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INTRODUCTION

Tomato (Lycopersicon esculentum L.) is one of the commercially 
essential fruits and major vegetable components of human 
nutrition worldwide (Mansourbahmani et al., 2017). It is 
grown in a wide range of climates on the farm, and even under 
protection in plastic greenhouses and heated glasshouses 
(Atherton & Rudich, 1986; Adedeji et al., 2006). Apart from its 
characteristics like flavor and aroma, it is also a good source of 
vitamins (A and C) and minerals (Akanbi & Oludemi, 2004). 
Tomato is consumed in relatively large quantities: directly as 
salads, cooked into soups, or processed into juice, ketchup, 
whole-peeled tomato, and paste (Adedeji et al., 2006). In some 
cases, tomatoes are picked at a mature red stage when they are 
almost suitable for a fresh market (Ghaffari et al., 2015).

The mechanization of harvest and postharvest operations may 
cause mechanical damage to agricultural products (Wang et al., 
2018). Advanced technologies may help to reduce postharvest 
losses (Sanches et al., 2019). The fruit and vegetable industry 
suffers considerable economic losses due to bruising and post-
harvest physical injuries occurring before and after harvesting 
operations (Ghaffari et al., 2015). Mechanical damage is 
considered significant challenge in postharvest chain operations, 

which may be caused by successive impacts, so it can be of 
the researcher’s interest to reduce the fruit and vegetable 
injuries (Wang et al., 2019). Effective damage prevention is 
possible when the contributing factors responsible for bruise 
development are completely known (Van Linden et al., 2008).

The solid-body behavior studies concerning stress, force, 
or deformation are not enough to discuss partial impact 
characteristics such as wave propagation and case contact; 
therefore, in most issues, empirical methods have been used, and 
the impact phenomenon can be easily implemented by special 
tests such as drop, falling mass or plunger, simple pendulum, 
compound pendulum and impact ram (Mohsenin, 1986).

The analysis of agriculture product impact loading leads to very 
complicated mathematical relationships. The recommended 
analyzed models are scarce, and these models were derived 
using some reasonable hypotheses, estimations, and numerical 
calculations.

A bruise prediction model connects the results of dynamic 
impact loading characteristics such as drop height and impacts 
energy level with bruise damage, taking into consideration 
some fruit attributes such as physicochemical and mechanical 
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properties (Van Zeebroeck et al., 2007a; Hussein et al., 2019b), 
leading recommendations for fruit handling, packaging and 
transporting (Hussein et al., 2020).

To obtain bruising models and study the procedure of bruise 
development, researchers exerted different levels of impact 
energy by the pendulum and free-falling test on the tomato fruit 
varying from 13 to 920 mJ (Desmet et al., 2003, 2004b; Lee et al., 
2004; Van Linden et al., 2006a, b; Van Zeebroeck et al., 2007b; 
Ahmadi et al., 2014). In fruits, such as litchi, the browning 
predominantly occurs on the external surface. In contrast, in 
other fruits, such as pear and tomato, browning occurs internally, 
so it is difficult to measure by objective methods (Quevedo et al., 
2009). This is the only method presented in the literature; giving 
a mark depends on the observed damaging degree of permanent 
external deformation (Sargent et al., 1992). Precise bruise 
damage determination on the tomato fruit is challenging. The 
number of bruising tomato models described in the literature is 
very limited to the maturity effect on the bruising susceptibility 
(Van Zeebroeck et al., 2007b).

Researchers used Impact energy or peak contact force as 
a criterion to estimate bruise susceptibility of apples (Van 
Zeebroeck et al., 2007a), tomatoes (Desmet et al., 2002, 2003, 
2004a, b; Van Linden et al., 2006a), pear (Blahovec & Paprštein, 
2005; Stropek & Gołacki, 2019), peach (Ahmadi et al., 2010), 
potato (Gao & Rao, 2019) and blueberry (Sun et al., 2024). 
However, these recent models were all established to predict 
the damage caused by a single impact.

A sliding-based approach was proposed by Fu et al. (2023) to 
better understand bruising damage in apple-to-apple collisions. 
Also, Hou et al. (2024) studied a multiscale finite element model 
based on the anatomical structures of blueberries and employed 
to simulate their bruise susceptibility. The dielectric method 
was used to investigate blueberries bruise microstructure under 
quasistatic compression (Sun et al., 2024).

Limited information exists on contributing factors related to 
tomato bruising as well as studies have confirmed that there is 
a dearth of information on the effect of successive impacts at 
the same location on the bruising of tomato fruit. Therefore, 
the objectives of this paper were; 1. establish bruising models 
for predicting the bruise susceptibility of tomato fruits based on 
logistic regression procedure for single and successive impacts 
separately, and 2. to determine fruit attributes that contribute 
significantly to the bruising damage.

MATERIALS AND METHODS

To establish the bruising model, tomato fruit sample attributes 
at the maturity stage were determined and subjected to dynamic 
impact loading (Figure 1). A full factorial design was performed, 
consisting of impact times (one, two, and three), three impact 
energy levels (low (LE), medium (ME), and high (HE)) with 
ten replications. After treatments, bruised and unbruised fruits 
were evaluated about 72 hours after the tests, and bruised (being 
watery and soft). Unbruised fruits were coded with 1 and 0 
as a response variable, respectively. It can also be taken into 

account that the deforming and being watery impact location 
should be considered as a criterion to evaluate bruised fruit 
(Van Zeebroeck et al., 2007b).

For all experiments, the explanatory variables were divided into 
four groups, and a stepwise evaluation procedure was conducted 
to find out the influence of various kinds of parameters on bruise 
development. Group 1 is the impact variable and includes three 
levels of impact energy LE (125 mJ), ME (250 mJ), and HE 
(500 mJ). Group 2 illustrates the combination of external and 
internal factors; the restitution coefficient, the peak contact 
force at the impact and the contact time. The obtained results 
from dynamic impact loading are called response variables. 
A third group represents the number of impacts in which the 
tomatoes were impacted one to three times at the same location. 
The response of fruits at the first, second, and third impact was 
recorded for the subsequent the analysis step. Finally, the fruit 
characteristics were grouped as the fourth group, including color, 
mass, acoustic stiffness, dimensions, and moisture content.

Tomatoes mass was obtained using a precision electronic 
balance (accuracy of 0.01  g) (Mohsenin, 1986; Aydın & 
Özcan, 2002; Allende et al., 2004; Li, 2013). True volume was 
determined using a platform scale, and specific gravity (gr/cm3) 
was also calculated by dividing fruit weight by its volume 
(Mohsenin, 1986).

The moisture content (Mwb) of a fruit specifies the water content 
in the wet sample, which is one of the influential factors that 
may affect the total properties of the product. In this study, 
wet based method was used to calculate the moisture content 
(Sacilik et al., 2006) (Equation 1):

M
m m
mwb =
−1 2

1

100* � (1)

Where m1, is the weight of wet sample and m2, is the weight of 
the dried sample.

The radius of curvature was calculated using the equation 
described by Mohsenin (1986) and the curvature meter 

Figure 1: Pendulum dimensions and its instruments
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made by the researcher. Because tomatoes are not perfect 
spheres, the harmonic average (R) was calculated based on 
the circumferential (R1) and meridian radius of curvature 
(R2). The harmonic average was preferred over the arithmetic 
average because it privileges the smaller radius of curvature (Van 
Zeebroeck et al., 2007a, b), which contributes more to the peak 
contact pressure (Hertz theory):

R
R R

R R
=

+
2 1 2

1 2

� (2)

To determine the different color descriptors, a digital image 
analysis system was designed, including two main parts: (1) an 
image acquisition system to take images from tomato fruit and 
(2) an image analysis algorithm written in MATLAB. The image 
acquisition system consisted of a digital camera (Sony Cyber-
shot DSC-W100, 8.1 MP), a computer, and a lightning chamber 
(Lana et al., 2006), including a combination of white and yellow 
fluorescent lights (MX396Y8Z -8W). Two high-quality images 
from samples were taken by a digital camera with remote capturing 
capability mounted at a vertical distance of 25 cm above the 
samples. The images were transferred to the computer and loaded 
into the image processing toolbox of MATLAB software for further 
analysis (Setareh et al., 2023). The L*, a*, and b* components 
were determined using the algorithm, which utilizes the color 
space environment data of R, G, and B (León et al., 2006). The 
color indices of C* and h* were determined by Equations 3 and 4. 
Therefore, they can be analyzed to determine the best color index 
considered to be significant in the bruising models.

C a b* * *= + 
2 2

1
2 � (3)

h
b
a

*
*

*arctan=








 � (4)

The TSS is a refractometric index that indicates the proportion 
(%) of dissolved solids in a solution (Beckles, 2012). The total 
soluble solids (TSS) were determined by a refractometer (Model 
PAL-1 ATAGO, Japan). The drop of tomato juice was placed on 
the prism of the refractometer and expressed as a °Brix (Khan 
et al., 2017; Salim et al., 2018).

Determination of Impact and Response Parameters

The pendulum device was used to obtain response variables 
resulting from impact loadings. This is following previous 
studies, where the pendulum instrument has been described 
by several researchers as a well-suited device to exert controlled 
impact energy on biomaterials (Zhang & Brusewitz, 1991; Bielza 
et al., 2003; Van Zeebroeck et al., 2003, 2006a, 2007a; Desmet 
et al., 2004b; Blahovec & Paprštein, 2005; Van Linden et al., 
2006a, 2008; Ahmadi, 2012; Hussein et al., 2018, 2019a, 2020; 
Stropek & Gołacki, 2019).

Impact and response parameters extracted from the pendulum 
experiments were absorbed energy (Ea), peak contact force 
(PF), contact time (t), Elast (EL), and restitution coefficient 
(Rc) may contribute to the bruising models. To obtain these 

factors, an experimental setup was established consisting of 
an instrumented pendulum and accessory devices. This setup 
exerted the controlled dynamic load with certain impact energy 
levels (Figure 1). A force sensor (PCB, USA, 110.71 mV/N) and 
an accelerometer sensor (PCB, USA, 100.5 mV/g) are attached 
to the bottom end of the pendulum. Moreover, semi-aluminum 
spherical as an impactor screwed on the force sensor head 
(Figure 2). The total mass of the pendulum arm with sensors 
was about 315 g.

The angular motion of the pendulum pivot was measured 
by an encoder (SICK STEGMANN Gmbh-DFS60B-S4PK 
10000, Germany, resolution: 0.036 degrees). An attached 
circuit improved the final encoder output accuracy to about 
0.009 degrees (40000 pulses/rev). A digital counter monitored 
the amount of angular pendulum rotation as pulses, and it is 
possible to exert the precise impact energy level to the fruit by 
using a zero-set circuit. Hence, it eliminates the deviation of 
fruit size and shape, which was ignored in the previous research. 
All of the signals (angular motion, pendulum arm rotation 
direction, force, and accelerometer sensors) were recorded by 
a signal analyzer (Econ-AVANT series MI-7016, China) as a 
function of time (Figure 3).

Figure 2: Force and accelerometer sensors

Figure 3: Data acquisition system
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The impact is defined as the period between exceeding a pre-set 
threshold for the contact force (1 N) and the moment at which 
the force has dropped to 1 N again.

The absorbed energy, Ea, was determined by the following 
formula (Equation 5):

Ea=Ei  -  Er� (5)

Ei = the impact energy in mJ, Er = the returned energy in mJ.

To obtain Ea, the values of Ei and Er must be initially calculated. 
Referring to studied research, there is a relationship between 
a given impact energy level and the peak contact force. To 
obtain the value of peak contact force, some experiments were 
conducted by Desmet et al. (2004a) using electronic fruit 
(PMS-60) in the various tomato mechanized systems. The peak 
contact force value of 54.5 N was measured in the worst and 
most challenging conditions of mechanized operations. In this 
research, the maximum impact energy level corresponding to 
the 54.5 N peak contact force using the impact loading test was 
500 mJ and considered the highest impact energy level (HE). 
Therefore, three impact energy levels, 125 (LE), 250 (ME), 
and 500 (HE) mJ, were applied by various rotating angles of 
the pendulum (θi) obtained from the following procedure 
(Equations 6 & 7):

(1 cos )i p iE M gl θ= −
� (6)

1cos (1 )i
i

p

E
M gl

θ −= −
� (7)

Where i=1, 2, and 3, refer to three different impact energy 
levels, Ei = the applied impact energy in mJ, Mp = the 
pendulum mass (g), g = is the gravity acceleration in m s-2, 
l= is the radius of the rotating pendulum arm in m, θi = the 
rotating angle of the pendulum arm related to Ei.

The pulse numbers of the encoder (ni) were calculated using 
Equation 8 to apply specific impact energies. After contacting 
the impactor to the tomato surface, turned the zero-set push 
bottom on. Consequently, the pendulum pivot rotated to the 
calculated pulse number (ni), and then the tomatoes were 
impacted by a spherical aluminum indenter.

360i i
N

n θ= ×
� (8)

Where ni, = the pulse number related to θi, N, = the number 
of pulses sent per one pivot rotation by encoder equals 40000.

The pendulum returned angle, φ, was calculated using recorded 
data by the signal analyzer and written code in MATLAB 
software, and also the returned energy, Er, was measured by the 
following Equation 9:

(1 cos )r pE M gl φ= − � (9)

The contact time is the time elapsed between two points in 
which the contact force rises from 1 N (pre-set threshold trigged 
at 1 N) and goes down to about 1 N again. From the maximum 
force at contact (peak contact force, PF) and the contact time 
(t), a new parameter related to elasticity Elast (N/s) can be 
derived (Van Linden et al., 2006a) (Equation 10):

Elast
PF
t

=
� (10)

The restitution coefficient (Rc) is the capacity of a material for 
the storage of strain energy in the elastic range. From another 
point of view, the coefficient of restitution is a measure of energy 
recovery (Equation 11). The restitution coefficient is also a 
measure of the damping characteristics of the fruit (Mohsenin, 
1986; Van Zeebroeck et al., 2007b):

sin
2

sin
2

cR

θ

φ

 
 
 =
 
 
 

� (11)

Releasing and returning pendulum arm angles (θ and φ, 
respectively) were measured by the encoder and recorded by 
the mentioned signal analyzer.

Acoustic Firmness Measurement

To measure the acoustic firmness, a microphone (PCB, USA; 
Model: HT426E01 ISP 016685) was placed at a distance of 
three millimeters behind the tomato on the opposite sides of 
the impactor was used to record the sound produced as the 
tomato fruit being impacted. To obtain resonance frequency, 
the received signals were in the time domain transferred to the 
frequency domain using Fast Fourier Transformation (FFT) by 
MATLAB software (Ahmadi et al., 2010). The first resonance 
frequency was then selected from the obtained frequency 
spectrum.

The acoustic firmness (S) can be determined by following 
Equation (12) (Schotte et al., 1999);

S f M= 2
2
3. � (12)

Where M= is the tomato mass in gram, ƒ= is the first resonance 
frequency in Hz.

Statistical Analysis

Logistic regression measures the relationship between the 
dependent variable and one or more independent variables by 
estimating probabilities using the underlying logit function. The 
dependent variable in logistic regression is usually dichotomous; 
that is, the dependent variable can take the value 1 with a 
probability of success π, or the value 0 with the probability of 
failure 1-π. This type of variable is called a Bernoulli (or binary) 
variable. The relationship between the predictor and response 
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variables is not a linear function in logistic regression; instead, 
the logistic regression function is used, which is the logit 
transformation of π(x) (Agresti, 2018):

1 1 2 2

1 1 2 2

( .... )

( .... )( )
1

i i

i i

x x x

x x x

e
x

e

α β β β

α β β β

+ + + +

+ + + +=
+

� (13)

Where, π is the probability defined by the proportion of bruised 
tomatoes, α = the constant of the equation, βi = the coefficient 
of the predictor variables, and xi (e.g., impact energy, number 
of impacts, contact time, mass, moisture content, the radius of 
curvature, acoustic firmness, geometric mean diameter, density, 
color parameters, and TSS) indicates the observation for the 
ith explanatory variables.An alternative form of the logistic 
regression equation is (Equation 14):

[ ] 1 1 2 2
( )

( ) log ....
1

logi
(

t
) i i

x
x x x x

x
ππ α β β β
π

 
= = + + + + − 

� (14)

The data were processed with the statistical software package 
SAS (SAS version  9.4, The SAS Institute Inc., Cary, NC, 
U.S.A.). To study and avoid multi-collinearity between the 
bruising models, Spearman correlation analysis was calculated 
for explanatory variables. To select an appropriate subset of 
independent variables, a stepwise logistic regression procedure 
was performed on the dataset. Variables were entered into the 
model and removed from the model using the Chi-Square 
distributed Wald test statistics (p<0.05) (Van Linden et al., 
2006a). The Hosmer and Lemeshow method was used to 
validate the obtained model. The established models were 
compared using Akaike’s Information Criterion, AIC, or the 
R2 value of the linear regression in the logits, which measure 
the model’s goodness of fit. The smaller value of AIC and the 
larger value of R2 indicate a preferable model. However, the 
physical or scientific significance of the parameters should 
also be considered by the researchers in judging and selecting 
the models.

RESULTS AND DISCUSSION

A summary of the results of the determined physicochemical 
and mechanical parameters is shown in Tables 1 and 2.

Table 2 shows the results of conducted tests related to some 
impact parameters obtained from the pendulum experiments. 
Impact properties were significantly different per impact level 
except for contact time. The restitution coefficient, as well as 
PF, increased with the intensity of the applied impact. Since 

Table 2 represents only the overview of the results of conducted 
experiments and there are not any explanations about the 
correlation between measured and obtained parameters, so the 
correlation analysis was performed to obtain the correlations 
to achieve a better understanding and quick identification 
of dependencies. Correlations were calculated between test 
variables to avoid multi-collinearity in the models. Table  3 
represents the spearman correlation between fruit physical 
parameters. All correlations were significant at the probability 
level of 0.01. These correlation values were between a minimum 
of 0.398 and a maximum of 0.986 for T (thickness) and R 
(curvature radius); M (mass), and V (volume), respectively. The 
correlation coefficients between fruit dimensions, including 
L and W; L and T; W and T; were 0.723, 0.685, and 0.922, 
respectively. Very high correlations were found between the 
fruit’s physical properties, especially between the M and the 
V, with the studied physical properties. Therefore, the physical 
parameters, including L, W, T, Dg, R, and V, were omitted from 
the analysis due to the high correlation with the mass.

The highest correlation was found between the impact energy 
and the absorbed energy (data are not shown). On average, 91% 
of the impact energy was absorbed by the tomato at the impact, 
representing that the fruit has a highly damped texture. Because 
of the simplicity of excreting impact energy level, it was chosen 
to contribute to the bruise predicting models.

Several alternative color descriptors were proposed as indicators 
for fruit ripeness. Table  4 shows the Spearman correlation 
coefficients between alternative color descriptors. The a* 
indicates the color range from green (-) to red (+); it is 
associated with the color of the fruit flesh. In contrast, b* varies 
between blue (-) and yellow (+) and relates mainly to skin color. 
Color indexes such as c* (chroma) [(a*2+b*2)1/2)] can be used 
as an alternative to both chromatic components, a* and b*. 
Since the alternative color indices are well correlated with c*, 
therefore, it was selected as a color descriptor to be included in 
the bruising model parameters.

Comprehensive Model

A comprehensive model was established for different dynamic 
impact loadings, including three impact energy levels and the 
number of impacts accompanying fruit properties. In this 
procedure, adding various groups of contributing factors refined 
the model. All models were built, and their AIC value and R2 
and contributing factors were shown in Figure 4 and Table 5, 
respectively.

Model Selection Procedure

Models of 1 (AIC value = 141.75, R2= 0.18) and 
2 (AIC value = 140.43, R2= 0.19) using the impact energy 
level and impact number respectively as contributing factors 
were very weak basis to predict the probability of the bruising 
damage. Addition of response variables including restitution 
coefficient and Elast improved the model significantly (Model 3, 
AIC value = 125.5, R2= 0.31).

Table 1: Some physicochemical properties of studied tomatoes
Properties Mean value Standard Deviation (%)

M, gr 100.7838 31.77
Mwb, (%) 65.9073 29.50
Rc, mm 36.5213 19.09
S, 106m2Hz2/3 8.84 14.59
TSS 3.58 28.77
TA 4.00 12.25
V, cm3 98.9663 32.42
Sg, gr/cm3 1.0223 5.58
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To establish more elaborated models (Models 4 to 12), the 
various batches of contributing factors from groups  1 to 4, 
according to Table 5, were used, and the AIC value decreased by 
about 12.5 %. As shown in Figure 4 noticeable drop can be seen 
between the AIC values of models 12 and 13 (109.11 to 57.82 
units). It may be referred as the effects of selected contributing 
factors, especially TSS, according to Table 5. The same trend 
is seen in models 13 to 19. According to AIC and R2 values 
(Figure 4 & Table 5), Model 20 presents the best fit. That result 
was confirmed by the Hosmer and Lemeshow goodness-of-fit 
test so this model. For studying the contributing factors that 
affect bruising prediction, model 20 (AIC=42.62 and R2=0.69) 
is preferred. For practical applications, models14 (AIC=54.25 
and R2=0.62), model 15 (AIC=50.22 and R2=0.65), and model 
17 (AIC=47.75 and R2=0.63) are the better options because 
they include no response variables which must be determined 
by laboratory experiments.

Van Linden et al. (2006b) established a relationship between 
tomato loading conditions and the resulting damage. The 
obtained general model contains a mixture of the four groups 
of variables (including Impact, response, environmental and, 
or fruit parameters), indicating that they all have their specific 

influence on tomato bruising damage. By comparing AIC and 
R2 values related to Van Linden et al. (2006b) (AIC value = 725 
and R2=0.41) and this study (AIC=42.62 and R2=0.69), it can 
be found which model is more capable of predicting tomato 
bruise damage. The AIC value of the model for this study is 
considerably low (about 14 times) and the R² relatively high 
(about 40 percent).

Table 6 outlines the relating logistic regression analysis. The 
parameter estimates with their 95% Wald confidence intervals 
are listed. In this model, the total variables were significantly 
varied from zero (α=0.05). As indicated by the small P-value, 
the explanatory variables are highly significant and have a main 
effect on bruising development. The following classification 
of the importance of the contributing variables in bruising 
incidence is based on the Wald Chi-Square statistics (Table 6): 
TSS, Elast, number of impacts, t, and PF.

From Table 6, the odds of being bruised are 59.55 times higher 
for two times impacts than one impact at the same location. 
Similarly, the odds of three times impacts being bruised are 

Table 2: Some mechanical properties of studied tomatoes 
Impact energy Level (mJ) Impact number Contact time (s) Elast (N/s) Rc SD (%) PF SD (%)

MV SD (%) MV SD (%)

First 0.0153 13.07 1730.52a 24.72 0.2234a 21.84 26.89a 14.43
125 Second 0.0150 14.67 2837.72b 28.58 0.2740b 22.43 31.81b 15.26

Third 0.0161 13.66 2122.10b 25.32 0.2860b 13.81 32.31b 13.83
First 0.0165 9.70 2200.43a 21.44 0.2679a 15.04 35.70a 12.52

250 Second 0.0155 9.03 2767.28b 23.10 0.3157b 10.83 42.23b 14.68
Third 0.0160 9.38 2655.18b 30.23 0.3217b 9.88 41.50b 18.67
First 0.0154 11.69 3653.60a 25.91 0.2671a 13.07 55.06a 14.93

500 Second 0.0147 9.52 4522.57b 25.81 0.3020b 10.30 65.34b 15.67
Third 0.0144 12.50 4936.12b 26.09 0.3043b 5.55 69.15b 13.64

Table 3: Spearman correlation coefficients between studied fruit 
physical parameters

L W T M DG R V

L 0.723 0.685 0.756 0.845 0.447 0.775
W 0.922 0.918 0.965 0.403 0.921
T 0.962 0.928 0.348 0.969
M 0.939 0.398 0.986
DG 0.423 0.946
R 0.408
V

All correlation is significant at the 0.01 level

Table 5: The contributing factors of bruising models
Model Number Contributing Factors R2

1 Ei 0.18
2 Ni 0.19
3 Ei, EL, Rc 0.31
4 Rc, EL 0.29
5 Rc, EL, Ni 0.34
6 Ei, Ni 0.35
7 Ei, PF, t, Rc, El 0.37
8 PF, t, Rc, El 0.35
9 Ei, Ni, EL, Rc 0.38
10 Ei, Ni, PF, t, Rc, EL 0.42
11 Ei, Ni, PF, t, Rc, EL , c* 0.44
12 Ni, PF, t, Rc, EL 0.42
13 Ei, TSS, c*, M, S 0.62
14 TSS, c*, M, S 0.62
15 Ei, Ni, TSS, c*, M, S 0.65
16 Ei, Ni, PF, t, Rc, EL, TSS, M, S 0.67
17 Ni, TSS, c*, M, S 0.63
18 Rc, EL, Ni, TSS, c*, M, S 0.66
19 Ei, EL, Rc, Ni, TSS, c*, M, S 0.68
20 Ei, Ni, PF, t, EL, Rc, TSS, c*, M, S 0.69
21 Rc, EL, TSS, c*, M, S 0.66
22 Ni, PF, t, Rc, EL, TSS, c*, M, S 0.68
23 PF, t, Rc, El, TSS, c*, M, S 0.67
24 Ei, PF, t, EL, Rc, TSS, c*, M, S 0.68
25 Ei, Rc, EL, TSS, c*, M, S 0.67

Table 4: Spearman correlation coefficients between alternative 
color descriptors

a* b* a*/b* c* hue CI

a* 0.22 0.21 0.516 ‑0.211 ‑0.021
b* ‑0.824 0.92 0.824 ‑0.89
a*/b* ‑0.606 ‑1 0.936
c* 0.606 ‑0.748
hue ‑0.935
CI

All correlation is significant at the 0.01 level
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83.39 times that of one impact at the same location. However, 
there is no significant difference in bruise susceptibility of 
two times impact and three times impacts. By increasing one 
millisecond of contact time, the bruising probability increases 
by 7times. One unit increase in PF value will decrease the odds 
by 62%.

Effect of Consecutive Impacts on Bruise Susceptibility

According to Table 6, it is clear that the impact number has 
a substantial effect on the bruise susceptibility of tomatoes; 
still there is no significant difference between the two times 
and three times impacts at the same location (P value=0.78). 
This phenomenon is interesting from studying how bruising 
occurs at successive impacts at the same location (Diener et al., 
1979). Bruise damage is correlated with either impact energy 
or absorbed energy. The restitution coefficient (Rc= Ee/Ei while 
Ee and Ei elastic and impact energy, respectively) can be seen as 
an estimation of the degree of absorbed energy(Van Zeebroeck 
et al., 2007c). In other words, the capacity of a material to 
store strain energy in the elastic range is called resilience (i.e., 
coefficient of restitution). As shown in Table 2, the increasing 
procedure can be seen only for the one and two times impact 

related to the restitution coefficient value, and the three times 
impact is not following the mentioned procedure (there is no 
significant difference between two and three times impact) 
at all applied impact energy levels. By considering the values 
of restitution coefficient at two and three times impact, it 
can be concluded that the impact energy can be recovered as 
elastic energy (Ee), so a very little impact energy is absorbed to 
perform plastic deformation or raise the probability of bruising 
susceptibility. A slight increase of resilience coefficient value 
results from firming impact place while applying two and three 
times impacts. The higher percentage of impact energy in three 
times impact was stored in the elastic form and recoverable in 
the rebound stage. Therefore, exerting third and other impacts 
do not significantly affect the bruising susceptibility (Figure 5).

This study’s results coincide with the research of Sargent et al. 
(1992). They found that the number of impacts had a significant 
effect on both the incidence and severity of tomato internal 
bruising. For mature-green (MG) tomatoes, two drops on the 
same location from the height of 20 cm caused 20% to 30% 
internal bruising. In addition, for breaker stage tomatoes, Two 
drops on a single location from the height of 10 cm caused 50% 
to 68% internal bruising.

Table 6: Summary of the logistic regression analysis of factors contributing bruise development in tomato fruit (R²=0.69) in the 
preferred model (Model 20)

Explanatory variable (X) Parameter estimate Effect Wald χ2 Parameter 95% Wald confidence limits Odds ratio estimates P‑value

Lower Upper

Intercept ‑67.54 11.3178 ‑ ‑ ‑ 0.0008
Number of Impact2 vs 1 4.0870 6.0877 2.319 >999.999 59.55 0.0136
Number of Impact3 vs 1 4.4236 6.1332 2.516 >999.999 83.39 0.0133
Number of Impact3 vs 2 ‑2.13 2.08 1.4 0.7895
PF ‑0.9657 4.9014 0.162 0.895 0.381 0.0268
t 2.6608 7.1656 2.039 100.411 14.310 0.0074
EL 14.6896 5.5567 11.892 >999.999 >999.999 0.0184
TSS 6.4626 12.9851 19.072 >999.999 640.700 0.0003

All variables significantly entered in the model (α=0.05). AIC value: 162.67 intercept only, 45.62 intercept and covariates

Figure 4: Overview of the model selection for bruise prediction as a function of contributing factors of Groups 1, 2, 3 and 4



J Aridland Agric  •  2024  •  Vol 10	 	 115 

� Ghaffari-Setoubadi et al.

The following Equations represent the bruise susceptibility 
prediction models related to one (N1), two (N2), and three (N3) 
times impact (Equations 15, 16 & 17 respectively);

1
( ) 67.54 0.9657 2.66 14.68 6.46ij Nlogit PF t EL TSS= − − + + +

� (15)

2 2( ) 67.54 4.08 0.9657 2.66

14.68 6.46
ij Nlogit N PF t

EL TSS

= − + − + +

+


� (16)

3 3( ) 64.54 4.42 0.9657 2.66

14.68 6.46
ij Nlogit N PF t

EL TSS

= − + − + +

+


� (17)

Since in logistic regression procedure, the one-time impact 
is considered a reference, it can be said that the effect of two 
times and three times impact vs. one-time impact are 4.08 and 
4.42, respectively, at the same conditions of equality values of 
other model parameters. This matter is illustrated in Figure 5. 
As shown, the S-shape bruise probability curve of the two and 
three times impact almost coincides with each other, which 
indicates that there is no significant difference between two 
and three times impact on the tomato bruise probability at 
the same location.

Effect of Response Variables on Bruise Susceptibility

According to Table 6, between studied response variables, the 
effect of Elast, t, and Peak contact force was significant and 
expressed in the following. By referring to the negative sign of 
PF in the bruising susceptibility of models, it can be concluded 
that by increasing peak contact force, the bruise susceptibility 
is decreased. Several fruit properties indirectly affect bruising 
through peak contact force. Kilcast (2004) reported that the 
higher peak contact force contributes less to the bruising 
phenomena. Previous studies have revealed that mature fruits 
are more susceptible to bruise damage than immature fruit (Van 
Zeebroeck et al., 2007b; Cañete et al., 2015). Chen and De 
Baerdemaeker (1995) and Lien et al. (2009) proposed that the 
ripeness and firmness of fruit can be evaluated non-destructively 
using different response variables, including peak contact force, 

the ratio of peak force to contact time, coefficient of restitution, 
contact time, and frequency spectrum under dynamic impact 
loading.

It is assumed that the bruising occurs in the fruit whenever the 
stresses due to impact loading exceed the maximal allowable 
stress, strain, and shear strength of the fruit tissue or energy 
(Mohsenin et al., 1978; Van Linden, 2007)

In the bioengineering materials like fruit and vegetables, 
maximum stress can be either bio yield stress or rupture stress. 
The higher peak stresses are necessary to overcome the high 
failure stress (Van Zeebroeck et al., 2007b). The maximum 
surface stress (Smax) developed in fruit due to impact can be 
approximated by the use of Hertz contact theory (Smax=3/2 
(Fmax/πab)) as given by Mohsenin (1986), where Fmax is equal 
to peak contact force and a and, b are the major and minor 
semi-axes of the elliptic contact area. The maximum internal 
shear stress (τmax = 0.27 Smax), which is assumed to cause 
tissue failure, may be approximated by the relationship given 
by Shigley et al. (2004) and Li et al. (2017). Tomatoes often 
have only the rupture stress indicating macro-failure of the 
tissue (Van Linden, 2007). Therefore, the peak contact force is 
responsible for creating rupture stress that leads to mechanical 
damage.

Some studies have been performed to obtain impact 
responses of fruits and vegetables and their relationship with 
bruise probability. Brusewitz and Bartsch (1989) established 
experiments related to the dropping of fruits (five varieties of 
apples) onto a plate, instrumented with a piezoelectric force 
transducer. They concluded that by increasing storage time, 
the firmness decreases, and the relationship of’ bruise volume/
absorbed energy’ changes gradually. Other researches show 
different or opposite results (Holt & Schoorl, 1984; Hung 
& Prussia, 1988); while the firmness is reduced, there was 
an increase in the ratio of ‘bruise volume/absorbed energy’. 
Sinn (1990) performed free-fall impact testing of cherries and 
plums. In this and other reported results, a good correlation was 
observed between impact forces and fruit damage impacting 
high energy levels (Ruiz-Altisent, 1991).

Van Zeebroeck et al. (2006a, b) developed discrete element 
models to predict the impact damage of apples in boxes or 
bulk bins during transport and handling, considering peak 
contact force as independent variables (bruise depth= 5.67 
ln (PF) − 18.99, R2 = 0.89). Statistical bruise models were 
established for apple by Van Zeebroeck et al. (2007b) and 
Javadi et al. (2010), pear by Ahmadi et al. (2010), kiwifruit 
by Ahmadi (2012) with peak contact force as the main 
independent variable.

Since impulse measurements (P) play an essential role in the 
impact experiments, most fruit impact testers, such as the 
pendulums, have been instrumented to measure impulse during 
the impact. The impulse-momentum law cannot correctly 
explain the phenomenon of the fruit impact, and there should 
be a difference between the measured impulses. Momentum 
change (Δmv) in the case of fruit impact (Inequality. 19), 

Figure 5: Predicted bruise damage for one, two and three times impacts
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and this difference might have a significant meaning. These 
researchers announced that this difference is called absorbed 
momentum, responsible for fruit damage (Mohsenin, 1986).

P Fdt mv
t

= ≥∫
0

∆ � (18)

Where F= the measured contact force, t= the impact duration 
or contact time.

From the recent inequality, it can be seen that the contact 
duration of impact, t, contributes to the impulse-momentum, 
so its effect should be taken into account. Longer contact times 
will cause more fruit damage.

Van Linden et al. (2006b) established a general bruise 
susceptibility model using a logistic regression procedure so 
that the contact time represents the main effect on tomato 
bruising. The total contact time was also used as a firmness and 
maturity indicator represented by Zhang and Brusewitz (1991) 
and Lien et al. (2009), respectively. Zhang and Brusewitz (1991) 
established an impact force model related to peach firmness by 
conducting the free fall test. The measured parameters were 
impact force, variable time, impact duration, and time-to-peak 
contact force. It was reported that the fruits with more void 
space, like soft tomatoes, have a longer tail force-time curve 
which indicates much total contact time so that this parameter 
can be used as a firmness indicator.

Lien et al. (2009) conducted the non-destructive impact test 
to study three groups of unripe, half-ripe, and ripe tomatoes. 
The calculated parameters from falling impact, especially total 

contact time, together with linear discriminant analysis, provide 
a promising non-destructive approach to assessing the maturity 
of tomatoes.

The effect of PF and t on the probability of developing a bruise, 
as predicted by model 20, is shown in Figure 6.

Figures 6 a, b and c illustrate the probability of bruising for one, 
two, and three times impact at the same place, respectively. 
It is evident that the two and three times impacts are more 
harmful to tomatoes. Figure 6a shows the noticeable increase 
(0.7 to 1) by 30% in bruise probability with increasing contact 
time and peak contact force, ranging from about 13.4 to 19.8 
ms and ranging from approximately 41 to 72 N, respectively. In 
the case of two times impact (Figure 6b), it can be concluded 
that the combinations of PF ranging from about 55-76 N and 
t from 13.5 to 19.8 ms resulted in a high bruising probability 
level (>0.9). For three times impact, the higher probability of 
bruising (Logit π≥0.9) was observed at the PF value >74, and all 
values of contact time ranged from 11.8 to 18.5 ms (Figure 6c).

The response variable Elast is the ratio of PF/t. As for the 
preferred model, Elast has the most considerable effect on 
tomato bruising. Holt and Schoorl (1984) and Hung and 
Prussia (1988) reported that there is a close relation between 
impact contact time with fruit firmness decreasing, as well as 
the ratio of peak contact force/contact time (PF/t). Zhang and 
Brusewitz (1991) conducted the free fall test to establish the 
impact force model. They found that it is possible to obtain a 
correlation between peak force and time- to- peak force (PF/tp), 
which was nearly similar to the parameter Elast developed by 
Van Linden et al. (2006b).

Figure 6: Effect of peak contact force and contact time on probability to develop bruise as predicted by preferred model (Model 20) related 
to a) one, b) two and c) three times impact

c

b
a
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Effect of TSS on Bruise Susceptibility

One of the most important explanatory variables for the 
incidence of bruise damage, based on the Wald Chi-Square 
statistics, was the total soluble solids. TSS of tomato fruit is 
a fundamental factor of quality related to the composition 
and texture (Weibel et al., 2004; Peck et al., 2006). The TSS 
is a refractometric index that indicates the proportion (%) of 
dissolved solids in a solution. It is the sum of sugars (sucrose and 
hexoses; 65%), acids (citrate and malate; 13%), and other minor 
components (phenols, amino acids, soluble pectins, ascorbic 
acid, and minerals) in the tomato fruit pulp (Beckles, 2012). 
The amount of TSS can be increased by breaking down starch 
into sugars (Beaudry et al., 1989; Crouch, 2001) or the hydrolysis 
of cell wall polysaccharides. The increase of soluble pectin 
affects the cell-wall integrity (Ben & Gaweda, 1985), causing 
the tomato fruit is less able to sustain against external impact 
forces and can be easily disrupted (Afsharnia et al., 2017).

CONCLUSION

This research gave the first insight into the response of the 
tomato fruit to mono and multiple dynamic loadings. Due 
to commercial handling and packaging operations, probably, 
tomato fruit undergoes several impacts. Thus one, two-, and 
three-times impacts were exerted by an inventory instrumented 
pendulum at the same place on the fruit to investigate the 
effects of impact energy levels and fruit parameters on the 
susceptibility to bruising damage. The logistic comprehensive 
model shows the effects of impact energy levels, the number 
of impacts, and some fruit physical and chemical attributes. 
The performed models can be selected from the researcher’s 
point of view to be the appropriate model and can predict the 
bruise damage of tomatoes considering loading conditions in 
practice. The number of impacts affects the bruise susceptibility 
of tomato fruits, but the difference between the two times and 
three times impacts at the same location was not significant.
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