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Abstract: Bruise damage is one of the mechanical injuries that fresh produce can sustain during the
postharvest supply chain. The study investigated the effect of drop impact levels, storage tempera-
tures, and the storage period on the quality changes of cucumbers. A known mass ball was used to
damage cucumbers once from three different drop heights (30, 60, and 90 cm) before they were
stored for 24 days at 5 °C, 10 °C, and 22 °C. The data showed that the bruise area (BA), bruise sus-
ceptibility (BS), yellowness, and chroma* increased with the increase in the drop height and storage
temperature. The study found that the bruise area (BA) and bruise susceptibility (BS) of the dam-
aged cucumbers increased substantially (p < 0.05) with the increase in storage temperature and drop
height. Due to the increment in drop height, storage temperature, and the storage period, the weight
loss (WI)% significantly increased after 24 days of storage. The storage period affects the firmness
of damaged cucumbers stored in all storage conditions. The highest value of lightness (L*) was ob-
served for the cucumbers bruised from the 60 cm drop height and stored at 22 °C with a value of
43.08 on day 24 of storage. Hue*, redness (a*), and total soluble solids (TSS) were all unaffected by
the drop height. This study can serve as a resource for horticultural researchers and experts involved
in the fresh fruit and vegetable supply chain. The study pays attention to the importance of post-
harvest supply chain activities, such as handling and storage to maintain the quality and prolong
the shelf life of perishable produce, such as cucumbers.
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1. Introduction

The cucumber (Cucumis sativus L.) is a popular vegetable that is produced in high
quantities. In 2021, the total harvested area and production of cucumbers reached more
than 2 million hectares and more than 93 million tons, respectively [1]. Cucumbers are
used in salads and to make pickles. The cucumber is a high water content vegetable that
is high in potassium, calcium, vitamin A, and vitamin. [2] stated that cucumbers are one
of the most versatile vegetables, since they may be utilized topically and they help to con-
trol stress. Additionally, cucumbers assist in relaxation and aid in digestion, and they re-
inforce cells by keeping them hydrated so they can perform efficiently. Cucumbers are
also known to aid in slowing age-related cellular degradation. Fresh cucumber has several
health benefits and has antioxidant, anti-inflammatory, and anti-cancer properties. Fur-
thermore, cucumbers contain many vitamins that are beneficial for diabetes patients, since
they contain little sugar and help the body in burning excess fat.

According to Al-Dairi et al. [3], visual appearance plays an important role in con-
sumer decisions (up to 83 %) which are extremely influenced by the presence of flaws and
damage. Bruising is determined to be one of the most common obstacles to purchasing
produce, more so than the price [4], and because bruising is widespread, it is recognized
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to be one of the leading causes of fresh produce deterioration and quality loss [5]. Accord-
ing to Celik [6], bruising is a subcutaneous mechanical injury without skin rupture that is
induced by an impact, quasi-static compression, or vibration. It consists of the local dete-
rioration of external tissue, intracellular water extravasation, and the browning (oxida-
tion) of phenolic chemicals from the released intracellular water. The bruising is charac-
terized as damage to the plant tissue caused by external forces, resulting in chemical,
physical, textural, and flavor changes [7].

Bruising can greatly affect the economic value of horticultural produce and cause its
decline in marketability. In one study on apples, a “Galaxy” apple had minor bruising
damage, and this resulted in browning and a loss of firmness [8]. In another study ,
bruised kiwifruit stored for 10 days had less hardness and greater weight loss [9]. Fruit
weight loss influences not only customer preferences, but also the marketing of fresh fruit
as weight is one of the most essential quality factors in fruit production [7].

The term “storage” refers to the storing of fresh produce under regulated conditions
[10]. Eboibi and Uguru [11] mentioned that storage duration affects the physical proper-
ties of cucumbers. Weight loss in fresh fruit and vegetables is primarily due to water loss
induced by transpiration and respiration processes that occur during storage. According
to Ndukvu and Manuwa [12], fresh fruits and vegetables tend to spoil more quickly com-
pared to other produce. This is because they undergo increased respiration during stor-
age, which is caused by their high moisture content and exposure to hot tropical temper-
atures. These conditions can result in various physical and physiological changes that may
affect the produce’s overall quality, viability, and market value. Meanwhile, storage
throughout the value chain is essential to guarantee that processors have access to raw
materials consistently. Storage helps to extend the processing season and ensure product
supply consistency throughout the year. Fresh produce can be stored at room temperature
for a short time (up to a week) if there is enough ventilation to prevent heat accumulation
from respiration. Yellowing, moisture loss resulting in shriveling, and physiological harm
caused by low temperatures are the most common deteriorative changes in cucumbers
during storage and distribution.

The cucumber is a very temperature-sensitive produce. When the temperature is
lower than 10 °C, symptoms of chilling injuries (CIs), such as surface pitting, water spots,
scale depressions, tissue collapse, and decay are frequently observed in cucumbers [13].
Cucumbers are prone to cold harm due to their thermal properties. No previous study has
evaluated the effect of mechanical damage on cucumbers. Therefore, this study was aimed
at evaluating the effect of mechanical damage caused by three impact levels and different
storage temperatures on the bruising parameters and quality attributes of cucumbers after
24 days of storage in two storage conditions.

2. Materials and Methods
2.1. Cucumber Sample Preparation

Fresh cucumbers were purchased from the market and directly transported to the
Postharvest Technology Laboratory at Sultan Qaboos University. A total of 215 cucumbers
with a uniform shape, color, and surface condition were selected. The mean weight of the
fresh cucumbers was 117.69 + 25.51 g.

2.2. Bruising Measurements and Storage

The drop impact technique described by Pathare and Al-Dairi [7] (Figure 1) was used
to bruise/damage the cucumbers used in this experiment. This method comprises the free
fall of a steel ball (66.81 g) through a PVC hollow pipe into each cucumber from a height
of 30 cm, 60 cm, and 90 cm that represent the low, medium, and high drop impacts, re-
spectively. Upon applying the impact damage, the bruised region on the cucumbers was
marked to facilitate the bruise recognition for further measurements. The impact energy
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(Ei) resulting from the impact test was calculated using Equation (1), as described by
Pathare and Al-Dairi [14].

Ei=myxgXxh() 1)

where m is the ball mass (66.81 g), g is the gravitational constant (9.81 m s2), and & repre-
sents the drop height (cm). The impact energies produced from the three drop heights
were 0.197 ] (low), 0.39 ] (medium), and 0.59 ] (high).

A digital caliper (model: Mitutoyo, Mitutoyo Corp., Japan) was utilized to determine
the bruise diameter (d) for the major (w:) and minor widths (w2) (Figure 1). Bruise meas-
urements were shown as the bruise area (BA) (Equation (2)) [15] and the bruise suscepti-
bility (BS) (Equation ((3) [7]. The bruise diameter (w: and w2) was used to calculate the
bruise area of the cucumber.

T
BA = RN (mm?) )
BA |
BS = — (m“]™") 3)
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=

Figure 1. Schematic diagram of the experimental setup (the drop impact test). w1 and w2 are the
major and minor widths (bruise diameter).

The cucumber samples were stored at 5 °C, 10 °C, and 22 °C (63 cucumbers per stor-
age condition) for 24 days. Each storage condition contained three groups of cucumbers
bruised from the different drop heights. To study the bruise development and quality
changes in the cucumbers, measurements for weight loss %, color attributes (L*, a*, b*,
hue*, and chroma*), firmness, and total soluble solids (TSS) were taken at intervals of 2, 4,
8, 12, 16, 20, and 24 days. Visual and daily observations were recorded to measure the
occurrence of quality changes and bruising in cucumbers. For the analysis on day 0, the
weight, firmness, color, and total soluble solids (TSS) of the cucumber samples were ana-
lyzed prior to the impact test and storage.

2.3. Quality Analysis
2.3.1. Weight Loss % (W1%)

An electric weight balance (model: GX-4000, Japan) with an accuracy of 0.01 g was
used to weigh the cucumbers. The percentage of weight loss in the cucumbers was calcu-
lated using Equation (4).
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) Initial weight of cucumber — final weight of cucumber
Weight loss % = — . x 100 4)
Initial weight of cucumber

2.3.2. Color

The surface color of the cucumbers was measured using a colorimeter (model:
NR110, Shenzhen ThreeNH Tech, Shenzhen, China) that was calibrated using a white
plate. Color measurements were performed 6 times for each sample (162 readings per day)
for 24 days of analysis to find the alternations in L* (lightness-darkness), a* (redness-green-
ness), b* (yellowness-blueness), chroma*, and hue* on the bruised cucumbers stored at 5
°C, 10 °C, and 22 °C. Furthermore, the total color difference (AE*) was calculated using
Equation 5, as described by Pathare et al. [16].

AE = \[(Aa?) + (Ab?) + (AL?) (5)

2.3.3. Firmness

The firmness test was conducted by penetrating the upper, middle, and lower regions
of the cucumber by applying a hand penetrometer (model: FHP-803, LLC., Franklin, ME,
USA) after 2, 4, 8, 12, 16, 20, and 24 days and expressed in N.

2.3.4. Total Soluble Solids (TSS)

The TSS (Brix) of the cucumber was measured using a hand-held refractometer
(model: PR-32 a, ATAGO Co., Ltd., Tokyo, Japan) and was calibrated at 20 °C. For each
cucumber sample, three readings were taken (upper, middle, and lower regions). Each
region was squeezed longitudinally to obtain a mixture of juice from all regions. From
each group, 9 readings of TSS were taken (63 readings per day).

2.4. Statistical Analysis

To carry out all statistical analyses, SPSS 20.0 (International Business Machine Corp.,
New York, NY, USA) software was applied. The analysis of variance (ANOVA) was per-
formed to assess the influence of three studied factors, including drop height, storage tem-
perature, and storage duration on the bruise size measurements (bruise area (BA) and
bruise susceptibility (BS)) as well as on the quality attributes (weight loss % (WI%), color,
firmness, and total soluble solids (TSS)) of the cucumbers at a 95% significance level. The
values of all resulted data were shown as the mean + standard deviation (SD)._A Pearson
correlation analysis was also conducted to study the correlation between the studied pa-
rameters.

3. Results and Discussions
3.1. Bruise Area (BA) and Bruise Susceptibility (BS) of Cucumbers

Table 1 shows the results of the bruise area (BA) of cucumbers damaged from three
different drop heights (30, 60, and 90 cm) after 24 days of storage at 5, 10, and 22 °C. In
this study, the BA and BS of damaged cucumbers significantly increased (p < 0.05) with
the increase in storage temperature and drop height. The study obtained no relationship
between BA and BS with storage duration (p > 0.05). The highest drop height (90 cm, 0.590
J) and storage at 5 °C increased the BA average value of cucumbers from 109.47 mm? on
day 2 to 151.88 mm? on day 8. Later, the BA increased on day 12 (204.88 mm?) and then
decreased to reach 161.64 mm? on day 24. The BA value was the highest for the 90 cm
bruised cucumbers stored at 10 °C, where the BA showed an increment from 190.32 mm?
to 209.57 mm? on days 2 and 24, respectively (Table 1). At 22 °C storage conditions, the BA
was reduced by 13.14% from days 2 to 24 in the high impact (90 cm) bruised cucumbers.

The results showed that the BS was influenced by the drop height and storage tem-
perature (p <0.05), but not by the storage duration (p > 0.05) (Figure 2). With storage days,
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an increasing trend in BS was observed as the drop height was reduced (Figure 2). The BS
of 60 and 30 cm bruised cucumbers stored at 10 °C was 469.64 and 505.92 mm? J-! on day
24, respectively. The BS of cucumbers stored at 22 °C reached the maximum values of
274.02, 355.28, and 136.47 mm? ]! for 30, 60, and 90 cm drop heights, respectively. On the
last day of storage, less BS was recorded on bruised cucumbers stored at 22 °C, which was
274.02, 355.28, and 136.47 mm? J-! for low (30 cm), medium (60 cm), and high (60 cm) drop
heights, respectively (Figure 2). In the current study, cucumbers stored at 22 °C and im-
pacted by the 30 cm height had the lowest BS value (358.01 mm? J') compared to those
stored at 5 °C and 10 °C at the same height (924.75 and 912.79 mm? J!). For the impact
level heights (30 and 60 cm), cucumbers stored at 5 °C had the highest values of BS with
values of 924.75 mm? ] and 505.92 mm? ], respectively. However, cucumbers kept at 22
°C storage and damaged by the 90 cm drop height showed the highest BS with the value
of 355.28 mm?2 J-..

Table 1. Bruise area of cucumbers impacted by three drop height levels (30, 60, and 90 cm) stored
at 5 °C, 10 °C, and 22 °C during 24 days of storage. The values were represented as the mean +
standard deviation of three readings per three replicates.

Bruise @ ST DH Storage Days
Parameter (°C) (cm) 2 4 8 12 16 20 24
62.96 + 105.54 + 133.69 + 148.46 +
30 16,17 84.65 + 62.94 97 59 104.89 + 100.68 76.34 39.05 181.83 + 50.89
107.90 = 144.03 = 152.38 + 132.76 =
5 60 3.00 124.43 + 18.68 23.01 185.13 +27.31 50.06 0437 198.95 + 70.29
109.47 + 151.88 = 144.76 = 162.31 =
90 45.78 160.23 + 33.31 3151 204.88 +42.95 37,09 5738 161.64 +27.72
91.59 + 76.87 + 94.93 + 95.51 +
30 1516 93.07 +4.30 4.9 88.73+19.23 15.46 213 179.48 +77.85
Bruise area 174.24 + 115.62 + 122.90 + 113.46 +
(BA) 10 60 5155 105.67 +18.01 33,05 166.57 +12.91 1172 9.84 184.68 + 46.80
190.32 + 204.10 + 180.63 + 171.05 +
223.79 + 69.54 197.93 + 37. 209.57 + 25.
90 49,09 3.79 £69.5 59 66 97.93 £37.00 57,07 9.3 09.57 +25.65
26.54 + 2641+ 19.23 + 28.52
30 45.97 28.03 + 48.55 45.74 20.58 + 35.65 3331 49 40 70.39 + 60.98
114.20 = 167.78 + 147.79 + 117.09 =
22 60 66.30 136.00 + 32.61 6718 141.92 + 48.57 67 45 4491 168.71 + 60.36
92.68 + 68.87 + 53.25 + 76.44 +
90 80.34 89.73 +77.83 5074 92.27 +82.93 4993 68.44 80.50 + 71.38
Level of significance (p-value)
Drop height <0.0001
Storage ~0.0030
temperature

Storage duration =0.1230
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Figure 2. BS values of cucumbers impacted by 30, 60, and 90 cm drop heights and stored at 5 °C, 10
°C, and 22 °C for 24 days. Each bar represents the standard deviation of three replicates. DH; drop
height, ST; storage temperature, SD; storage duration.

Generally, the study showed that reducing the storage temperature increased the BS
of cucumbers to damage. Regarding impact damage, a drop height of 30 cm (low impact
level) showed the greatest BA and BS than the drop heights of 60 cm and 90 cm at 5 and
10 °C. At 20 °C, the drop height of 60 cm revealed the greatest bruising size than for the
other drop heights (30 and 90 cm). Thus, the BS values obtained for the study may not be
an appropriate parameter to compare the sensitivity and incidence of cucumbers to im-
pact bruising. Similarly, Hussein et al. [17] reported that the BS was higher in the order of
20 cm > 40 cm > 60 drop heights for the first 2 months of storage at a cold temperature (5
°C) for pomegranate fruit. The overall increase in BA and BS of cucumbers with increasing
storage duration is due to the reduction in turgor pressure in terms of cold storage. Fresh
fruit and vegetables, such as cucumbers, contain a huge percentage of water that is re-
sponsible for the tissue turgidity of the produce, and this is reduced because of the con-
tinuous loss in the moisture content during storage at cold temperatures; therefore, in-
creasing the produce sensitivity to bruise damage [17]. The reduction observed in BA on
the last day of storage could be the result of the drying effect of the cucumber peel because
of excessive moisture loss in fruit stored for more than 20 days, thus leading to the hard-
ening of the fruit peel [18].

In contrast, Pathare et al. [19] revealed that the bruise area and susceptibility of pom-
egranate fruit were greatly influenced by the impact level, storage temperature, and stor-
age duration, particularly at 22 °C. Furthermore, Cui et al. [20] revealed that as storage
temperatures decreased, the incidence of tomato bruising decreased. In the study con-
ducted by Tabatabaekoloor [21], he found that raising the drop height from 5 to 15 cm
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increased the BA by 15% due to an increase in potential energy, which enhances the con-
tact intensity. Pathare and Al-Dairi [14] found a correlation between the drop height and
the presence of BA in bananas, and the association between the bruise size/area and im-
pact energy emphasizes the importance of the impact level or drop height (i.e., impact
energy increases with height) in increasing pomegranate bruising.

3.2. Cucumber Quality
3.2.1. Weight Loss (W1%)

A statistical difference (p < 0.05) was found between W1% for all studied factors, in-
cluding drop height, storage temperature, and storage duration (Figure 3). The weight
loss % in cucumbers increased during the entire period of storage (24 days). Following 24
days of storage, the highest W1% value of cucumbers stored at 5 °C was 34.21% impacted
by the 30 cm height. However, the W1% at 10 °C and 22 °C were 37.418% (30 cm drop
height) and 30.53% (30 cm drop height), respectively (Figure 3).

Hussein et al. [17] found that bruised fruit had a higher W1% due to tissue injury and
probable changes in the cell wall tissue permeability, resulting in a higher rate of transpi-
ration during storage. Similarly, Al-Dairi and Pathare [22] recorded a significant decline
in W1% in tomato fruit stored at ambient temperature due to respiration and water dehy-
dration processes after 12 days of storage, when compared to storage at a cold tempera-
ture. On day 16, cucumbers stored at 5 °C had white spots/ rots and tended to shrink more.
The reduction in weight in shrunken cucumbers could be attributed to the reduction of
water stress production surrounding each part of the cucumber, which reduces the rate of
respiration [23]. Fresh cucumber weight loss is mostly due to water loss produced by tran-
spiration and respiration processes [11]. Pathare et al. [24] showed that weight loss % was
strongly impacted by the storage temperature, impact heights, and storage duration, par-
ticularly at ambient temperature.

DH <0.00001
ST =0.00008
5°C SD <0.00001 10°C
..e--30 cm 60
—o—60 cm 50

90 cm

0
-10'{) 2 4 6 8 10 12 14 16 18 20 22 24
Days

6 8 10 12 14 16 18 20 22 24
Days

22°C

I

4 6 8 10 12 14 16 18 20 22 24
Days

............... |
Eu ) e ; .......... o -]

Figure 3. W1% values of cucumbers impacted by 30, 60, and 90 cm drop heights and stored at 5 °C,
10 °C, and 22 °C for 24 days. Each bar represents the standard deviation of three replicates. DH;
drop height, ST; storage temperature, SD; storage duration.
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3.2.2. Color

In terms of storage days, all color values for all treated cucumbers followed a similar
pattern. Alterations in the L* value (lightness) was significantly affected (p < 0.05) by stor-
age temperature and storage duration, however, no significant (p > 0.05) relationship was
observed between the L* value and drop height (Figure 4). The highest L* value was rec-
orded in 60 cm bruised cucumbers stored at 22 °C with a value of 43.08. However, the
lowest value of L* was observed for the 90 cm drop height bruised cucumbers stored at 10
°C with a value of 24.81 after 24 days of storage. The values for the L* color parameter for
cucumbers stored at 5 °C on day 24 were 27.61, 27.74, and 31.14 for 30 cm, 60 cm, and 90
cm drop height, respectively.

Table 2 shows a decrease in the values of a* (redness) of bruised cucumbers during
24 days of storage at 5 °C, 10 °C, and 22 °C. The a* value significantly differed (p < 0.05)
with storage duration, with no significant differences (p > 0.05) with respect to drop height
and storage temperature. The average a* value on day 0 was —1.28. On the last day of
storage, the highest reduction in a* value was observed on 90 cm bruised cucumbers
(—6.56) stored at 5 °C. At this storage condition (5 °C), the 4* values of 30 cm and 60 cm
bruised cucumbers were -4.44 and -5.30, respectively, on the last day of storage. The
smallest reduction in a* value was recorded in cucumbers damaged from the 60 cm drop
height with a value of -3.80, followed by those impacted by the 90 cm drop height (-3.90)
and stored at 22 °C. At 10 °C storage temperature conditions, the a* values were -6.84 on
day 20 and —0.94 on day 24.
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Table 2. The values of redness (a*), hue*, chroma*, and total color changes (AE*) of cucumbers impacted by three drop height levels (30, 60, and 90 cm) in three
storage conditions during 24 days of storage. The values were represented as the mean + standard deviation of 18 readings per three replicates. ST; storage
temperature; DH; drop height.

Color ST DH Storage Days
Parameter (°C) (cm) 0 2 4 8 12 16 20 24

30 -2.45+0.59 -2.84+0.46 -3.34+0.15 -3.48+0.26 -3.23+0.20 -5.18+0.24 -5.30+0.35

5 60 -0.83+0.09 -1.92+0.51 -2.84+0.20 -3.50+0.29 -3.82+0.23 -4.91+0.71 -4.44 +0.86

90 -1.46+0.51 -4.43+0.64 -3.83 +0.38 -4.24 +0.55 -4.46+0.72 -6.84+0.29 -6.56 + 0.05

30 -1.37+0.38  -3.50+0.69 -3.28+0.19 -3.89+0.53 -4.04+0.50 -5.47 +0.84 -4.74+0.29

a* 10 60 -1.25+0.30 -0.94 +0.32 -3.47 +0.62 —3.58 + 0.20 -4.20 +0.20 —-4.30 +0.43 -5.69 +0.34 -5.10 +0.11
90 -1.42 +0.57 -3.95 +0.20 —3.65 + 0.48 -4.11 +0.13 —-4.30 +0.06 -6.84 +0.43 —4.26 + 1.45

30 -1.22 £0.29 -2.42 +£0.24 -2.25 +0.38 -3.30 + 0.21 -3.29 + 0.51 -5.77 +£0.87 -5.08 +0.21

22 60 -0.84 +0.34 -2.82 +£0.56 -3.55 +0.47 -4.79 + 1.36 —2.17 + 1.50 —4.91 +0.98 -3.80 +0.93

90 -1.41 £0.32 —4.31 + 2.77 -3.12 +£0.40 —6.18 + 1.18 -3.07 + 1.23 —4.67 + 1.08 -3.90 + 1.15
30 133.69+£9.18 125.69+3.65  114.5+2.03 115.91 £ 0.24 115.35 + 0.42 117.51 +2.41 113.91 £ 0.55
5 60 112.97 +2.71 134.28+10.47 116.02+2.51  114.22+1.19 112.58 + 0.95 114.67 +1.11 113.61 +2.16
90 12036+1.92 112.31+3.58 111.71+239  112.05+2.72 110.97 £1.29 111.05 +2.05 111.16 £ 2.06

30 119.77£599 120.87+4.33 11540+5.16  107.47 +9.64 110.68 £1.71 109.79 £1.26 107.06 £ 1.38
Hue* 10 60 11591+525 123.07+6.85 117.92+2.82 11224+0.50 112.03+1.06 112.21 £ 0.06 112.18 +1.18 111.68 £ 0.47
90 120.02+3.72 117.67+0.35 11445+1.67 11327 +0.28 110.97 £1.29 115.83 +£0.62 113.04 +3.18

30 115.66 £0.88  120.17+3.55 112.11+0.40  110.75+0.94 107.64 £ 2.25 107.56 £1.12 104.99 +1.88

22 60 117.48+840 112.83+1.38 10948+1.31  108.39 +2.53 101.66 +7.07 101.46 +4.84 98.08 £2.15

90 122.08+5.96 112.52+2.09 110.61+1.59  112.23 +3.04 105.48 + 3.00 102.63 + 5.95 100.45 + 5.30

30 424+1.13 5.31 +0.89 8.14+0.48 8.41+0.97 7.60 +0.49 11.46 +1.23 13.14 +0.89

5 60 2.34+0.38 3.31+1.37 6.64 +0.94 8.63 +1.02 10.04 £ 0.77 11.94 +1.86 11.21 +£2.50

90 3.75+1.27 12.12+3.14 10.69 +1.88 11.82 £2.93 12.75 +2.85 19.26 +2.42 18.40 +£2.02

Chroma® 30 3.47 +0.62 7.39+2.28 8.06 +1.57 10.03 £ 1.56 11.68 £2.39 16.47 +3.33 16.52 +1.64
10 60 2.97 +0.68 2.27 +0.87 8.02+1.80 9.72+0.44 11.32 £ 0.68 11.49+1.11 15.31+1.72 13.88 £ 0.43

90 3.61£1.04 8.86 £ 0.55 9.09 +1.71 10.69 + 0.45 10.98 +0.15 12.11+1.20 10.68 +2.73

2 30 3.02+0.30 5.21+0.19 6.04 £ 0.97 9.38 £ 0.56 11.72 +3.44 20.20 +3.54 21.33 £3.69

60 2.63 +0.33 7.60 +1.37 11.05 +2.40 16.11 £ 6.29 15.27 + 5.44 30.42 +9.65 29.95+3.16
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90 341+0.72 7.70 +0.40 9.06 +1.68 16.44 +3.26 14.26 +4.90 25.36 +£9.90 26.27 +7.45
30 - 517 +1.38 513 +1.08 9.86 +2.03 11.42 £1.09 10.86 £1.72 23.74+7.21 24.56 +3.36
5 60 - 0.82 +0.48 3.82+0.89 10.26 +2.29 13.66 +2.30 16.44 +1.47 2791 +1.60 24.21 +2.44
90 - 0.17 £ 0.02 15.77 +3.89 12.30 +1.25 15.29 +2.83 17.29 +3.02 34.23+1.36 30.89 £2.20
30 - 4.21 +0.66 8.15+3.89 9.19 + 3.60 13.83 £ 3.47 16.70 £5.33 31.75+591 29.45 + 3.61
AE* 10 60 - 0.39+0.21 8.82+8.82 13.45 £ 1.65 16.71 £ 1.43 17.89 £7.00 31.22+222 27.28 +3.39
90 - 0.27+0.14 9.54 +2.26 10.70 £ 1.43 16.95 + 1.06 16.07 £1.17 2424 +245 22.51+4.31
30 - 1.55 +0.52 7.06 +7.06 9.78 +1.38 17.71 £2.90 21.21+2.59 39.54 +4.44 41.54+2.90
” 60 - 0.78 £0.89 1249+2.27  21.03+2.02 29.51 £9.67 25.48 +7.00 53.05 +11.79 48.49 +5.68
90 - 020£0.10 13.64 +2.81 13.14 £2.51 33.59 +1.06 23.32+1.00 41.83+10.42 41.71+6.50
Level of Significance (p—Value)
Drop height  Storage temperature Storage duration
a* =0.0760 =0.4460 <0.0001
Hue* =0.0910 <0.0001 =0.0070
Chroma* =0.0350 =0.0990 <0.0001
AE* <0.0001 <0.0001 <0.0001
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With storage duration, an increasing trend in the color attribute of b* was observed.
The b* (yellowness) was statistically influenced (p < 0.05) by the storage duration and im-
pact level (drop height). However, the effect of the storage temperature on the b+ value of
bruised cucumbers was not significant (p > 0.05). The b* value was increased gradually at
all three temperatures during storage (Figure 5). The results showed that the medium im-
pacted (60 cm, 0.393 ]J) bruised cucumbers provided the highest value of b* (29.60) stored
at 22 °C. This was followed by bruised cucumbers subjected to a low impact (30 cm, 0.197
J) with a value of 20.65 at 22 °C. However, the smallest b* value was 9.75 for cucumbers
stored at 10 °C and impacted by a 90 cm drop height.

Regarding the hue* value (color purity), there was a significant (p < 0.05) influence of
both storage duration and temperature on the color parameter, while the effect of the drop
height was not significant (p > value) (Table 2). This study reported that the hue* value
increased slowly at 5 °C, 10 °C, and 22 °C storage temperature on day 2 and then decreased
rapidly on day 8. However, at the low-temperature condition (5 °C), the hue* value of 60
cm bruised cucumbers was 102.92, 134.28, and 113.61 on days 0, 4, and 24, respectively.
Additionally, the chroma* value was significantly affected (p <0.05) by the storage duration
and drop height with no relationship with (p > 0.05) storage temperature (Table 2). The
results show that there was an increase in chroma* values between the first day and the
last day (day 24) of storage. The highest value (29.95) was on day 24 for cucumbers stored
at22 °C and impacted by the 60 cm height. However, the lowest value was recorded (2.17)
on day 0 for the 60 cm bruised cucumbers stored at 10 °C.
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@60 cm
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DH =0.0850
ST=0.0030
SD<0.0001 4 10°C

5°C

Lightness (L*)

50

Lightness (L*)
P [ d w2 -
> > > >

>

Figure 4. Lightness (L*) values of cucumbers impacted by 30, 60, and 90 cm drop heights and stored
at 5 °C, 10 °C, and 22 °C for 24 days. Each bar represents the standard deviation of 18 readings of
three replicates. DH; drop height, ST; storage temperature, SD; storage duration.
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The total color change (AE*) values significantly differed (p < 0.05) with all three fac-
tors (storage temperature, storage duration, and drop height). The highest value of AE*
was (51.72) in cucumbers impacted by a drop height of 60 cm and stored at 22 °C (Table
2), while the lowest value (0.24) was recorded in cucumbers impacted by a drop height of
30 cm and stored at 22 °C (Table 2). The results show that the total color change during
the experimental period increased until day 20. Korese et al. [25] observed similar findings
where the color properties and AE* were affected by the storage period and were higher
in week 12 than in week 1. Pathare and Al-Dairi [7] found that the total color change of
bruised tomatoes was highly influenced by the storage temperature, storage duration, and
impact level (drop height). Furthermore, Al-Dairi et al. [26] recorded that tomatoes stored
at room temperature showed a high variation in total color differences, particularly at an
ambient temperature. The changes observed in this study are attributed to the conversion
of the cucumber surface from a green to a more yellowish color. According to Bodner and
Scampicchio [27],bruising is one of the factors that causes fruit discoloration. The ob-
served changes in color characteristics could be attributed to the rapid chlorophyll break-
down during the storage of bruise-damaged cucumbers [24].
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ST=0.0820

5oC SD=0.0010 10°C

—
N e

Yellowness(b*)

—
S N A NS NS

Days

22°C

Figure 5. Yellowness (b*) values of cucumbers impacted by 30, 60, and 90 cm drop heights and stored
at 5 °C, 10 °C, and 22 °C for 24 days. Each bar represents the standard deviation of 18 readings of
three replicates. DH; drop height, ST; storage temperature, SD; storage duration.

3.2.3. Firmness

The firmness of damaged cucumbers was statistically affected (p < 0.05) by the stor-
age duration. Storage temperatures and drop heights showed no significant effect on the
firmness of bruise-damaged cucumbers (p > 0.05). In this study, as the drop height in-
creased, the firmness of cucumbers tended to decrease. The initial firmness value of the
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cucumber was 92.77 N. The smallest firmness value for medium impact (60 cm) bruised
cucumbers stored at 10 °C was 26.87 N after 24 days of storage. As presented in Figure 6,
the firmness value of the cucumbers showed a fluctuating trend until day 8 of storage.
The firmness values decreased rapidly until day 12 of storage. Further results showed that
the quality of cucumbers can be maintained up to day 8.

According to Azadbakht et al. [28], the firmness of the pear was reduced as the bruise
and impact levels increased over the storage duration. Furthermore, Li et al. [29] con-
firmed that bruising was one of the main factors that contributed to the reduction in firm-
ness due to increased polygalacturonase activity on fresh produce. The main cause of loss
of firmness in fruits and vegetables is pectin depolymerization. The loss of integrity in the
cell walls of cucumbers, as well as an increase in evaporation, transpiration, and metabolic
activity of fruits stored in room settings, may lead to a drop in fresh produce firmness
with an increased storage duration [11]. Furthermore, Al-Dairi et al. [30] discovered that
the firmness values of damaged banana fruits were affected by storage temperature and
duration, with the maximum value reported at 22 °C.

DH =0.5570
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Figure 6. Firmness value of cucumbers impacted by 30, 60, and 90 cm drop heights and stored at 5
°C, 10 °C, and 22 °C for 24 days. The error bars represent the standard deviation of nine readings
per three samples. DH; drop height, ST; storage temperature, SD; storage duration.
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3.2.4. Total Soluble Solids (TSS)

The study found no statistical difference (p > 0.05) between TSS and the studied fac-
tors (drop height, storage temperature, and storage duration). The TSS value ranged be-
tween 2.84 and 4.23 °Brix for cucumbers stored at 5 °C, whereas the TSS values of cucum-
bers stored at 10 °C and 22 °C ranged between 2.97 and 3.82 °Brix and 3.00 and 3.66 °Brix,
respectively (Figure 7). The highest content of TSS was recorded on the last day of storage
on 90 cm bruised cucumbers at 5 °C with a value of 4.23 °Brix. The cucumber stored at 5
°C (90 cm drop height) on day 4 had the lowest TSS value (2.84 °Brix). The results of the
study agreed with the findings obtained by Montero et al. [31], where the TSS content of
grapefruits was significantly reduced by impact bruising. However, Maia et al. [32] found
that high bruising incidence increased the TSS content of banana fruit. According to
Pathare and Al-Dairi [7], storage temperature and storage duration had a high influence
on the TSS value of pear fruit. In their study, they found that storage at 22 °C recorded the
highest TSS levels in pears. In another study by Pathare et al. [19], they revealed that stor-
age at 5 °C showed the smallest reduction in TSS.
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Figure 7. TSS values of cucumbers impacted by 30, 60, and 90 cm drop heights and stored at 5 °C,
10 °C, and 22 °C for 24 days. Each bar represents the standard deviation of nine readings of three
replicates. DH; drop height, ST; storage temperature, SD; storage duration.
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3.3. Pearson Correlation

To study the relationship between the quality attributes and bruising size parame-
ters, the Pearson correlation test was performed (Table 3). A significant correlation (¥, p <
0.05; **, p < 0.001) was found between the quality attributes of cucumbers. The BA of cu-
cumbers impacted by the 30 cm drop height and stored at 5 °C recorded a high positive
correlation with W1% (r = 0.988**), b* (r = 0.953**), and AE* (r = 0.918**), and a strong neg-
ative correlation with a* (r = 0.909**). For quality attributes, W1% was greatly correlated
with W1% across all treatments with r > 0.840. In all bruised cucumbers stored at 5 °C, the
firmness exhibited a good relationship with color attributes, such as a* (r > -0.747) and b*
(r20.734). Additionally, the a* values showed a strong correlation with b* in the majority
of bruised cucumbers stored at different conditions. A weak correlation was observed be-
tween the firmness values and total soluble solids (TSS) of all tested conditions after 24
days of storage. The highest correlation found between total soluble solids and AE* (r =
0.804) was recorded for cucumbers bruised by the 90 cm height and stored at 10 °C.
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Table 3. Pearson correlation coefficients (r) between the bruise area (BA), bruise volume (BV), bruise susceptibility (BS), weight loss % (WI%), firmness, lightness
(L*), redness (a*), yellowness (b¥), chroma®, hue*, the total color difference (AE¥), and total soluble solids (TSS) of cucumbers impacted by three drop height levels

(30, 60, and 90 cm) in three storage conditions (5 °C, 10 °C, 22 °C) during 24 days of storage. Significant correlations of two-tailed tests are indicated: *, p < 0.05; **,

p <0.001.
Height = 30 cm; Storage=5 °C
Parameters BA BAS W1% Firmness L* a* b* Chroma* Hue* AE*
BA 1
BAS 1.000 ** 1
W1% 0.988 ** 0.988 ** 1
Firmness -0.766 * -0.766* -0.845* 1
L* 0.710 0.710 0.768 * —0.749 * 1
a* -0.909 **  -0.909 ** -0.917 ** 0.751* -0.800 * 1
b* 0.953 ** 0.953 **  0.956 ** -0.763 * 0.754 * -0.962 ** 1
Chroma * 0.912 ** 0.912*  0.950 **  -0.892 ** 0.787 * -0.865 ** 0.917 ** 1
Hue * -0.355 -0.354 -0.426 0.455 -0.273 0.200 -0.310 -0.429 1
AE* 0.918 ** 0.918 **  0.934 ** -0.741 0.892**  —0.992 ** 0.958 ** 0.873 % -0.405 1
TSS 0.666 0.666 0.661 -0.502 0.430 -0.724 * 0.794 * 0.562 -0.397 0.699
Height = 60 cm; Storage =5 °C
Parameters BA BAS W1% Firmness L* a* b* Chroma* Hue* AE*
BA 1
BAS 1.000 ** 1
W1% 0.610 0.610 1
Firmness -0.755 * -0.755* -0.872* 1
L* 0.663 0.663 0.130 -0.340 1
a* 0.651 0.651 0.898 **  —0.911 ** 0.446 1
b* -0.634 -0.634 -0.872*  0.881** -0.524 -0.982 ** 1
Chroma * 0.531 0.531 0.837 * -0.792* 0.522 0.857 ** -0.928 ** 1
Hue * -0.575 -0.575 -0.531 0.568 -0.764 * -0.741 % 0.825 * -0.819 * 1
AE* 0.559 0.559 0.930 ** —0.855 * 0.272 0.967 ** —0.975 ** 0.909 ** -0.674 1
TSS 0.164 0.164 0.164 -0.421 0.347 0.481 -0.553 0.540 -0.729 * 0.332
Height = 90; Storage =5 °C
Parameters BA BAS W1% Firmness L* a* b* Chroma* Hue* AE*
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BA 1
BAS 1.000 ** 1
W1% 0.262 0.262 1
Firmness -0.596 -0.596 -0.595 1
L* 0.304 0.304 -0.287 -0.358 1
a* 0.515 0.515 0.821 * -0.747 * 0.373 1
b* -0.517 -0.517 -0.811* 0.734 * -0.371 —0.999 ** 1
Chroma * 0.441 0.441 0.938 **  -0.777* 0.196 0.971 ** -0.967 ** 1
Hue * -0.610 -0.610 -0.843* 0.738 * 0.131 -0.654 0.644 -0.779 * 1
AE* 0.459 0.459 0.842 * -0.644 0.055 0.993 ** -0.994 ** 0.969 ** -0.671 1
TSS -0.164 -0.164 0.651 0.052 -0.492 0.402 -0.405 0.504 -0.430 0.394
Height = 30 cm; Storage 10 °C
Parameters BA BAS W1% Firmness L* a* b* Chroma* Hue* AE*
BA 1
BAS 1.000 ** 1
W1% 0.738 0.738 1
Firmness -0.533 -0.533  -0.907 ** 1
L* 0.014 0.014 0.340 -0.395 1
a* -0.377 -0.377 -0.839*  0.835** -0.643 1
b* 0.606 0.606 0973 *  -0.910 ** 0.592 -0.949 ** 1
Chroma * 0.593 0.593 0.967 *  —0.905 ** 0.598 -0.957 ** 1.000 ** 1
Hue * -0.468 -0.468 -0.838*  0.934 ** -0.090 0.686 -0.787 * -0.779 * 1
AE* 0.604 0.604 0.952 **  —0.850 * 0.516 —0.891 ** 0.982 ** 0.979 ** -0.763 * 1
TSS 0.561 0.561 0.297 -0.199 0.173 -0.439 0.474 0.476 -0.123 0.279
Height = 60 cm; Storage 10 °C
Parameters BA BAS W1% Firmness L* a* b* Chroma* Hue* AE*
BA 1
BAS 1.000 ** 1
W1% 0.224 0.224 1
Firmness -0.243 -0.243  -0.966 ** 1
L* 0.264 0.264 0.564 -0.648 1
a* 0.235 0.235 -0.843*  0.855** -0.655 1
b* -0.160 -0.160  0.879**  —0.881 ** 0.640 -0.993 ** 1
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Chroma * -0.174 -0.174 0.874*  —0.878 ** 0.644 -0.995 ** 1.000 ** 1
Hue * 0.161 0.161 -0.731 0.659 -0.379 0.798 * -0.825 * -0.823 * 1
AE* -0.067 -0.067 0.933* -0.887** 0.619 -0.956 ** 0.973 ** 0.972 ** -0.818 * 1
TSS 0.205 0.205 -0.112 -0.212 0.758 * -0.284 0.257 0.262 -0.008 -0.018
Height = 90 cm; Storage 10 °C
Parameters BA BAS W1% Firmness L* a* b* Chroma* Hue* AE*
BA 1
BAS 1.000 ** 1
W1% -0.281 -0.281 1
Firmness 0.636 0.636 -0.772 * 1
L* 0.123 0.123 0.753 -0.319 1
a* 0.365 0.365 -0.664 0.686 -0.516 1
b* -0.206 -0.206 0.741 -0.751* 0.416 —0.923 ** 1
Chroma * -0.189 -0.189 0.730 -0.744 * 0.419 -0.926 ** 1.000 ** 1
Hue * 0.159 0.159 -0.629 0.586 -0.084 0.413 -0.646 -0.639 1
AE* -0.272 -0.272  0.909 ** -0.741 0.656 -0.880 ** 0.929 ** 0.927 ** -0.663 1
TSS 0.226 0.226 0.771* -0.414 0.791* -0.701 0.761* 0.763 * -0.514 0.804 *
Height = 30 cm; Storage 22 °C
Parameters BA BAS W1% Firmness L* a* b* Chroma* Hue* AE*
BA 1
BAS 1.000 ** 1
W1% 0.505 0.505 1
Firmness -0.284 -0.284 -0.929 ** 1
L* -0.106 -0.106 0.522 -0.595 1
a* 0.617 0.617 0.944 **  —0.881 ** 0.636 1
b* -0.477 -0477 -0912* 0.874* -0.713* -0.972** 1
Chroma * 0.611 0.611 0.942*  —0.881 ** 0.638 -0.976 ** 1.000 ** 1
Hue * -0.433 -0433 -0.918*  (0.897 ** -0.609 0.782* -0.861 ** -0.854 ** 1
AE* 0.594 0.594 0.952**  -0.870* 0.583 -0.978 ** 0.998 ** 0.999 ** -0.844 * 1
TSS -0.159 -0.159 0.118 -0.297 0.595 -0.295 0.208 0.211 -0.277 0.162
Height = 60 cm; Storage 22 °C
Parameters BA BAS W1% Firmness L* a* b* Chroma* Hue* AE*
BA 1
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BAS 1.000 ** 1
W1% 0.382 0.376 1
Firmness -0.140 -0.132  —0.893 ** 1
L* -0.077 -0.083 0.758*  —0.905 ** 1
a* -0.233 -0.231 -0.625 0.631 -0.815* 1
b* 0.213 0.208 0.946 **  —0.845 ** 0.807 * -0.771 % 1
Chroma * 0.219 0.213 0.951 **  -0.850 ** 0.815* -0.777 * 1.000 ** 1
Hue * -0.433 -0.428 -0.987*  0.884**  —0.750* 0.639 -0.918 ** -0.923 ** 1
AE* 0.238 0.232 0943 *  —0.805* 0.804 * -0.789 * 0.991 ** 0.993 ** —-0.898 ** 1
TSS 0.484 0.476 0.689 -0.728 * 0.391 -0.090 0.488 0.491 -0.697 0.430
Height = 90 cm; Storage 22 °C
Parameters BA BAS W1% Firmness L* a* b* Chroma* Hue* AE*
BA 1
BAS 0.508 1
W1% -0.450 0.035 1
Firmness 0.268 -0254 -0.762* 1
L* -0.018 0.224 0.587 -0.306 1
a* -0.216 -0.039 -0.421 0.552 -0.461 1
b* -0.206 0.152 0.954*  —0.764* 0.779 * -0.627 1
Chroma * -0.195 0.162 0.953**  —0.770 % 0.776 * -0.649 1.000 ** 1
Hue * 0.531 0.257 —0.942 ** 0.617 -0.646 0.498 -0.900 ** —-0.895 ** 1
AE* -0.146 0.142 0.922 ** -0.724 0.676 -0.699 0.969 ** 0.976 ** -0.855 * 1
TSS -0.429 -0.336 0.629 -0.453 0.778 * -0.675 0.740 * 0.743 * -0.761 * 0.670
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4. Conclusions

This study investigated the effect of the drop height, storage temperature, and stor-
age period on the quality and properties of cucumbers. The bruising damage measure-
ments were influenced by the storage temperature and drop height. Cucumbers impacted
by the maximum drop height (90 cm—-0.590 ]) increased BA and BS during storage. Once
the cucumbers were subjected to an impact from a 90 cm drop height for a 24-day storage
period, a rapid increase (L*, a*, b*, and hue*) was recorded in cucumbers stored at 22 °C,
where more color deterioration and ripening were observed. The drop height did not af-
fect the hue* value, but the temperature and duration of storage did. There was a signifi-
cant influence of both storage duration and drop height on the chroma* value. The firmness
is significantly affected by storage duration and does not affect the drop height and tem-
perature. The total color change (AE*) values significantly differed with all studied factors.
Fresh produce that has been bruised can be stored at 10 °C to preserve its qualitative fea-
tures. This means that storage management is considered an important strategy to main-
tain the quality of fresh produce, such as cucumber, and to overcome mechanical damage
issues during the supply chain.
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