xR -2.246x10-°xS -1.034x10° 092 092  0.009

Model 1 Multiple- AE=1.194x102xPF+1.291xR+3.378x10°xS -1.0932x101 x 0.93 0.93 0.008
Linear PF xR -2.394x106xPFxS -1.569%10! ' ’ ’
Logarithmic AE:6.499><10'2><|n(PF><R><S)-3.891><10‘1 0.42 0.43 0.023

Linear AE=8.041x10"1xE; -4.236x101xR -8.081x10°xS5+2.632x10 097 098 0.0043

Model 2  Multiple-  AE=1.419%E; - 5.568x10xR +8.918x107xS-1.576x10" XE;x
Linear R -1.408x10xE;xS -1.217x1072

Logarithmic ~ AE=4.413x102xIn(EixRxS)-2.093x102 0.84 085 0.012

098 098 0.0039
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Figure 9 - Measured Vs absorbed energy predicted by a multiple-linear regression model involving the peak
contact force as an independent parameter (Model 1)
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Figure 10- Measured Vs predicted absorbed energy by a multiple-linear regression model involving impact
energy as an independent parameter (Model 2)
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Introduction: Fruits confort several main procedures including harvesting, sorting, packaging,
storage, and transportation. During these processes, fruits could encounter either static or dynamic
loadings that potentially cause mechanical damage (Polat et al., 2012). Bruising is the most
common type of post-harvest mechanical injury in fruits. Around 30-40% of the agricultural
products become decayed due to mechanical damage. Mechanical injuries, such as bruises are
difficult to limit. However, proper understanding the mechanism of bruises occurrence allows to
reduce this undesirable phenomenon (Komarnicki et al.; 2017). Susceptibility measurement of the
bruising can provide useful information toimprove postharvest handling and storage operations
(Zhu et al., 2016). The bruise susceptibility of fruits and vegetables is themeasurment of response
to external loading. Bruise prediction models can provide useful information about the influence of
fruit properties on bruise susceptibility, leading to recommendations for fruit handling (Van
Zeebroeck et al., 2007b). Bruise prediction models connect the impact characteristics (drop height,
contact force and impact energy) to bruise damage, taking into account some fruit properties (radius
of curvature, stiffness, temperature, color, etc) that determine bruise sensitivity. Apricot is one of
the most vulnerable fruits to mechanical injuries. Therefore, controlling and reducing the
mechanical injuries can improve the quality of apricot and increase its export. For this reason, the
aim of present study was to evaluate the apricot bruising susceptibility and developing bruise
prediction models for apricot fruit.

Material and methods: In the present study, two Iranian apricot varieties "Shahroudi” and
"Ordubad" were used for experimental tests. All the fruits were harvested at their traditional
maturity in June 2018. In order to avoid and minimize any pre-bruising, all the apricots were
carefully hand-picked. Any extremely small or large fruits were excluded from the tests. The
physical and mechanical properties of apricots and main characteristics were measured. A curvature
meter was used to measure the radius of curvature locally at the point of impact. The acoustic
impulse technique was used to measure the fruit firmness non-destructively. Constant height
multiple impact (CHMI) method was used to measure apricot critical energy level. In this study
bruise susceptibility of the studied cultivars was evaluated using a pendulum impact device to
measure required parameters including the impact force, impact velocity, and impact energy. All
apricots were placed in the special chamber and a spherical metal impactor was used to impact the
apricots. Absorbed energy criteria have been used to quantify bruise damage. In this study, three


mailto:Mehdi.Khodaei@tabrizu.ac.ir

AY sgme Sluogad g dps s Sig wib cov Jls); ogme (SibsS ) Comlus (5jlw Jdo g adlllas

different impact levels applied in the experimental tests. To obtain the absorbed energy the
difference between impact energy and rebound energy was calculated and recorded for each impact
test. Different regression models (linear, multiple-linear, and logarithmic) were developed to predict
bruising in apricot fruit and were evaluated by proper criteria (R?, Rfldj, and RMSE). In these
models, impact characteristics (impact energy or peak contact force) along with fruit characteristics
(acoustic stiffness and radius of curvature) were considered as independent variables and the
absorbed energy as the dependent variable. Two separate regression models were developed. In the
first model (model 1) independent variables were peak contact force (PF), the apricot radius of
curvature at the location of impact (R), and apricot acoustic stiffness (S). In the second model
(model 2) PF was replaced by the impact energy (Ei) and the other two variables were the same as
the first model. Data analyses were performed using SPSS (version 25.0) and JMP Pro (version 13)
software packages.

Results and discussion: Experimental data analysis showed both radii of curvature and acoustic
stiffness had a negative effect on apricot absorbed energy in Shahroudi and Ordubad cultivars. In
Shahroudi cultivar, the average radius of curvature was 20% less than the Ordubad cultivar. Also,
the average acoustic stiffness in the Ordubad cultivar was 19% higher than acoustic stiffness in the
Shahroudi cultivar. Therefore, the average bruising ratio in the Shahroudi cultivar was 5% higher
than the Ordubad cultivar. In both cultivars, apricots with a lower radius of curvature at the contact
area had high absorbed energy than those with a higher radius of curvature. By increasing the peak
impact force from 16.5 to 30 N, the average absorbed energy in the Ordubad cultivar was increased
by 71%. While this amount was 78% in Shahroudi. Also, the mean difference between the absorbed
energy between the initial (19 mm) and final (27 mm) range of the curvature radius in Shahroudi
and Ordubad cultivars was 18 and 29%, respectively. Also, the mean energy absorption difference
between the initial and final acoustic stiffness ranges in Shahroudi and Ordubad cultivars was 27%
and 32%, respectively. In other words, with increasing acoustic stiffness, the amount of absorbed
energy in Shahroudi and Ordubad cultivars was decreased 27 and 32%, respectively. The effect of
the impact energy parameter on the absorbed energy was similar to the peak contact force. Results
of prediction models indicated that all of the studied independent parameters, including peak
contact force, impact energy, the radius of curvature, and acoustic stiffness, and some of their
interactions were significant on the absorbed energy at the 5% probability level. The results showed
that increasing the two parameters of impact energy and peak contact force increases the energy
absorbed in apricots.

Conclusion: This study was conducted to develop statistic models among different kinds of
regressions, to estimate the apricot fruit bruising susceptibility by absorbed energy. Absorbed
energy parameter is a good estimation property to quantify bruise damage in apricot. There were
significant main effects and significant interactions between fruit properties (radius of curvature and
acoustic stiffness) and the impact properties (peak contact force or impact energy). In both apricot
cultivars, damage to the fruit decreased with the increase of acoustic stiffness. So, softer apricots
developed a higher amount of absorbed energy. Also, smaller radii of curvature led to more bruise
damage in both cultivars. It was concluded that Shahroudis cultivar was more susceptible to
bruising rather than Ordubad cultivar. The results of this study in predictive regression models
showed that a multiple-linear model was selected as the best model for fitting experimental data.
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