MECHANICAL PROPERTIES OF CITRUS AND IMPACT DAMAGE
UNDER DIFFERENT STORAGE CONDITIONS
C. Ortiz, A. Torregrosa

ABSTRACT. Mechanical handling of fresh-market citrus is restricted by damage susceptibility. The objective of this research study was to determine the effect of variety and storage conditions on the resistance of citrus to impact damage.
Three citrus varieties, two of them in two different stages of maturity, were tested in two different experiments: a freedropping experiment and a physical properties experiment. Two relative humidity conditions and two temperature conditions were studied. In the physical properties test, puncture resistance and compression resistance were measured. Significant differences were found in the damage resistance of each of the varieties. Puncture resistance of the peel of postharvest citrus and whole-fruit compression resistance are related to storage temperature and relative humidity conditions. To
increase citrus whole-fruit compression resistance and peel puncture resistance, low temperatures and high relative humidity should be used. Under suitable previous temperature and relative humidity conditions, citrus varieties such as ‘Valencia Late,’ with a high resistance to compression and low peel deformation, could be apt for aggressive mechanical
handling.
Keywords. Citrus fruits, Damage, Mechanical handling, Mechanical properties, Relative humidity, Temperature.

T

he exact amount of perishable food crops produced in the world that are lost after harvest is not
known, although figures ranging from 1% to 50%
have been mentioned (Yahia et al., 2004; Kader,
2005). Mechanical damage represents a serious hazard to
quality and has the potential to significantly reduce the value of the product (Van Zeebroeck et al., 2007). Mechanical
damage to fruit is mainly caused by impacts during harvest,
transport, and handling because these forces are higher in
incidence and magnitude than static forces. Citrus fruit
postharvest processing involves a large number of mechanical operations associated with mechanical damage due to
dynamic loads, mainly impacts (Mohsenin, 1986; Bielza et
al., 2003). However, static forces, such as compression
loads during postharvest handling and storage, can also
cause important damage to fruit (Bollen et al., 2001). Furthermore, other damage such as abrasion (Ericsson and
Tahir, 1996), puncture, and prolonged vibration during
transport (Armstrong et al., 1991) may also be produced.
Mechanical damage to fruit has two immediate consequences: the appearance of bruises, which reduce the commercial value of the fruit, and peel wounds, which may lead
to further infections by pathogens (García-Ramos et al.,
2004). According to Tuset (1987), in a typical season, the
percentage of rotting fruit after harvesting is between 3%
and 6%. In Spain, citrus production is mainly destined for

Submitted for review in October 2013 as manuscript number FPE
10479; approved for publication by the Food & Process Engineering
Institute of ASABE in February 2014.
The authors are Coral Ortiz, Associate Professor, and Antonio
Torregrosa, Professor, Department of Rural and Agri-food Engineering,
Polytechnic University of Valencia, Spain. Corresponding author: Coral
Ortiz, Camino de Vera s/n, 46022 Valencia, Spain; phone: 0034-963877000, ext. 72951; email: cortiz@dmta.upv.es.

fresh consumption (Torregrosa et al., 2009); consequently,
most consumers associate quality with a good appearance
and the total absence of external defects (Blasco et al.,
2007).
According to Bollen et al. (2001), the most useful measure that commercial operators can use to assess fruit damage is the proportion of a product line that will sustain
damage of economic importance. Various authors have
used fruit free-dropping tests in the laboratory to assess the
susceptibility of fruit to bruising (Pang et al., 1996; Timm
and Guyer, 1998; Lu and Wang, 2007; Scherrer Montero et
al., 2009; Ortiz et al., 2011). According to Pang et al.
(1996), the dropping test required 20 fruits per sample.
The physical properties of fruit provide important information for predicting product behavior during mechanical handling (Arazuri et al., 2007). The correlation between
laboratory test variables and fruit quality will contribute to
the development of an optimal solution for mechanization.
However, it is not easy to determine the correct relationship
between physical property variables and internal tissue processes. Hertog et al. (2004) studied the firmness of tomato
using both invasive techniques (such as the destructive
puncture test) and non-invasive techniques (such as acoustic firmness) and indicated that firmness evolved differently
over storage time depending on the measurement technique
applied. The same authors also stressed the complexity of
evaluating an internal tissue process by measuring physical
properties.
In many experiments, the maximum force in a puncture
compression test is considered to be the resistance of the
fruit peel, and the force-deformation ratio with a disk in a
whole-fruit compression test is considered to be the wholefruit resistance.
Churchill et al. (1980) used three different physical
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properties to assess orange damage susceptibility during
mechanical harvesting. Material testing equipment was
used to measure puncture resistance, burst resistance, and
peel tensile resistance. The puncture test (with a 0.0064 m
diameter rod) was used to simulate the forces encountered
when fruit comes into contact with small branches. Juste et
al. (1988) used a puncture test to assess the physical properties of citrus fruit in order to determine the limits of safe
handling during mechanical harvesting. Menesatti et al.
(2005) found that mandarins presented less firmness and
elasticity than oranges and lemons, with significant differences found between varieties. Flood et al. (2006) studied
the physical properties of oranges using puncture and burst
tests, and a model was developed that related punch diameter to puncture force.
From studies conducted on other products, it has been
proven that, apart from the structural cell wall components,
cell turgor also contributes to firmness. According to Lin
and Pitt (1986), increased turgor makes the cell fail at a
lower load in compression tests. In assessing the factors
that influence the mechanical properties and bruise susceptibility of apples and pears, García et al. (1995) showed that
fruit turgidity (deformation such as skin puncture) and
Magness-Taylor firmness influenced bruise susceptibility
(measured as bruise volume). Fruits exposed to different
relative humidity conditions over the 16 h preceding the
test showed significant differences in their physical properties and bruise susceptibility. Deformation such as skin
puncture was the physical parameter that was most strongly
related to fruit turgidity. Fruits stored in high relative humidity conditions presented higher skin puncture deformation (higher turgidity) and were more susceptible to
bruising. Turgidity and firmness influence bruise susceptibility independently, and their effects are combined during
the ripening of apples and pears.
Sigh and Reddy (2006) studied the physico-mechanical
properties of Nagpur mandarins by performing peel tensile,
peel cutting, fruit compression, puncture resistance, and
fruit cutting tests. In the puncture resistance test, the probe
speed was 0.001 m s-1. In the compression test, the force
was applied at a speed of 0.001 m s-1 to compress the fruit
for 0.01 m from the contact point and was considered to be
firmness. In the compression test, firmness slowly decreased during postharvest storage for both environmental
and refrigerated conditions. In the puncture test, the rupture
force (maximum force) was observed to be higher in oranges stored in refrigerated conditions than those kept in
environmental conditions.
It is important to assess the mechanical properties of
fresh market citrus that make the fruits acceptable to con-

sumers and resistant to mechanical handling. Additionally,
another key aspect is to understand the relationship between storage temperature and relative humidity conditions
and damage susceptibility. The objective of this research
study was to evaluate the effect of variety and storage conditions (temperature and relative humidity) on the mechanical properties and mechanical damage of citrus.

MATERIALS AND METHODS
Three varieties of citrus from different orchards in the
Valencia region were tested, with two of them in two different stages of ripeness: ‘Valencia Late,’ ‘Valencia Late’
overripe, ‘Orogrande,’ ‘Marisol,’ and ‘Marisol’ overripe
(table 1). Fruit samples were carefully hand-harvested,
leaving the calyx attached to the fruit, and transported to
the laboratory. All the varieties, except the overripe samples, were harvested at the commercial harvesting stage.
Four sets of fruit were stored for 48 h before the test at two
different temperature conditions (cold refrigerated chamber
at 4°C to 7°C and environmental at 16°C to 25°C) and two
different relative humidity conditions: high (80% to 95%)
and medium (50% to 80%).
Two experiments were carried out: a free-dropping experiment (30 fruits per sample) and a mechanical properties
experiment (ten fruits per sample). In the free-dropping
experiment, individual fruits were dropped over an empty
polyethylene harvesting box from a height of 2 m. The percentage of damaged fruits after two weeks of storage was
registered as the damage percentage (%).
In the mechanical properties experiment, five fruits were
used per test, and three repetitions were performed per
fruit. Two tests were carried out: 10 mm compression of
the whole fruit with a disk (20 mm diameter and 3 mm
height) and peel puncture with a cylindrical rod (1.5 mm
diameter). The maximum deformation required to puncture
the fruit surface from the force-deformation curve was registered as the maximum puncture deformation (mm)
(fig. 1). Higher peel puncture deformation is related to lower resistance to peel puncture.
The force-deformation ratio from the whole-fruit compression force-deformation curve was registered as the
compression resistance (N mm-1) (fig. 1). A universal testing machine (Ibertest, Madrid, Spain, www.ibertestint.com)
with a digital dynamometer (Centormeter, Andilog Technologies, Vitrolles, France, www.andilog.com, 0 to 500 N,
0.1% precision, 1000 Hz sampling frequency, and 1/10,000
FS resolution) were used. In both tests, the fruit was placed
on a piece of modeling clay, and steps were taken to ensure

Table 1. Mean weight (and standard deviation), maturity index, damage percentage, maximum puncture deformation, and compression
resistance for each variety.[a]
Mean
Mean Damage
Mean Maximum
Mean Compression
Mean
Maturity Index
Percentage
Puncture Deformation
Resistance
Weight
(%)
(mm)
(N mm-1)
Variety
(g)
(10 °Brix g-1 L-1)
‘Valencia Late’
6.8
0.0 a
1.50 a
1.75 a
156.4 29.7
‘Marisol’
6.9
6.0 ab
1.81 b
2.51 b
96.7 21.4
‘Orogrande’
16.1
8.0 ab
3.28 c
3.75 c
102.7 34.4
‘Valencia Late’ overripe
6.9
8.3 ab
4.03 d
5.45 d
196.4 44.9
‘Marisol’ overripe
9.0
22.5 c
5.93 e
6.10 e
146.0 21.0
[a]
Within a column, means followed by the same letter are not significantly different at the 95% confidence level (according to the Duncan test).
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Table 2. Three-way analysis of variance of peel puncture deformation
(maximum deformation in the force deformation curve) and wholefruit resistance to compression (maximum force deformation ratio in
the compression force deformation curve) according to variety,
temperature 48 h prior to testing (Temp), and relative humidity 48 h
prior to testing (RH) (99% confidence interval).
Maximum Puncture
Compression
Deformation
Resistance
(mm)
(N mm-1)
F-ratio
p-Value
F-ratio
p-Value
Source
Variety
411.63
0.0000
746.38
0.0000
Temp
2.54
0.1126
42.83
0.0000
RH
169.11
0.0000
20.29
0.0000
Interactions
Variety  Temp
3.17
0.0145
10.55
0.0000
24.64
0.0000
2.22
0.0676
Variety  RH
3.61
0.0586
2.26
0.1339
Temp  RH
Variety  Temp  RH
2.28
0.0615
0.20
0.9361

Figure 1. Force deformation puncture curves (top) and force deformation compression curves (bottom) of ‘Marisol’ mandarins according to temperature (env = environmental, refr = refrigerated) and
relative humidity (medium and high).

that the stem-calyx axis was lying orthogonal to the rod.
The tests were carried out at a probe speed of 1 mm s-1.
Data analysis was performed by analysis of variance and
Duncan’s multiple range test to separate means using Statgraphics Plus 5.0 (Statpoint Technologies, Warrenton, Va.).

RESULTS
In the free-dropping test, very significant differences
were found between varieties (p = 0.0039) (table 1). The
variety with the highest percentage of damage was ‘Marisol’ overripe, and the variety with the lowest percentage of
damage was ‘Valencia Late.’ Previous temperature and
relative humidity were not found to have any significant
effect on the percentage of fruit damage (p = 0.6684 and
p = 0.4946, respectively).
In the peel puncture resistance test, analysis of variance
showed highly significant effects (p < 0.001) of variety and
relative humidity during the previous 48 h on the maximum

puncture deformation (mm) (table 2). The effect of temperature on puncture resistance was not significant, but temperature had a highly significant effect on compression
resistance. The temperature conditions over the previous
48 h had a higher effect on whole-fruit resistance than on
peel resistance. However, the relative humidity conditions
over the previous 48 h had a strong effect on both peel and
whole-fruit resistance. An interaction effect of two factors
is also evident, i.e., variety  temperature and variety 
relative humidity. The storage conditions have a different
effect depending on the variety (table 3).
In the puncture test, all the varieties showed highly significant differences in peel puncture deformation (mm)
(tables 1 and 2). Significant differences were found for
‘Valencia Late’ and ‘Marisol’ peel puncture deformation at
different stages of ripeness. The average maximum puncture deformation for ‘Valencia Late’ was 1.50 mm, compared to 4.03 mm for ‘Valencia Late’ overripe. The average
maximum puncture deformation for ‘Marisol’ was
1.81 mm, compared to 5.93 mm for ‘Marisol’ overripe.
This increment in puncture deformation is due to the softening of the peel in the overripe fruits. The variety with the
lowest peel puncture deformation was ‘Valencia Late,’ and
the variety with the highest peel puncture deformation was
‘Marisol’ overripe.
The variety with the significantly highest damage percentage (‘Marisol’ overripe) was also the variety with the
significantly highest peel puncture deformation, thereby
indicating the lowest resistance to peel puncture. In the
same way, the variety with the significantly lowest damage

Table 3. Maximum puncture deformation and compression resistance according to variety, environmental (Env) or refrigerated (Refr)
temperature, and high (80% to 95%) or medium (50% to 80%) relative humidity.[a]
Maximum Puncture Deformation (mm)
Compression Resistance (N mm-1)
Variety
Temperature
Relative Humidity
Variety
Temperature
Relative Humidity
Variety
Env
1.54 a
High
1.33 a
Env
5.82 a
High
6.08 a
‘Valencia Late’
1.50 a
6.09 a
Refr
1.47 a
Medium
1.68 a
Refr
6.37 b
Medium
6.11 a
‘Valencia Late’
Env
1.74 a
High
1.58 a
Env
4.98 a
High
5.57 a
1.81 b
5.45 b
overripe
Refr
1.87 a
Medium
2.03 b
Refr
5.92 b
Medium
5.33 b
Env
4.15 a
High
3.62 a
Env
3.46 a
High
3.89 a
‘Marisol’
4.03 c
3.75 c
Refr
3.91 a
Medium
4.44 b
Refr
4.03 b
Medium
3.60 b
Env
3.19 a
High
2.87 a
Env
2.57 a
High
2.34 a
‘Orogrande’
3.28 d
2.51 d
Refr
3.37 a
Medium
3.69 a
Refr
2.45 a
Medium
2.67 a
‘Marisol’
Env
6.24 a
High
4.63 a
Env
1.71 a
High
2.03 a
5.93 e
1.75 e
overripe
Refr
5.62 a
Medium
7.23 b
Refr
1.79 a
Medium
1.48 b
[a]
Within a column, means followed by the same letter are not significantly different at the 95% confidence level (according to the Duncan test).
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percentage (‘Valencia Late’) was also the variety with the
significantly lowest peel puncture deformation. The effect
of temperature on puncture resistance was not significant
(table 2). High relative humidity prior to mechanical handling reduced peel puncture deformation, thereby increasing resistance to peel puncture (fig. 2).
In the whole-fruit compression resistance test, the analysis of variance showed a highly significant effect (p <
0.001) of the three experimental factors: variety, temperature 48 h before testing, and relative humidity 48 h before
testing (table 2). An interaction effect of two factors (variety and temperature) was also evident. Temperature did not
affect compression resistance in the same way for all the
varieties (table 3).
In the compression test, all the varieties showed significant differences in whole-fruit compression resistance
(N mm-1) (table 1). Significant differences in compression
resistance were found for ‘Valencia Late’ and ‘Marisol’
with different stages of ripeness.
The variety with the significantly highest damage percentage (‘Marisol’ overripe, with a damage percentage of
22.5%) was also the variety with the significantly lowest
compression resistance (1.75 N mm-1). In the same way, the
variety with the significantly lowest damage percentage
(‘Valencia Late,’ with a damage percentage of 0.0%) was
also the variety with the significantly highest compression
resistance (6.10 N mm-1).
Refrigerated temperature prior to mechanical handling

increased whole-fruit compression resistance in ‘Marisol,’
‘Valencia Late,’ and ‘Valencia Late’ overripe (table 3). For
‘Marisol’ and ‘Valencia Late,’ refrigerated temperature
increased the compression resistance independently of the
relative humidity conditions (fig. 3). High relative humidity
prior to mechanical handling produced a significant increase in whole-fruit compression resistance (table 3).
However, the effect of relative humidity differed depending
on the variety (fig. 3).

DISCUSSION AND CONCLUSIONS
Citrus impact damage, measured as a percentage of
damaged fruit in the dropping test, depended significantly
on the variety. ‘Marisol’ overripe was the variety with the
highest damage percentage, and ‘Valencia Late’ was the
variety with the lowest damage percentage. These results
confirm those found by Menesatti et al. (2005) and Ortiz et
al. (2011), which showed that citrus damage susceptibility
depended on variety and the stage of ripeness.
Mechanical properties, i.e., peel puncture deformation
(mm) and whole-fruit compression resistance (N mm-1),
depended on the variety and on the previous storage conditions. Refrigerated temperature (4°C to 8°C) and high relative humidity (80% to 95%) prior to mechanical handling
significantly increased whole-fruit compression resistance.
Peel puncture deformation was significantly influenced by
storage humidity. High relative humidity (80% to 95%)

Figure 2. Maximum puncture deformation (mm) for the varieties according to temperature (environmental and refrigerated) and relative humidity (medium and high).

Figure 3. Compression resistance (slope from the force deformation compression curve, N mm-1) for the varieties according to temperature
(environmental and refrigerated) and relative humidity (medium and high).
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reduced peel puncture deformation compared to medium
relative humidity (50% to 80%), thereby increasing peel
puncture resistance. As García et al. (1995) maintained,
peel puncture deformation is the physical parameter that is
most closely related to fruit turgidity, and it is influenced
by storage humidity.
A low temperature (4°C to 8°C) over the previous 48 h
compared to environmental conditions (16°C to 25°C) increased whole-fruit compression resistance. High humidity
(80% to 95%) over the previous 48 h compared to medium
relative humidity (50% to 80%) increased both peel puncture resistance and whole-fruit compression resistance.
Recommended citrus fruit storage conditions are therefore
90% relative humidity and 4°C to 10°C for mandarins and
2°C to 5°C for oranges. A storage period of 48 h will increase citrus fruit peel puncture resistance as well as wholefruit resistance to compression.
Because of the different properties of the citrus varieties,
some of them could be more resistant to mechanical handling. Citrus varieties such as ‘Valencia Late,’ with high
compression resistance and low peel deformation, could be
apt for aggressive mechanical handling, given suitable previous temperature and relative humidity conditions.
Fruit damage susceptibility measured as a free fall from
a height of 2 m was not related to storage temperature and
humidity, and no clear relationship between dynamic impact damage and physical properties was proved. However,
the physical properties tested could be related to other
damage caused during harvest and postharvest handling,
i.e., whole-fruit compression resistance could be related to
damage due to static compression forces, and puncture resistance could be related to damage cause by puncturing
and abrasion.
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