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Abstract

:

Fruit quality is a crucial factor in affecting shelf-life and purchase choice for customers. Protecting the quality of cantaloupe fruits in the chain from harvest to marketing is a very important process. The objective of this study was to investigate the dynamic characteristics of cantaloupe fruit during excitation, to investigate the effect of vibration strength on the mechanical characteristics of cantaloupe fruit, and to show the effects of this strength on the mechanical damage of cantaloupe. Experiments were performed to measure the dynamic behavior of cantaloupe fruit during transportation and to evaluate the dynamic behavior of the packaging and the damage to the cantaloupes due to transient vibration during transportation. The results show that using the paper pulp tray packing method reduces cantaloupe damage and improves their quality during harvest and post-harvest processes. The range of resonance frequencies is important for the transporting of cantaloupes; a higher starting resonance is an indication of a stiffer cantaloupe bottom, and the paper pulp tray shifts the resonance frequency when compared to volume packing methods. Another interesting observation in this study is that a fruit with a high internal damping capacity is not as injured by exciting vibrations as a fruit with a low damping capacity, even if its natural frequency falls within the range of excitation.
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1. Introduction


Fruits and vegetables are vital for humans and play a fundamental role in preserving life. The increasing awareness among consumers about the safety and quality of fruits and vegetables has pushed the government to play an effective role in ensuring product safety. At the same time, the food industry is operating in a complex and changing economic environment. If businesses want to survive, they must stay the forefront of food safety monitoring to keep perishable fruits and vegetables fresh. Consequently, the prediction of shelf life losses has become one of the main problems in food logistics [1].



The primary goal of producers and researchers is to reduce the loss of quality in fruits and vegetables during processing. The amount of discarded agricultural materials is estimated to be about 30–40% due to damage that occurs in the chain between the producer and the consumer [2]. Fruits and vegetables are exposed to various types of mechanical forces during harvesting, storage, and transportation. These include shocks, vibrations, abrasion, bruises, and cuts from sharp edges. Several research on the effects of various pressures on fresh fruit have been conducted [3,4]. Especially during transportation, fruits and vegetables move uncontrollably in their packages. The main critical loss points where the field, transportation, and market display, with total losses in the districts ranging from 17.2 to 33.3% [5].



The duration and intensity of shaking, in connection with the magnitude of force repeated and displacement determine the decay of fruits and vegetables. When the forces exceed certain limits, the fruits are damaged and then lose their quality. As far as transportation is concerned, much attention has been paid to delicate fruits such as apples. Depending on the type of truck, the packaging, and the position of the container in the column, up to 80% of apples can be damaged during simulated truck transit [6]. Damage due to transport vibration has also been studied in other fruits and vegetables, e.g., peaches [7,8,9], apricots [10], potatoes [11,12], tomatoes [5,13,14], grapes, strawberries [15], and apples [16,17,18,19,20].



The fact that these damages are noticed in the market means a great financial loss in incurred. In many cases, the physical damage leads to physiological changes in microorganisms that can increase the deterioration of sensitive products.



During transport, round fruits and vegetables are especially twisted by vibrations. The repeated shifting of fresh fruit and vegetables results in softening and bruising. Another reason for damage is the sharp corners of the crates. Abrasion or vibration causes pressure marks on the rough surface of fruits and vegetables, or contact with other produce. Mechanically damaged fruit loses moisture quickly. Damaged fruit is attacked by viruses and loses its quality. Damage to fruit by vertical vibration is related to the transport characteristics of vehicles, as well as the conditions of roads and crates [21,22,23]. The extent of bruising to fruit during transport depends on the frequency, amplitude, and duration of the vibration applied and the initial condition of the fruit [10]. The action of vibration damages fruits more than impaction [24]. Fruits were damaged on unpaved roads (laterite) while packages were being transported from farms and harvesting areas to regional truck terminals, while the damage incurred on paved roads was minimal [25].



Vibration injury can also cause discoloration of the fruit’s surface and fresh wounds that can promote pathogen penetration [26]. Most deformations occurred at frequencies of 10~25 Hz [27]. The extent of injury is also affected by acceleration [15]. As the transport speed increases, the vibration magnitude and damage to packed fruits increases [25]. Injuries may be caused by rough handling during loading, inadequate packing and excessive vibration during transportation, or the cargo shifting during transportation [28]. The quality losses of fresh fig fruits were lower when they were upside-down in the crates during transportation [29].



Transportation is very important for the distribution process. Therefore, transportation and its related problems affect the quality and efficient distribution of fresh produce. It is commonly claimed that for fruits and vegetables in the tropics, losses of 50 to 70% are common between rural production and urban consumption [30,31].



In particular, it has been reported that the basic mechanisms involved in fresh fruit damage are shocks and vibrations, to which individual fruits are subjected when vehicles pass abrupt changes in road profile [13,32,33,34,35]. Vibrations caused by transportation are influenced by road roughness, the distance travelled, travel speed, packaging, and some truck characteristics such as the suspension and number of axles [16].



Understanding the behavior of fruits and vegetables under static and dynamic loads provides useful information for reducing mechanical damage and improving the quality of fresh fruits and vegetables during transportation, because the damage to fresh fruits and vegetables due to mechanical forces is one of the most important causes of quality loss [32,36,37,38,39,40].



The bruises are mostly caused by impacts during the handling, packing, and transportation of fruits and vegetables. During the transportation and handling of fruits and vegetables, dynamic stresses cause by far the most damage incurred due to bruises, as these stresses are more frequent and stronger than static stresses [41,42].



Fruits and vegetables are damaged by vibrations and impacts during transportation, especially for those with a soft pericarp. Mechanical damage during truck transport, including abrasions and bruises, degrades quality to such an extent that truck transport can become problematic. In Japan, fresh fruit losses during transportation and distribution increased by 17% and vegetable losses by 10% in 2006 [43]. Fruit must therefore be adequately cushioned in packaging to protect it from vibration and impact. This is particularly true for perishable fruits and vegetables such as cantaloupes [4,44], loquats [45], and peaches [7,8,9]. Domestic fruit is mostly carried by truck, which uses a variety of containers, such as corrugated containers and cushioning materials.



Apple consumers are becoming more discerning. Mechanical damage, such as bruising, abrasions, cuts, and punctures, is permanent and accumulates during cargo handling. The inevitable result of mechanical damage is inferior and poor-quality fruit and thus lower revenues for growers and packers [46,47].



The objective of this study was to investigate the dynamic characteristics of cantaloupe fruit during excitation, in order to investigate the effect of impact and vibration strength on the mechanical characteristics of cantaloupe fruit (firmness) and to show the effects of this strength on the mechanical damage of cantaloupe fruit.




2. Materials and Methods


Cantaloupe (Galia variety) samples of commercial maturity were carefully selected from a private farm and orchard in Menofia, Egypt. Fruits without external surface defects were chosen after harvest and placed in corrugated cardboard containers with paper pulp trays in an orchard. This procedure was followed to minimize any bruising during transport of the samples to the laboratory. All initial measurements were taken on the same day after carefully transferring samples to the laboratory at the Agricultural Engineering Department, Faculty of Agriculture, Menofia University. Following that, cantaloupe fruits were tested using several experimental setups (impact and vibration) (Figure 1).



2.1. Impact Testing


The impact test was carried out using a drop test procedure, which included a free-fall of fruit via a PVC hollow tube for each of the impacted surfaces (steel, rubber, and wood) at a height of 10 cm (low) and 40 cm (high), as shown in Figure 2.



All the bruised locations on fruits were marked after the drop test to make bruise recognition easier during measurements. Using the equation presented by [48], the impact energy (Joule) resulting from drop impact was calculated:


Impact Energy = W × h



(1)




where W is the weight of fruit (N) and h is the drop height in (m). The impacted fruits were sliced from the middle of the bruised area to perform bruise measurements. The presence of visibly bruised tissue on the designated area of the fruit was used to identify bruising. The bruise diameter (D) and depth (t) were measured using a digital caliper. The bruise area (cm2) was used to represent the magnitude of the bruises [49].


   B  a r e a   =  π 4     D 2     



(2)







The volume of the bruise (cm3) was calculated using Equation (3) [50]:


   B  V o l u m e   =  π 6     D 2    t  



(3)







To evaluate bruise formation and quality changes in the fruits, the samples were separated and kept at 10 °C (85 ± 5% relative humidity) at 2 day intervals for 10 days. The incidence of bruising and other qualitative changes in the fruit were observed visually.



For each test, the harm was defined as the observable damage to the human eye after 24 h (Figure 3). Abraded samples (those having surface abrasion damage to the skin) and flesh damage samples were separated from each test, and their percentages were calculated using the relevant weights in terms of the mechanical damage to the sample.




2.2. Vibration Testing


This study was conducted to evaluate the effects of vibration frequency, vibration acceleration, packing method, and vibration duration on mechanical damage during the transportation of cantaloupe. The study was conducted in two stages. First, the vibration frequency and vibration acceleration were measured using the laboratory vibrator, which simulates road transport under laboratory conditions. The analysis of the spectrum of vibration frequency and acceleration distribution was used to investigate the effects of some factors on mechanical damage during cantaloupe transport. Secondly, a wide range of vibration frequencies was measured for all the packaging methods used in this study, which are commonly used in transportation.



The samples were vibrated in the laboratory with a random force vibration simulator. Piezoelectric accelerometers and a pulse analyzer with software to measure the OMA, utilizing FDD and EFDD, were used to measure the dynamic responses. The impact of different packaging on damage reduction was studied. The dynamic test series’ experimental approach is as follows:



Cantaloupe samples were treated to three distinct vibration methods (50,100, and 200 Hz). The power spectral density and acceleration parameters that affected the properties of the samples were evaluated.



The mechanical properties of cantaloupe fruit were measured to show the effect of vibration levels on its properties.



All the samples of cantaloupe were exposed to the vibration frequency, the dynamic response analysis utilizing FDD and EFDD was performed using the paper pulp tray and pattern packing, and this was then compared to the case volume packing. The effect of the different packaging on the bruising of fruit and the damping ability of cantaloupe in terms of its effect on the bruising damage were investigated.



The vibration simulator used in this study was identical to that described by Khodaei et al. [10]. A laboratory vibration simulator consists of a steel body with a table attached to it and four springs connecting the table to the body, as shown in Figure 4. A laboratory vibration simulator driven by an electric motor (1 hp and 1450 min−1) converts the motion into groups of through belts and finds the four cams that give the horizontal motion, while the vertical motion is provided by the four springs attached to the table, resulting in only vertical vibrations. The motor was utilized to provide amplitudes and frequencies that covered a truck’s usual range, as well as higher frequencies up to 200 Hz. Undamped forced vibrations were produced by an actuation system with adjustable springs on the table, which produced only vertical vibrations. The response of the sample was measured by a lightweight piezoelectric accelerometer, which was attached to the opposite direction of the vibration tables. The accelerometers were wired into a charge amplifier (Brüel& Kjaer, Nexus, 2692, Teknikerbyen 28, DK-2830 Virum, Denmark) and the signals were recorded on a digital tape recorder (TEAC Corp., RD-135 T Dual Speed 8-Channel DAT Data Recorder, San Mateo, CA, USA). The recordings were made randomly with recordings of 300 s throughout the track. A fast Fourier transform (FFT) algorithm was used to compute the power spectral density of each sample of registered signals in the range of 0–200 Hz with a resolution of 1 Hz (PSD).



The signal was processed to determine the root mean square (RMS). Then, the main PSD peaks were considered to obtain simplified PSD profiles. A power amplifier (MA240, 240W Mixing Amplifier) drove an electrodynamic shaker (UNHOLTZ-DUCKIE CORP., S202), and readings from vibration tables and accelerometers were supplied to the FFT analyzer (Figure 5), where the PSD (dB2/Hz) was determined. Figure 6 depicts a typical curve demonstrating the relationship between frequency (Hz) and power spectral density (dB2/Hz). The acceleration, on the other hand, was calculated using the equation [51]:


    PSD    ( f )    =     ∑  1 N    RMS    ( f )   2   N   



(4)




where PSD (dB2/Hz) is the power spectral density, N is the number of sample periods, RMS is the root mean square acceleration value (g), and f (Hz) is the frequency.



The variance of RMS amplitude at a given frequency around a mean value of zero g is described as power spectral density [46].



The dynamic response measurements were made using a single (fixed) reference accelerometer and a moving accelerometer that responded at the points indicated in the package. The data acquisition system was a five-channel portable pulse analyzer with a laptop containing the Brüel & Kjaer software (Version: 2.34.10.0), Nexus, 2692, Teknikerbyen 28, DK-2830 Virum, Denmark. The reference accelerometer was placed at a well-chosen point on the cantaloupe, where all the modes contributed to the reference accelerometer using an initial idea of mode shape. The raw data recorded with the time capture analyzer were carried for each measurement group. The damping capability was measured using EFDD for the moving and fixed response.



In this study, three packing methods were used, namely the paper pulp tray packaging, pattern packing, and volume packing. In the simulations, the size of the box was 0.6 × 0.4 × 0.2 m, resulting in a stacking height of ±0.20 m. A paper pulp tray was placed in corrugated cardboard and filled with cantaloupes (about 13 kg capacity). For pattern packing (about 9 kg capacity), cantaloupes were also filled by hand into the corrugated cardboard in a triangular shape. For the volume packing, a wooden container was randomly filled with cantaloupes (about 12 kg capacity). The packages were placed and secured on the vibrator table, and the vibrator was then operated at various vibration frequencies and durations (50, 100, and 200 Hz) (5 and 10 min).



After the vibration tests, the samples were stored at a temperature of 20 °C for 10 days. Then, the external damage was assessed by observing the contact area between the samples and measuring the maximum width and length of the damage. Possible internal damage was examined by removing and cutting a portion of the pulp that contained the contact or the damaged area.



According to Nourain et al. [52] definition, cantaloupe damage can be classified into 5 categories: none, trace, slight, medium, and severe. In this study, cantaloupe cultivars were determined based on mechanical damage only. After the vibration treatments, all the cantaloupe fruits were classified according to their bruise diameter. A digital caliper was used to measure the bruise diameter on the cantaloupe’s surface, which had a minimum dimension of 0.01 mm. Bruises with a diameter of less than 12 mm with the same diameter of the total bruises were not counted.



Bruises with a depth of 3 mm or less are only visible from the outside by a trained eye. According to the United States Standards for Grades of cantaloupes, bruises with a depth of less than 3.2 mm are not considered to reduce quality of cantaloupes.



The firmness index (kg2/3 s−2) was constructed as follows [53] to indicate the firmness of cantaloupes:


Firmness index = F 2 m2/3



(5)




where F is the frequency (Hz) and m is the mass of fruit (kg).



The elasticity modulus (MPa) was computed as follows:


Elasticity modulus = F2 m2/3 ρ1/3



(6)




where: ρ the density (kg/m3).





3. Results and Discussion


3.1. Impact Testing


Impact height testing is important to determine the height at which specimens are damaged during processing operations. The impact heights used to study the bruises at different surfaces and heights of 10, 20, 30, and 40 cm for the cantaloupe specimens are shown in Figure 7.



According to the results, the percentage of bruising (%) was high for the steel surface, but decreased for the wood and rubber surface. The consistent observation of all treatments was that the falling of fruit from a height of 10 cm led to the lowest percentage of bruising for all fruits, followed by 20 cm. Consequently, we can conclude that with an increase in the high impact, the number of bruises increases, which is due to some physical and chemical factors that occurred in the fruit, such as the conversion of carbohydrates into sugars and the shrinkage of fruit due to high water loss. This is especially relevant after the harvest and during the storage period, due to the increase in biological processes, such as a high respiration rate and high water loss due to the opening of cells.



The relationship between the bruise volume and the impact height is shown in Figure 8. The volume of bruises increased as the impact height increased, and it was highest at 10 and 20 cm for steel surfaces, but highest at 30 and 40 cm for wood surfaces. However, as shown in Figure 8, the bruise volume rose as the impact height increased. Figure 9 depicts the relationship between impact energy and impact height. The impact energy increased with increasing impact height and was highest at 30 and 40 cm of impact height. Figure 10 depicts the effect of storage time on the bruise volume of fruits. The bruise volume increased on the different surfaces (steel, rubber, and wood) as the storage time increased; the bruise volume reached its maximum values for the steel surface in the first week, increased on the wood surface after the first week, and decreased on the rubber surface.



The relationships between bruise area and bruise volume vs. impact energy are shown in (Figure 11 and Figure 12). The impact energy was shown to be linearly related to the total bruising area and volume. The shape of the relationship between bruising area and bruise volume vs. impact energy was predicted by the elastic model. The bruise area and volume play an important role in impact theory, and they are visible and easily measured parameters in practice. According to elasticity theory, the bruise area and volume following the impact are related to the impact energy and the elastic modulus. When the bruise area and volume were plotted against the impact energy in these studies (Figure 11 and Figure 12), the regression analysis revealed a highly significant linear association between these parameters [54].


Barea = 0.9926 IE + 0.0516       R2 = 0.94



(7)






Bvolume = 0.9939 IE − 0.0946      R2 = 0.95



(8)








3.2. Effect of Mechanical Vibrations and Packing Method on the Damage of Cantaloupe Fruits


According to the results measured by a laboratory vibrator, the vibration frequencies were (0–50), (50–100), and (100–200) Hz. Table 1 presents descriptive statistics data of vibration analysis for cantaloupe fruits at different frequencies in volume packaging. The general average values and coefficient of variation (CV) for cantaloupe fruits were 30 dB2/Hz and 28.66%, respectively, at a frequency of 0–50 Hz and a duration of 5 min, as shown in Table 1. However, at a frequency of 0–50 Hz and a duration of 10 min, the mean and CV values were 31.49 dB2/Hz and 26.36%, respectively. Furthermore, the mean and CV at a 50–100 Hz frequency and a 5 min duration were 15.06 dB2/Hz and 29.52%, respectively, whereas at the same frequency and a 10 min duration, they were 18.06 dB2/Hz and 20.58%, respectively. At the frequency of 100–200 Hz and a 5 min duration, the mean and CV were 18.96 dB2/Hz and 18.71%, respectively, and they were 4.09 dB2/Hz and 12.67% at 100–200 Hz of frequency and 10 min of duration.



Table 2 presents descriptive statistics data of vibration analysis for cantaloupe fruits at different frequencies in the paper pulp tray packaging. The general average values and coefficient of variation (CV) for cantaloupe fruits were 13.24 dB2/Hz and 15.68%, respectively, at a frequency of 0–50 Hz and a duration of 5 min, as shown in Table 2. However, at a frequency of 0–50 Hz and a duration of 10 min, the mean and CV values were 23.76 dB2/Hz and 4.14%, respectively. Furthermore, the mean and CV at 50–100 Hz frequency and a 5 min duration were 5.49 dB2/Hz and 12.82%, respectively, whereas at the same frequency and a 10 min duration, they were 9.14 dB2/Hz and 32.36%, respectively. At the frequency of 100–200 Hz and 5 min of duration, the values of mean and CV were 5.13 dB2/Hz and 5.79%, respectively, and they were 15.13 dB2/Hz and 7.25% at 100–200 Hz of frequency and 10 min of duration.



Table 3 presents descriptive statistics data of vibration analysis for cantaloupe fruits at different frequencies in the pattern packaging. The general average values and coefficient of variation (CV) for cantaloupe fruits were 11.49 dB2/Hz and 38.08%, respectively, at a frequency of 0–50 Hz and a duration of 5 min, as shown in Table 3. However, at a frequency of 0–50 Hz and a duration of 10 min, the mean and CV values were 20.35 dB2/Hz and 17.56%, respectively. Furthermore, the mean and CV at 50–100 Hz of frequency and a 5 min duration were 12.14 dB2/Hz and 21.35%, respectively, whereas at the same frequency and a 10 min duration, they were 19.39 dB2/Hz and 6.82%, respectively. At the frequency of 100–200 Hz and 5 min of duration, the mean and CV were 12.72 dB2/Hz and 27.06%, respectively, and they were 8.56 dB2/Hz and 33.48% at 100–200 Hz of frequency and 10 min of duration.



Figure 13 shows the PSD values at different vibration frequencies and for different packing methods and a duration of 5 min. Some differences in PSD values can be seen in Figure 13. At (0–50 Hz), the PSD values for volume packing were shown to be higher than the values for pattern packing and for paper pulp tray packing, which can be attributed to the packing method of the samples and the paper between the samples that damped the vibration, so that the values decreased. However, at 50–100 Hz, the PSD values generally decreased, followed by the values at 0–50 Hz. The PSD values for volume packaging are higher than the values for pattern packaging and for paper pulp tray packaging. It was also observed that the PSD values decreased with the increase in vibration frequency. At 100–200 Hz, the PSD values were higher for volume packaging than for pattern packaging and for paper pulp tray packaging.



Figure 14 shows the PSD values at the different vibration frequencies and at different packaging methods and a duration of 10 min. Some differences in the PSD values can be seen in Figure 14. At 0–50 Hz, it showed that the PSD values for the volume packaging were higher than the values for pattern packaging and for paper pulp tray packaging, which was due to the packaging method of the samples and the paper between the samples that damped the vibration, so the values decreased. However, at 50–100 Hz, the PSD values generally decreased, followed by the values at 0–50 Hz.



The PSD values for the paper pulp tray packaging were higher than the values for pattern packaging and for the volume packaging. It was also observed that the PSD values decreased with the increase in vibration frequency. At 100–200 Hz, the PSD values for the pattern packaging were higher than the values for the paper pulp tray packaging and for the volume packaging.




3.3. Effect of Packing Method on the Number of Bruise Cantaloupe at Different Vibration Frequencies


Simulations were conducted to quantify the effect of the packing method on the mechanical damage incurred during the transport of cantaloupe. The data are shown in Figure 15. It was found that the bruise volume decreased with an increasing vibration frequency from 0 to 200 Hz for the different packing methods. In the subsequent analysis of the distribution of the bruise volume, the damage was highest for the volume packaging, followed by the other packing methods. It can also be seen that the bruise damage increased with the increasing vibration frequency. When the fruit package’s resonance frequency coincided with the excitation frequency, the product’s acceleration can be considerably enhanced, resulting in severe fruit damage [55]. According to Shabazi et al. [55], raising the vibration frequency from 7.5 to 13 Hz had a substantial influence on the lowering of the elasticity modulus of a watermelon’s flesh under constant acceleration. It is worth noting that increasing the vibration frequency at a constant acceleration minimizes the displacements of each fruit during transportation, lowering the impact numbers between the fruits and therefore reducing damage. Pretorius and Steyn [56] compared the resonant vibration frequencies calculated for different types of fresh produce with the vibrations experienced on fresh fruit containers during transit. Furthermore, according to Jarimopas et al. [25], the frequency range between 5 and 20 Hz reflects the axle hop response, and these frequencies are typically passed to the fruit load inside the packing, particularly in the case of a defective truck suspension.



Furthermore, the natural frequencies of both apricot cultivars were found to be within this essential zone, according to the findings of this study. To minimize the damage, the system vibration must be moved out of the critical region, and resonance frequencies must be avoided. Other types of packaging, protective materials inside the packages, and a tight filling procedure to improve the package’s natural frequency are the best options for achieving these aims.



The results in Figure 15 show that for the main factors, the paper pulp tray packaging was the best method of internal packaging, followed by pattern and volume packaging. Volume packing caused the highest damage values. The vibration duration of 10 min caused higher damage values for all the packaging methods than the others at 5 min, implying that the size of the bruise in the cantaloupe containers was increased by increasing the vibration duration. Li et al. [41] and Schulte et al. [57] reported that an increase in the distance travelled increased the percentage of fruit bruised during transport.



As shown in Figure 16 the number of bruised cantaloupes increased with the increasing vibration frequency and increasing the vibration duration from 5 to 10 min, i.e., most of the vibration forces transmitted from the vibration table to the cantaloupes containers are absorbed by the cantaloupes in the containers and cause bruising on the cantaloupes. The reason for these bruises is that these forces are higher in the cantaloupes, causing the cantaloupes to be temporarily weightless. The weightlessness allowed the cantaloupes to rotate and bump into each other. This motion caused the discoloration of the surface and fatigue of the cell walls, resulting in bruising of the cantaloupes, according to Vursavuş and Özgüven [16].



The cantaloupes packed in paper pulp trays showed the least damage, followed by the pattern and volume packing methods. The volume packing method, with a high vertical frequency, had the highest potential for bruising due to the size differences of the cantaloupe within the counts. Therefore, the trays used should be sized to provide a slight margin within the carton, and similar sized fruit should be used in paper pulp tray packages to reduce bruise damage. In addition, the use of cushioning materials for all packaging methods can help reduce bruising; however, the cost and inconvenience of their use seems prohibitive.




3.4. The Effect of Different Levels of Vibration Frequency on the Dynamic Properties of Cantaloupe during Excitation


The variation of the vibration characteristics of cantaloupe with the correlation of their behavior and material properties were studied using (OMA) for the three types of packaging method. Vertical bending and torsion modes in the frequency range of 0–200 Hz were used to determine the dynamic behavior of cantaloupe, and six modes were identified in this frequency range. Table 4, Table 5 and Table 6 show the obtained natural frequencies, damping loss factor, elasticity, and stiffness factor for all three types of packing methods, using the technique of estimating the model under excitation conditions. To understand the factors involved in cantaloupe damage during transportation, it is important to know that in vibrating systems, a much higher acceleration occurs when the natural frequency is reached. The first test was performed with paper pulp tray packing method, the second with the pattern packing method, and the third with the volume packing method for the cantaloupe fruit. The natural frequencies obtained in the three experimental tests changed only slightly.



According to our findings, the paper pulp tray approach is the most successful in reducing vibration levels during transit. This could be attributed to the paper pulp tray’s ability to increase the quality and safety of fruits after harvest and during the post-harvest process.



From Table 4, Table 5 and Table 6, note the increasing damping in the case of the paper pulp tray when compared to the pattern and volume methods, The addition of mass to these materials may cause the natural frequency of the fruit to be moved out of range of the conveying vehicle (exciting force), resulting in diminished resonance vibrations and vibration bruising.



When examining the values of natural frequency, damping ratio, stiffness factor, and the modulus of elasticity for cantaloupe for all three types of packing methods, when there is an increase in the natural frequency, stiffness factor, and modulus of elasticity, this decreases the damping ratio. The decreasing rate of the damping ratio for cantaloupe were 74, 75, and 96% for the different packing methods (paper pulp tray, pattern, volume), respectively. The damping ratio refers to the additional mass of the material, which can shift the natural frequency of the fruit from the range of that of the transport vehicle, and reduce the resonant oscillations and vibration bruising.





4. Conclusions


Damage to fruits can be reduced and their quality can be improved during the harvesting process and post-harvesting process if the packagers use the paper pulp tray packing method. The range of resonance frequencies is important for transporting cantaloupe; a higher resonance frequency starting value is an indication for stiffer cantaloupe bottoms, and the paper pulp tray shifts the resonance frequency when compared to the volume packing method. Another interesting observation in this study is that a fruit with a high internal damping capacity is not as damaged by exciting vibrations as a fruit with a low damping capacity, even if its natural frequency falls within the range of excitation.



Fruit packed in a paper pulp tray has a smaller resonant vibration and less bruising because the natural frequencies of the fruit are moved out of the range of the transport vehicle. The study of the dynamic responses of agricultural products allows for a quick understanding of their actual condition and helps manufacturers create transportation equipment, suspensions, and conveyors. We recommend avoiding exposure of the cantaloupe to high vibration frequencies, as this will raise the frequency below the damping ratio of the packaging, resulting in more damaged fruit. This could be due to the mechanical element’s harmonic frequency approaching the cantaloupe’s natural frequency, necessitating a careful design of the fruit trolley system to keep the fruit’s resonant frequencies away from the rotational system’s excitation frequency.
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Figure 1. Flowchart describing the experimental setup (impact and vibration tests) on cantaloupe fruit. 
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Figure 2. Experimental setup of impact testing in cantaloupe fruit. 
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Figure 3. Bruise volume calculation and the shape damage for the flesh cantaloupe. 
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Figure 4. Schematic layout of the system used for the vibration analysis. 
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Figure 5. Schematic diagram of a laboratory vibration simulator. 
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Figure 6. Singular value decomposition of the spectral density matrices for cantaloupe fruit. 






Figure 6. Singular value decomposition of the spectral density matrices for cantaloupe fruit.



[image: Processes 10 01187 g006]







[image: Processes 10 01187 g007 550] 





Figure 7. The bruising of fruit due to different impact heights at different impacted surfaces. 
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Figure 8. Bruise volume of fruit due to different impact heights at different impacted surfaces. 
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Figure 9. Impact energy of fruit due to different impact height at different impacted surfaces. 
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Figure 10. Bruise volume vs. storage time at different surface for cantaloupe fruit. 
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Figure 11. Bruising area vs. impact energy for cantaloupe. 
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Figure 12. Bruise volume vs. impact energy for cantaloupe. 
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Figure 13. Relationship between the power spectral density, dB2/Hz, and frequency (Hz) of cantaloupe with different packing methods and a duration of 5 min: (a) 0–50 Hz, (b) 50–100 Hz, (c) 100–200 Hz. 
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Figure 14. Relationship between the power spectral density, dB2/Hz, and frequency (Hz) of cantaloupe with different packing methods and a duration 10 min: (a) 0–50 Hz, (b) 50–100 Hz, (c) 100–200 Hz. 
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Figure 15. The effect of the packaging method on the bruise volume of cantaloupe at different vibration frequencies and durations: (a) 5 min; (b) 10 min. 
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Figure 16. The effect of the vibration frequency on the number of cantaloupe bruised at different packaging method and duration: (a) 5 min; (b) 10 min. 
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Table 1. Descriptive statistics of vibration analysis for cantaloupes in volume packing at different frequencies.
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Items

	
Duration Time

	
Mean

	
Range

	
SD *

	
SE *

	
CV *




	
Min.

	
Max.






	
(0–50 Hz)




	
P.S.D

(dB2/Hz)

	
5

	
30

	
1.00

	
136.46

	
33.31

	
8.60

	
28.66




	
10

	
31.49

	
7.69

	
164.06

	
32.16

	
8.30

	
26.36




	
(50–100 Hz)




	
P.S.D (dB2/Hz)

	
5

	
15.06

	
5.15

	
98.30

	
17.22

	
4.45

	
29.52




	
10

	
18.06

	
13.84

	
91.65

	
14.39

	
3.71

	
20.58




	
(100–200 Hz)




	
P.S.D (dB2/Hz)

	
5

	
18.96

	
9.92

	
89.38

	
13.74

	
3.55

	
18.71




	
10

	
4.09

	
2.15

	
16.53

	
2.01

	
0.52

	
12.67








* Standard Deviation (SD), Standard Error (SE), and Coefficient of Variation (CV).
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Table 2. Descriptive statistics of vibration analysis for cantaloupes in paper pulp tray packaging at different frequencies.
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Items

	
Duration Time

	
Mean

	
Range

	
SD

	
SE

	
CV




	
Min.

	
Max.






	
(0–50 Hz)




	
P.S.D (dB2/Hz)

	
5

	
13.24

	
4.61

	
45.71

	
8.04

	
2.07

	
15.68




	
10

	
23.76

	
10.38

	
33.20

	
3.81

	
0.98

	
4.14




	
(50–100 Hz)




	
P.S.D (dB2/Hz)

	
5

	
5.49

	
4.06

	
22.06

	
2.73

	
0.70

	
12.82




	
10

	
9.14

	
3.58

	
64.06

	
11.45

	
2.96

	
32.36




	
(100–200 Hz)




	
P.S.D (dB2/Hz)

	
5

	
5.13

	
4.06

	
9.91

	
1.15

	
0.30

	
5.79




	
10

	
15.13

	
13.84

	
45.71

	
4.25

	
1.08

	
7.25
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Table 3. Descriptive statistics of vibration analysis for cantaloupes in pattern packaging at different frequencies.
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Items

	
Duration Min

	
Mean

	
Range

	
SD

	
SE

	
CV




	
Min.

	
Max.






	
(0–50 Hz)




	
P.S.D (dB/Hz2)

	
5

	
11.49

	
1.14

	
85.11

	
16.95

	
4.38

	
38.08




	
10

	
20.35

	
6.37

	
58.77

	
13.84

	
3.57

	
17.56




	
(50–100 Hz)




	
P.S.D (dB/Hz2)

	
5

	
12.14

	
1.50

	
43.41

	
10.03

	
2.59

	
21.35




	
10

	
19.39

	
16.08

	
40.58

	
5.12

	
1.32

	
6.82




	
(100–200 Hz)




	
P.S.D (dB/Hz2)

	
5

	
12.72

	
2.24

	
85.11

	
13.33

	
3.44

	
27.06




	
10

	
8.56

	
2.52

	
85.11

	
11.10

	
2.87

	
33.48











[image: Table] 





Table 4. Determining the natural frequency, damping ratio, elasticity, and stiffness factor for cantaloupe fruit for the paper pulp tray packing method.
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	Mode
	Frequency, Hz
	Damping Ratio, %
	Elasticity, MPa
	Stiffness

×104 Hz2 kg2/3





	Mode, 1
	25.3
	5.838
	0.0013
	0.0173



	Mode, 2
	45.26
	5.011
	0.0043
	0.0552



	Mode, 3
	85.17
	4.835
	0.0052
	0.0679



	Mode, 4
	165.09
	4.237
	0.0158
	0.2045



	Mode, 5
	200.0
	4.229
	0.0835
	1.0839
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Table 5. Determining the natural frequency, damping ratio, elasticity, and stiffness factor for cantaloupe fruit for the pattern packing method.
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	Mode
	Frequency, Hz
	Damping Ratio, %
	Elasticity, MPa
	Stiffness,

×104 Hz2 kg2/3





	Mode, 1
	38.76
	2.438
	0.0031
	0.0405



	Mode, 2
	51.4
	1.623
	0.2067
	2.6821



	Mode, 3
	91.3
	1.521
	0.5411
	7.0211



	Mode, 4
	175.7
	0.9925
	0.7176
	9.3124



	Mode, 5
	197.6
	0.6586
	0.8985
	11.6594
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Table 6. Determining the natural frequency, damping ratio, elasticity, and stiffness factor for the cantaloupe fruit volume packing method.
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	Mode
	Frequency, Hz
	Damping Ratio, %
	Elasticity, MPa
	Stiffness,

×104 Hz2 kg2/3





	Mode, 1
	52.5
	6.953
	0.0483
	0.6270



	Mode, 2
	91.4
	1.565
	0.5477
	7.1066



	Mode, 3
	125.3
	1.031
	0.7118
	9.2365



	Mode, 4
	175.02
	0.5172
	1.1594
	15.0450



	Mode, 5
	195.3
	0.3527
	1.2489
	16.2066
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