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Abstract
Fresh fruits like bananas are very susceptible to mechanical damage during postharvest handling which can result in a 
substantial decline in quality. The study aims to evaluate the effect of bruise damage and storage temperatures on the 
quality of banana fruits after 48 h storage. Each ‘Grand Naine’ banana fruit was impacted once by using a drop impact 
test using three different heights (10, 30, and 50 cm) and storage temperatures (13 and 22 °C) after 48 h of storage. Dif-
ferent quality analyses were measured like bruise measurements (impact energy, bruise area, bruise volume, and bruise 
susceptibility), weight loss, total soluble solids (TSS), color (L*, a*, b*, hue°, chroma, yellowness index, yellowness value) 
headspace gases (respiration and ethylene production rate). The results showed that bruise measurements (bruise area, 
bruise volume, and bruise susceptibility) were highly affected by drop height. The quality parameters like weight, color, 
total soluble solids and headspace gases were affected by drop height and storage condition. Weight loss, total soluble 
solids, respiration rate, and ethylene production rate increased as drop height and storage temperature rise. Storage at 
ambient conditions (22 °C) accelerated bruising occurrence in banana fruits. Fewer changes were observed after 48 h of 
storage. The least value of yellowness index was observed on the non-bruised banana fruits (84.03) under 13 °C storage 
conditions. The findings of the study can provide baseline data to understand the mechanical damage mechanism on fruit 
quality, hoping to create awareness and educate farming communities and consumers. Storage temperature manage-
ment is another approach that needs to be followed to reduce the occurrence of mechanical damage in fresh produce.
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1  Introduction

Banana (Musa spp.) is one the widely produced and consumed tropical fruits worldwide [37] with the highest production 
of 127.3 million tonnes and ranked fourth in terms of other agricultural commodities value (63.6 billion US$) after rice, 
wheat, and milk. The current global cultivated area for bananas is around 5 million ha. Being a main staple food product, 
it is a significant global tropical fruit, feeding almost 400 million people in tropical areas [27]. Banana contains special 
flavor, many vital nutrients for consumers as well as global availability around the year [9]. Besides, it is rich in crucial 
ingredients with health care functions like depression resistance, oxidation resistance, constipation prevention, etc. [18].

Banana is considered as a climacteric perishable fruit which makes its postharvest loss relatively high and occurs 
mostly during transportation, handling, and storage in the supply chain [30, 36]. The quality of bananas can be 
affected by superficial defects caused by mechanical damage [12]. Similar to any other perishable fresh produce, 
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the postharvest losses in banana fruits are high due to mechanical damage that occurs during postharvest distribu-
tion and handling [6]. Besides, bananas are harvested and then transported at the mature green phase, the external 
appearance of ripened bananas at the retail outlets could be extremely poor as a consequence of mechanical dam-
ages due to inadequate handling practices throughout the supply chain [38].

Mechanical damage is a result of one or more force loadings occurring on produce resulting in the outer layer of 
the fresh produce pericarp [8, 26]. Also, consumers can cause mechanical damage in supermarkets when handling 
ripened banana fruits or by distributors during handling and transporting [10]. Banana is an example of a fruit crop 
where the impact of mechanical damages has a severe effect on the visual quality appearance of the fruit by causing 
skin color changes from brown to black [12]. Generally, bruising is the most common form of mechanical damages 
that downgrades the quality of any fresh produce and causes high economic losses [23]. Bruising is characterized by 
undesirable marks (brownish to black) and the symptoms become visible in the banana peel epidermal layer. Since 
the external quality attributes of fruits are very essential in the markets, bruised banana is unsalable [10]. Bruise 
damage is a consequence of action resulting from an extreme external force on the fruit surface during the impact 
against other fruit or a rigid body during handling [34]. Bruise damage is a form of failure in the subcutaneous tis-
sue without causing rupture of the skin where the discoloration of injured tissues indicates the damaged spot [29].

The severity of the bruise may be recorded as diameter, area, and volume of the bruise. Bruise depth and diam-
eter are considered to be the main measurements used to distinguish bruise size [26]. Fruit bruise damage can be 
replicated on the laboratory scale using different techniques, mostly designed to simulate various types of dynamic 
loadings which could be involved in real-time harvesting operations. Impact techniques including dropping fresh 
fruits on a rigid surface or using a uniform steel ball of a known mass dropped from different heights into the fruit 
have been implemented to investigate the bruise damage susceptibility of various fruits [31].

As reviewed by Hussein et al. [14], bruise damage on harvested fresh produce significantly influences the physi-
ological processes like moisture content, the respiration rate of the injured skin. Additionally, Opara and Pathare [26] 
stated that bruising can affect the metabolic processes (transpiration, ethylene production, and relative electrical 
conductivity) and other biological processes (microbial spoilage), thus, reducing the shelf life and increasing fruit 
postharvest losses. Bruise susceptibility of fresh produce is a measure for the response to external loading. Based on 
our knowledge, the majority of studies focused on the effect of different impact levels on the quality of fresh produce 
(e.g. banana) at one storage condition [21, 22]. Also, few studies investigated the effect of bruising on banana fruits 
[10]. Therefore, this study evaluated the effect of simulated handling practices on the mechanical damage of bananas 
by using a drop impact test by dropping a steel ball from different heights in the fruit surface. It also assessed the 
impact of two storage conditions on the bruised and non-bruised banana quality attributes.

2 � Materials and methods

2.1 � Plant material and bruise measurement, and storage

Boxes of mature (Phase 3), healthy, and unbruised ‘Grand Naine’ banana fruits, were purchased from the market 
(23° 35′ 28.1″ N latitudes and 58° 13′ 28.3″ E longitudes) and delivered to Postharvest Technology Laboratory, Col-
lege of Agricultural and Marine Sciences at Sultan Qaboos University (23° 35′ 25.1″ N latitudes and 58° 10′ 07.9″ E 
longitudes), Oman. The selected banana fruits were similar in weight, color, and sugar content (Table 1). The total 
number of samples used for this study was 90.

Banana samples were damaged by impact using the drop impact test (Fig. 1) as described by Pathare and Al-Dairi 
[29]. This test includes dropping a steel ball (66.05 g) on banana fruits from different heights. Accordingly, bananas 
were divided into groups (treatments) consisting of T1—control (without damage), and impact from heights of 
T2—10 cm (low), T3—30 cm (medium), and T4—50 cm (high), where each treatment included 20 replications. Impact 
energy (Ei) (Eq. 1), bruise area (BA) (Eq. 2), bruise volume (BV) (Eq. 3), and bruise susceptibility (BS) (Eq. 4) were cal-
culated by using the following formulas [31].

(1)Ei = mbgh (J),
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where mb is the mass of steel ball, g is the gravitational constant (9.81 ms−2), h is the drop height, w1 and w2 are major 
and minor width, d is bruise diameter, and hb is bruise depth. Also, bruise diameter and bruise depth were measured by 
using a digital calliper (Model: Mitutoyo, Mitutoyo Corp., Japan).

Thereafter, each treatment was separated equally into two storage conditions namely, 13 °C ± 0.5 °C (90 ± 5% RH) a 
and 22 °C ± 1 °C (80 ± 5% RH). To assess the effect of impact damage and storage temperatures on bananas, different 
quality measurements were assessed after 48 h of storage such as physical (weight loss % and color parameters), 
chemical (total soluble solids), and physiological (respiration rate, and ethylene production rate) analysis. Also, a 
total of 10 samples were analyzed prior to the impact test and storage.
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Table 1   Initial quality 
attributes of selected banana 
fruits

Fruits attributes Mean ± sd

Weight 124.09 ± 1.07
Lightness 62.13 ± 1.69
Redness 1.00 ± 2.10
Yellowness 36.02 ± 2.01
Hue° 85.18 + 0.38
Chroma 37.09 + 1.37
Total soluble solids 9.72 + 0.24

Fig. 1   Schematic experimen-
tal setup
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2.2 � Determinations of physical analysis

2.2.1 � Weight loss %

A total of 10 banana fruits per treatment were weighed prior to the impact test and after 48 h of storage. This was 
conducted by using electric weight balance (Model: GX-4000, Japan) with an accuracy of ± 0.01 g. Weight loss (%) 
was calculated by subtracting the weight of banana fruits from their initial weights.

2.2.2 � Color measurements

A total of 240 peel color readings were recorded after 48 h of storage [30 readings per 10 replicates per treat-
ment (n = 8)] using a colorimeter (Model: NR110, Shenzhen ThreeNH Tech, China). The main color space coordinates 
(CIEL*a*b*) were recorded like L* (lightness and darkness), a* (redness and greenness), and b* (yellowness and blue-
ness) [3, 7]. Besides, other color parameters were calculated like Chroma (C*) that donates color saturation (Eq. 5), 
hue angle (Hue°) which donates color purity (Eq. 6), yellowness index (YI) (Eq. 7), and yellow color value (Eq. 8) [32] 
as follow:

2.3 � Determinations of chemical analysis

2.3.1 � Total soluble solids (TSS)

For this experiment, the banana juice was prepared by blending 30 g of banana pulp tissue and 90 mL distilled water 
using a blender (Model: LM2201, Moulinex, China) for 2 min. Later, the blended juice was filtered through a filter 
paper. A single drop of the filtered juice was placed in the prism of the digital refractometer (Model: PR-32 α, ATAGO 
Co., Ltd, Japan) and was presented as °Bx at 20 °C [11]. Since the initial pulp sample was dilated three times with dis-
tilled water, the recorded values were multiplied by 3. A total of 20 readings of total soluble solids were determined 
from each treatment (2 readings from 10 replicates).

2.4 � Determinations of physiological analysis

2.4.1 � Respiration and ethylene production rate

The procedures explained by Pathare and Al-Dairi [28] were used to measure the headspace gases. For each treat-
ment, 2 plastic containers (2.3 L) containing 5 banana fruits were used to measure respiration (CO2 and O2) rate and 
ethylene (C2H4) production rate. To measure respiration rate and ethylene production rate, O2/CO2 analyzer (Model: 
90 2D, Quantek Instruments, Inc., Grafton, Australia) and ethylene detector (Model: SCS 56, Fricaval89, Valencia, 
Spain) were used, respectively. Respiration rate CO2 rate and C2H4 rate were calculated according to Opara et al. [25].

(5)Chroma =
√

a ∗2 +b ∗2,

(6)Hue◦ = tan−1
(

b ∗

a ∗

)

,

(7)YI = 142.86b ∗ ∕L ∗,

(8)Yellow color value = a ∗ ∕b ∗ .
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2.5 � Statistical analysis

Data were statistically analyzed using two factorial analyses of variance (ANOVA) (Factor A: drop height; factor B: 
storage condition) of the SPSS 20.0 (International Business Machine Crop., USA) to determine the effect of both fac-
tors and their interaction at a 5% significance level (P < 0.05). The resulted data were expressed in mean ± standard 
deviation. Also, the method of LSD Test was used to differentiate treatment means at P ≤ 0.05.

3 � Results and discussions

3.1 � Bruise area, volume, and susceptibility

The impact energy at each of the selected drop heights (10, 30, and 50 cm) is shown in Table 2. Results showed that 
the influence of both storage temperature and drop impact height on bruise area (BA) and bruise volume (BV) was 
significant during 48 h storage (P < 0.05). Also, statistical variation differences on BA and BV values were observed 
between the overall treatments. The results showed that the high drop-impact bruised banana fruits stored at 22 °C 
had a higher BA and BV with 163.45 mm2 and 3.41 × 10–5 m3, respectively. This was followed by medium drop-impact 
bruised banana fruits under the same storage condition which recorded a bruise area and volume with 128.78 mm2 
and 2.04 × 10–4 m3, respectively. The current study detected that banana fruits impacted from the lowest drop height 
(10 cm) and stored under low temperature (13 °C) resulted in less BA (17.30 mm2) and BV (2.12 × 10–6 m3). Overall, 
both the bruise area (BA) and bruise volume (BV) increased with the impact energy (Ei)/drop height and storage 
temperature (Fig. 2). Similar results were observed by Pathare et al. [31], where damage from high impact level 
(60 cm) and storage at room temperature (22 °C) recorded the highest BA and BV with 184 mm2 and 4.75 × 10–4 m3, 

Table 2   Bruise area and 
volume of ‘Grand Naine’ 
banana fruits impacted at 
different drop heights; 10 cm, 
30 cm, 50 cm after 48 h at 
13 °C and 22 °C storage 
conditions

The values are represented as the standard deviation (SD) of the mean values ± S.D. of 10 readings of 10 
replicates. Data were subjected to a two-factorial analysis of variance (ANOVA) (factor A; drop height, fac-
tor B; storage temperature)

Drop height (cm) Storage Temp. (°C) Impact energy (J) Bruise parameters

Bruise area (mm2) Bruise volume (m3)

10 (low) 13 0.064 17.30 ± 3.52 2.12 × 10–6 ± 1.35 × 10–6

22 36.49 ± 16.00 1.42 × 10–5 ± 1.22 × 10–5

30 (medium) 13 0.194 99.80 ± 13.55 8.99 × 10–5 ± 2.94 × 10–5

22 128.78 ± 29.11 2.04 × 10–4 ± 6.35 × 10–5

50 (high) 13 0.323 113.78 ± 28.6 1.73 × 10–4 ± 8.91 × 10–5

22 163.45 ± 21.07 3.41 × 10–5 ± 6.75 × 10–5

Level of significance Drop height (A) Storage Tempe. (B) A × B
BA (mm2) < 0.000001 = 0.008371 = 0.035115
BV (m3) < 0.000001 = 0.001809 = 0.010219

Fig. 2   Bruise depth of ‘Grand 
Naine’ banana fruits impacted 
at different drop heights; 
10 cm, 30 cm, 50 cm during 
48 h at 13 °C and 22 °C storage 
conditions
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respectively. Tabatabaekoloor [35] revealed that elevating the drop height from 5 to 15 cm can increase the BA by 
15% on peach fruit.

The bruise susceptibility (BS) of damaged banana fruits was varied significantly with drop height (P ≤ 0.000001) and 
storage temperature (P = 0.002136) after 48 h storage period (Fig. 3). The mean value of bruise susceptibility (BS) of 
bruised bananas from 50 cm drop height (Ei = 0.323 J) stored under ambient storage condition was 1.056 × 10–3 m3J−1. The 
lowest bruise susceptibility (BS) value (3.32 × 10–3 m3J−1) was observed in banana fruit stored at 13 °C and impacted from 
the low drop-impact (10 cm, Ei = 0.064 J). The relationship between bruise volume (BV) and impact energy (Ei) highlighted 
the key role played by drop height or impact level. Impact energy (Ei) increased with increasing the drop height, thus, 
increase fruit bruise size (BA and BV) and bruising incidence/susceptibility (BS). Tabatabaekoloor [35] indicated that the 
highest drop height released higher energy which potentially expedites the contact intensity, hence, increasing fresh 
produce bruised area (BA).

The effect of bruising or impact energy was highly pronounced in banana fruits stored at ambient temperature (22 °C). 
Impact energy was highly absorbed by banana fruits stored under this condition, where much bruise depth and bruise 
size were observed as shown in Fig. 2. Also, Ahmadi et al. [2] also reported similar findings, where high storage tempera-
ture can increase bruising on peach fruit. This might be attributed to the active enzymes that degrade the cell wall, which 
causes mechanical damage and stiffness on the damaged fresh produce. Besides, Bugaud et al. [10] studied the effect 
of different impact energies (20–200 mJ) on banana fruits stored at 18 °C throughout ripening and 13 °C between day 2 
and day 6 after ethylene induction. Their study align with the results of the current study where reducing temperature 
can decrease bruise susceptibility (BS).

Fig. 3   Bruise susceptibility of ‘Grand Naine’ banana fruits impacted at different drop heights; 10 cm, 30 cm, 50 cm after 48 h at 13 °C and 
22 °C storage conditions. Error bars represent the standard deviation (SD) of the mean values ± S.D. of 10 readings of 10 replicates. Data were 
subjected to a two-factorial analysis of variance (ANOVA) (factor A; drop height, factor B; storage temperature). Mean separation was carried 
out using LSD test. Bars with different letters are significantly different (p < 0.05)

Fig. 4   Weight loss (%) of ‘Grand Naine’ banana fruits impacted at different drop heights; 10 cm, 30 cm, 50 cm with non-bruised samples 
(Control) after 48 h at 13 °C and 22 °C storage conditions. Error bars represent the standard deviation (SD) of the mean values ± S.D. of 10 
readings of 10 replicates. Data were subjected to a two-factorial analysis of variance (ANOVA) (factor A; drop height, factor B; storage tem-
perature). Mean separation was carried out using LSD test. Bars with different letters are significantly different (p < 0.05)
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3.2 � Effect on weight loss

Weight loss (%) of ‘Grand Naine’ banana fruits in all studied treatments is shown in Fig. 4. Impact damage from different 
heights and storage temperatures significantly affect (P < 0.05) the weight loss (%) of banana fruits after 48 h of storage. 
The weight loss increased by 0.83%, 0.71%, 0.40%, and 0.39% for banana fruits stored at ambient temperature (22 °C) 
after being impacted by the steel ball from 50 cm, 30 cm, 10 cm, and for the one with no bruise (control), respectively. 
Storage at 13 °C recorded less weight reduction (%) on banana fruits subjected to a damage from 10 cm (0.27%), 30 cm 
(0.37%), 50 cm (0.33%) and control (0.27%) groups. The variation between banana fruits impacted from the lowest height 
and the one with no bruise (control) was not significant. Overall, impact from the highest drop level (50 cm) recorded the 
highest weight loss (%), particularly at ambient temperature (22 °C). The high reduction observed on a banana at ambient 
conditions (22 °C) was probably due to increased banana fruit evapotranspiration generated from higher temperatures 
[22]. Also, it is attributed to changes in cell wall permeability and tissue damage leading to higher moisture content 
through the cells wall of fresh produce like bananas [1] and tomatoes [4]. Maia et al. [21] stated that mechanical injuries 
and damages can increase the weight loss of “Prata Anã” banana fruits. They recorded 1.2% losses in banana fruits due 
to impact (0.9711 J) after 9 days of storage at room temperature. They emphasized that the mechanical injuries could 
cause intense dehydration in the affected region of the damaged fruit which subsequently increased the weight loss of 
bananas. Hussein et al. [16] stated that bruising damage might change the tissue permeability. The resulting small cracks 
connecting to the external and internal atmosphere allow the interchange of atmospheric factors, mainly water vapor. 
This effect accelerates the weight loss of fresh produce. A recent study by Pathare et al. [31] found that exposing pear fruit 
to damage using impact test from 60 cm drop height showed 0.97% and 0.32% losses after 48 h of storage at 10 and 22 °C.

3.3 � Effect on color

The L* (lightness) color value (mean ± sd) in the banana peel during 48 h storage after being impacted from three drop 
heights is shown in Table 3. The L* value was statistically influenced by temperature storage (P = 0.000900) and impact 
drop height (P = 0.000911). The highest L* value was observed on banana fruits impacted from 50 cm (67.05) drop height 
and stored at 22 °C, while the lowest one was for a banana with no bruise (62.96) stored at 13 °C. Similar trends were 
observed with other banana fruit groups, where the highest drop-impact and storage at higher temperature showed 
a higher L* value compared to medium and low heights and the control groups under the same storage temperature. 
Besides, fewer variations were observed on the a* value (redness) of bruised banana fruits at both storage conditions. 
However, the study found a significant impact (P < 0.05) between the a* value and studied factors (drop height and 

Table 3   The values of L* 
(lightness), a* (redness), 
chroma, hue° of ‘Grand Naine’ 
banana fruits impacted at 
different drop heights; 10 cm, 
30 cm, 50 cm with non-
bruised samples (Control) 
after 48 h at 13 °C and 22 °C 
storage conditions

The values are represented as standard deviation (SD) of the mean values ± S.D. of 30 readings of 10 repli-
cates. Data were subjected to a two-factorial analysis of variance (ANOVA) (factor A; drop height, factor B; 
storage temperature)

Drop height (cm) Storage Temp. (°C) Color parameters

L* a* Hue° Chroma

Control (no bruise) 13 62.96 ± 2.71 1.74 ± 1.40 86.05 ± 2.38 37.59 ± 3.26
22 63.91 ± 2.91 2.06 ± 0.67 87.79 ± 4.25 37.59 ± 2.96

10 (low) 13 63.04 ± 2.20 2.39 ± 0.66 88.18 ± 2.59 41.95 ± 3.80
22 64.19 ± 2.73 2.47 ± 0.81 88.28 ± 3.92 88.19 ± 2.73

30 (medium) 13 64.36 ± 2.64 2.62 ± 1.53 88.95 ± 2.16 33.49 ± 3.98
22 66.64 ± 2.72 2.82 ± 1.79 89.09 ± 2.20 33.34 ± 4.13

50 (high) 13 64.47 ± 3.18 2.64 ± 0.91 88.97 ± 2.31 37.08 ± 3.55
22 67.05 ± 3.20 3.18 ± 1.45 89.20 ± 2.06 36.76 ± 3.55

Level of significance Drop height (A) Storage Tempe. (B) A × B
L* = 0.000911 = 0.000900 = 0.598301
a* = 0.008694 = 0.029476 = 0.820744
Hue = 0.003486 = 0.038505 = 0.504489
Chroma < 0.000001 = 0.953450 = 0.999722
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storage temperature) (Table 3). Results showed that 50 cm drop height bruised banana stored at 22 °C had the highest 
a* value with 3.18 compared to the non-impact (control) banana fruits (1.74) stored at 13 °C.

There were marked significant differences in the b* (yellowness) values of bruised banana fruits at both storage condi-
tions (Fig. 5). The b* value was affected by the storage temperature (P = 0.001279) and drop height impact (P ≤ 0.00001). 
Storage at 22 °C increased the b* value of high drop-impact bruised bananas (45.96), whereas storage at 13 °C delayed 
the increase of the b* value of high drop-impact bruised bananas (43.43). The lowest b* value was observed in low 
drop-impact bruised bananas (36.96) stored at 13 °C. The hue° (yellow color purity) was significantly different and highly 
influenced by both investigated factors (P < 0.05) after 48 h of storage (Table 3). The damaged banana fruits showed a 
noticed significance in their hue° value when compared to the non-bruised fruits at both conditions. Also, storage under 
ambient temperature accelerated the occurrence of color purity (hue°). However, chroma (the saturation of yellow color) 
value was statistically affected by the storage temperature (P < 0.000001) but it was not affected by drop impact height 
(P = 0.953450). The highest chroma value of 41.95 was observed in low drop-impact bruised banana fruits stored at 13 °C, 
while the lowest value of 33.34 was detected in medium drop-impact bruised banana fruits stored at 22 °C (Table 3).

The Fig. 6 presents the yellowness index (YI) and yellowness value of ‘Grand Naine’ banana fruits impacted at different 
drop heights with non-bruised samples (control) after 48 h of storage at two storage conditions. Both color parameters 
(yellowness index and yellowness value) of bruised and non-bruised banana fruits were statistically influenced (P < 0.05) 
by storage temperature and drop height impact. The non-damaged banana fruits were the least yellowish with a yellow-
ness index of 84.03 and 84.11 stored at 13 and 22 °C, respectively when compared to high drop-impact bruised bananas 
as shown in Fig. 6A. Similar trends were observed on the yellowness value of damaged and non-damaged banana fruits 
at both storage conditions (Fig. 6B).

The higher changes observed on the majority of color attributes on bruised and non-bruised banana fruits at elevated 
storage conditions could be attributed to the degradation of chlorophyll in the peel of banana fruits after storage which 
leads to the conversion of color from green to yellow [33] particularly at higher temperature [17]. Also, it has been dis-
cussed that bananas are categorized with yellow peels when ripe, which could be related to the accumulation (synthesis) 
of carotenoids [13] and reduction in chlorophylls (breakdown of green pigments) [20]. Similar results were obtained on 
pear by Pathare et al. [31], where the highest damage and storage at higher temperature accelerated green color loss 
after 48 h of storage. Besides, Maia et al. [21] reported that mechanical damage accelerated the changes of banana peel 
color index compared to control banana fruits. The color changes of tomatoes at ambient storage temperature were 
more significant than low storage temperature [5].

3.4 � Effect on total soluble solids (TSS)

The total soluble solids content (TSS) was significantly affected by drop height (P ≤ 0.00001) and storage temperature 
(P = 0.001371) (Fig. 7). The highest total soluble (TSS) content was observed with a value of 12.42 °Bx for the high drop-
impacted bruised banana fruits at ambient temperature storage conditions. The TSS content of medium and high drop-
impacted bruised banana fruits was 11.49 °Bx after 48 h of storage at 22 °C and 13 °C, respectively. The TSS content of 

Fig. 5   b* value (yellowness) of ‘Grand Naine’ banana fruits impacted at different drop heights; 10 cm, 30 cm, 50 cm with non-bruised sam-
ples (Control) after 48 h at 13 °C and 22 °C storage conditions. Error bars represent the standard deviation (SD) of the mean values ± S.D. of 
30 readings of 10 replicates. Data were subjected to a two-factorial analysis of variance (ANOVA) (factor A; drop height, factor B; storage 
temperature). Mean separation was carried out using LSD test. Bars with different letters are significantly different (p < 0.05)
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‘Grand Naine’ banana fruits impacted from 10 cm drop height and the control stored at 22 °C were 10.68 and 10.02 °Bx, 
respectively. However, the control and low drop-impacted bruised banana fruits stored at 13 °C showed the lowest TSS 
content with 9.90 and 9.96 °Bx, respectively. This could be attributed to the low temperature which slowed down the 
respiration rate and starch conversion resulting in lower total soluble content in refrigerated banana fruits [25]. It was 
found that the TSS content of banana fruits increased due to mechanical damage which accelerated the transformation 

Fig. 6   A Yellowness index (YI) 
and B yellowness value of 
‘Grand Naine’ banana fruits 
impacted at different drop 
heights; 10 cm, 30 cm, 50 cm 
with non-bruised samples 
(Control) after 48 h at 13 °C 
and 22 °C storage conditions. 
Error bars represent the stand-
ard deviation (SD) of the mean 
values ± S.D. of 30 readings 
of 10 replicates. Data were 
subjected to a two-factorial 
analysis of variance (ANOVA) 
(factor A; drop height, factor 
B; storage temperature). Mean 
separation was carried out 
using LSD test. Bars with dif-
ferent letters are significantly 
different (p < 0.05)

Fig. 7   Total soluble solids (°Bx) of ‘Grand Naine’ banana fruits impacted at different drop heights; 10 cm, 30 cm, 50 cm with non-bruised 
samples (Control) after 48 h at 13 °C and 22 °C storage conditions. Error bars represent the standard deviation (SD) of the mean values ± S.D. 
of 20 readings of 10 replicates. Data were subjected to a two-factorial analysis of variance (ANOVA) (factor A; drop height, factor B; storage 
temperature). Mean separation was carried out using LSD test. Bars with different letters are significantly different (p < 0.05)
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of starch into simpler sugars in banana fruits. The pulp cells of banana fruits are probably influenced by the impact dam-
age collapse, which may compromise the enzymes, such as α-amylase, glycosidases, and β-amylase, from breaking the 
starch [21], particularly at ambient temperature. Hussein et al. [16] reported that sugars are highly consumed during 
respiration. Besides, the reduction in moisture content observed in bruised and stressed damaged fruit affects the total 
soluble solids of fruits during storage. The results of this study were in line with the findings of Pathare and Al-Dairi [28], 
where total soluble solids increased as bruise damage increased.

3.5 � Effect on respiration rate

Cellular respiration is considered a metabolic process, where chemical energy is produced for essential internal reactions 
and cellular maintenance and synthesis [15]. The respiration rate was statistically affected by the storage temperature 
(P = 0.003084) and drop impact height (P = 0.000011) (Fig. 8). At the same temperature condition, bruised (damaged) fruit 
respired faster than non-bruised (control) banana fruit. Furthermore, banana fruit impacted at higher and medium drop 
impact levels (50 cm and 30 cm) exhibited a higher respiration rate than fruit bruised at lower impact level (10 cm) or non-
bruised (control) fruit. In this study, storage at ambient conditions (22 °C) and impact from a drop height of 50 cm showed 
the greatest influence on the rate of respiration on banana fruits. The respiration rate of high drop-impacted banana fruits 
stored at 22 °C was 11.00 CO2 mL kg−1 h−1, while it was 7.59 CO2 mL kg−1 h−1 on bananas stored at 13 °C. The medium 
drop-impacted banana fruits stored at 22 °C and 13 °C recorded a respiration rate of 9.41 and 6.75 CO2 mL kg−1 h−1 
after 48 h storage. A low respiration rate was reported in control and low drop-impacted banana fruits at both storage 
conditions; where, it was a little higher at the ambient temperature of the same treatment. The observed increment in 
respiration rate after 48 h of storage could be attributed to increased banana fruits stresses resulting from impact/bruise 
damage. This is in support of findings reported by Hussein et al. [15], which stated that mechanical damage like bruising 
can affect the respiration rate of fresh produce. Furthermore, the intensity of respiration rate of bruised pomegranate 
fruit increased with the damage level (degree) to the fruit. Besides, Maia et al. [21] confirmed that increasing the action 
of α-amylase, glycosidases, and βamylase expedite the degradation and the available content of glucose and sucrose 
which are the major respiratory substrates to increase the respiration rate of the mechanically damaged banana fruits. 
The increase in respiration rate at higher temperatures could occur due to the increase in metabolic activities [25]. As 
observed in ‘Wonderful’ pomegranate fruit, Hussein et al. [16] reported a 1.4-fold respiration rate in bruised fruit com-
pared to non-bruised (control) fruits.

3.6 � Effect on ethylene production rate

Ethylene (C2H4) production of ‘Grand Naine’ banana impacted from three different heights during two storage con-
ditions are given in Fig. 9. The results of fruit ethylene production rate were a result of a combined effect of impact 

Fig. 8   Respiration rate of ‘Grand Naine’ banana fruits impacted at different drop heights; 10 cm, 30 cm, 50 cm with non-bruised samples 
(Control) after 48 h at 13 °C and 22 °C storage conditions. Error bars represent the standard deviation (SD) of the mean values ± S.D. of 2 
replicates. Data were subjected to a two-factorial analysis of variance (ANOVA) (factor A; drop height, factor B; storage temperature). Mean 
separation was carried out using LSD test. Bars with different letters are significantly different (p < 0.05)
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damage drop height (P = 0.025752) and storage temperature (P ≤ 0.00001). Under ambient temperature (22 °C) and 
bruising from high drop-impact, the ethylene production rate was the highest (0.20 C2H4 mL kg−1 h−1) followed by 
medium (0.19 C2H4 mL kg−1 h−1), low (0.16 C2H4 mL kg−1 h−1) drop-impact, and control (0.15 C2H4 mL kg−1 h−1). After 
24 h of storage, the ethylene production rate of the low drop-impact and control groups were 0.05 C2H4 mL kg−1 h−1and 
0.04 C2H4 mL kg−1 h−1, respectively stored at 13 °C. However, the high drop-impact bruised bananas showed an ethylene 
production rate of 0.06 C2H4 mL kg−1 h−1 under low storage temperature (13 °C). The findings of this study revealed that 
storage at higher temperatures and the high drop-impact damage can accelerate the ethylene production rate. This is 
attributed to the changes in the metabolic processes that are highly occurred at room temperature. Such change is a 
consequence of the process of ripening in the injured banana fruit causing a huge increase in ethylene production rate 
[19]. As reported by Maia et al. [21] and Mebratie et al. [24], mechanical damage expedited the occurrence of the ethylene 
production rate of banana fruits during storage.

4 � Conclusions

The study investigated the effect of mechanical damage like bruising (generated from different impact levels) and 
storage temperatures on the quality of banana fruits after 48 h of storage. The findings of this study revealed that the 
impact energy is correlated with drop impact/height level which leads to an increase in the potential of bruise incidence 
in banana fruits during simulated handling. Increasing drop height (50 cm) and storage temperature (22 °C) showed a 
remarkable rise in bruise area, bruise volume, bruise susceptibility, weight loss, total soluble solids, respiration rate, and 
ethylene production rate. Both studied factors (storage temperature and drop height) affected the color quality attrib-
utes except for chroma which was not influenced by drop height. Storage temperature at 13 °C reduced the majority of 
studied quality attributes. The non-damaged bananas showed fewer changes in total soluble solids, weight, color, and 
headspace gases. Bruise parameters are the most common measures of the amount of most fresh produce damage like 
a banana. Therefore, reducing impact damage during handling is the first recommended step to minimize the damage 
along with storage management, particularly during grading, sorting, and packing.
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