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Apple prices at the time of harvest are low, indgdarmers to
store the apples for sale later. Since an applelsdical and
mechanical properties decrease over time, the $irgp to
reducing waste is to improve the production-congiongycle
by studying the characteristics of the system dmeddrops.

varieties (nalusxdomestica Borkh). A randomized design experimentMechanical properties are critical aspects of giep quality

with a split plot in time with nine replications sv@onducted and
apparent modulus of elasticity, failure stresslufa strain, failure
energy, and toughness were tested. An analysiarince showed
with a 1% confidence level that storage affectsttal mechanical
properties of apples over time. There was a sicanifi difference at 1%
probability level between the first and last momésults for all
properties. The mean value for all properties wighdr for Granny
Smith than for the other two cultivars. Golden Dielus showed
higher strain and its mechanical properties deegeabarply over the
first two months and the last month of storage. Reticious and
Granny Smith showed the most uniform variation dkiersix months.
Storage had the greatest effect on failure enardytze least effect on
modulus of elasticity.Keywords: apple, mechanical properties,
storage, uniaxial compression test.

La connaissance sure les propriétés méchaniquepatames
(Malus Domestica) est un parametre nécessaire pessiner le

and knowledge of these properties helps in theldpweent of
methods for sorting apples according to firmness.

Little detailed information is available on the Ron
homogeneous and anisotropic mechanical propefftigspbes.
Mohsenin et al. (1962) studied the mechanical bienaf¥apple
fruits as related to bruising by conducting compias, impact,
static load, and skin shear tests. Factors affgttmappearance
of the yield and rupture points were found to be vhariety,
stage of fruit development, and the length of tdtaeng which
force was applied. They found that the more rigefthit, the
more permanent (plastic) deformation.

While skin failure occurs at the time of harvestapple is
more sensitive to bruises one to two weeks afterdst As the
fruit ripens, the compression force or stress megluifor

modéle de machine de récolte et ses lignes de gsuset aussi la deformation declines.Mohsenin et al.(1963) used an
réduction des résidues et ses pertes. Dans celtierobe on étudie les  €ngineering approach to evaluate textural factofsuits and
effets d’entreposage sur les propriétés mécanideepommes dans vegetables. They determined the modulus of elasti€apples

une période de six mois pour. trois différentsieats utilisés pour
I'exportation et cing propriétés mécaniques dandassin de split plot
fait au hasard avec neuf répétitions et quatre rétlsmnages. Le
module d’'élasticité apparent, contrainte de brisdéformation de
contrainte, énergie de brisure et aussi la du@té déterminés pour
‘Granny Smith’ dans les mois du novembre jusquidl.ava période

d’entreposage démontre un effet significatif(1%) &s propriétés
mécaniques et il y a difference(1% level) entneramier et le dernier
temps pour toutes les propriétés. Tous les paraméle qualité a
'etude de la ‘Granny Smith’ sont meilleurs que ksux autres
cultivars. La ‘Golden Delicious’ posséde une défation plus haute
que les deux autres cultivars. Les propriétés ni¢oas de ‘Golden
Delicious’ sont diminuées plus rapidement quelises cultivars dans
les deux premiers mois d’entreposage et surtowg slamdernier mois.
Globalement, la ‘Red Delicious’ et ‘Granny Smithdgsédent une
variation uniforme du premier jusqu'au dernier mdis I'étude

entreprise. L'entreposage a I'effet le plus gramd’'énergie de brisure
et le plus petit effet sur le module d’élasticiiéots clés: pommes,

propriétés mécanique, entreposage, essai de caipresii-axial.

INTRODUCTION

Unfortunately, wastage of fruits in the period begw
production and consumption is high in Iran (FAO 892003).
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using a uniaxial compression test. The results sdavat the
modulus of elasticity reached its highest valuerdiefore the
conventional time of harvest. It also had the latgate of
change and the most consistent behavior of any pthesical
or mechanical property investigated.

Chappell and Hamann (1968) examined the behavior of
three varieties of apple flesh at harvest usingresant—stress
creep test and determined Poisson’s ratio and niteli
compressive Young's modulus for each variety aresstlevel.
All three varieties had a modulus of elasticity ttheas
significantly stress dependant. Mohsenin (1986)rexad the
calculation of modulus of deformability for applesing
penetration and parallel plate loading tests. Thamvalue of
modulus of deformability by the Hertz theory foagticity was
1.85 MPa. By the conventional method of compressing
cylindrical specimen of the flesh between two gafglates, it
was 1.70 MPa.

Abbott and Lu (1996)letermined the effects of ripeness,
specimen orientation, and location within the appidfailure
stress, strain, energy, and apparent modulus aftigts
(Young’'s modulus). Compression tests were perforroad
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Table 1. Temperature and relative humidity of
laboratory atmosphere.

Test Dry bulb temperature Relative humidity
series (O (%)

1 23.89 - 25.56 29-30

2 19.39 - 23.56 245 -34.3

3 21.89-23.11 88-94.5

4 21.56 - 22.44 84 -85.1

5 19.94 - 20.11 57 - 59

6 25.17 - 26.23 48 - 62

Golden Delicious, Red Delicious, and Rome Beautylep
using a Universal Testing Machine. The four mecoteni
properties were significantly influenced by speaime
orientation, latitude, depth, and, to a smallereet by
orientation-latitude, orientation-depth, and ripgsieepth
interactions. The other interactions were eithdtegsmall or
not significant. Failure stress was highest in thestical
direction and lowest in the tangential directionouvig's
modulus was significantly higher in radial sampthan in
tangential and vertical samples. The largest vabidsilure
stress and Young’'s modulus were obtained from thtéon
sections and the smallest Young’s modulus value fitee top
sections. Red Delicious apples varied more arouralr t
circumference than did Golden Delicious and RomauBe
apples. The anisotropic properties of the applee weore
pronounced in the middle (equatorial) sections fhahe top
(stem) or bottom (calyx) sections. Sunnyside Redicioeis
apples had higher values of all properties tharskizle side.

No previous studies were conducted investigatiagffect
of long term storage on the mechanical properfiapples. The
objective of this study was to determine the effe¢storage on
mechanical properties ofmalus domestica Uniaxial
compression tests were performed on Golden Dekgi®ed
Delicious, and Granny Smith apples using a UniJéFeating
Machine.

MATERIALS and METHODS

The three cultivars of Golden Delicious, Red Delid, and
Granny Smith apples were selected because of torage life
and export quality. All samples were randomly selédrom
Sorkdashat Damavand Company (Damavand City, Irald) c
storage at the beginning of October 2003. The apptes were
transferred to cold storage in the College of Agtige,
University of Tehran, Karaj, Iran. These samplesaypdaced in
wooden boxes placed next to one another and sabreth 5°C
with 65 to 70% relative humidity. Six series ofttewere done
on samples beginning after two months of cold gfer&efore
each test series, the sample was transferred tdejhartment
laboratory and placed at 20 to 22°C temperatur@4ohnours.

For all test series, the dry bulb temperature adtive
humidity of the laboratory were recoded using détdigecorder
(5100 Model, Barloworld Scientific Ltd T/As Jenway

using a scale with 0.1 g accuracy, placed in amiaum box,

and positioned inside an electrical oven for 10sdaty77°C.

The moisture content was determined using the weaifjthe

apple samples before and after drying and the weilthe

empty box using the standard wet-basis moistureeobn
equation.

Uniaxial compression tests on apple flesh samplese w
done on a Universal Testing Machine (HTE Model, kifield
Company, Surrey, England) with a maximum loadingseeof
5 kN, inthe Agricultural Engineering Researchitust (AERI)
laboratory, Karaj, Iran. Samples were preparet &ajema et
al. (1998). Four equidistant points on the circueirfiee of each
apple were numbered from one to four. A sampléndegr with
a 10 mm interior diameter and 100 mm length wasitaoted
and installed on an electric drill. Each sample te&®n by
pushing the apple 40 mm onto the sampler cylinol@atd the
drill at the selected point. The sample was thecefd out of the
sampler using air pressure and was placed in ale diggh
holder and reduced to 15 mm in length using a skwfp. Nine
apples of each type were tested, making 108 sampletest
series and a total of 648 samples over the sixtags.

Samples for each series were simultaneously loaeledben
the two parallel plates of the Universal Testingckiae and
their force-deformation curves were recorded by mater.
From these curves, the apparent modulus of elgstfailure
strain, failure stress, failure energy, and tougbnevere
determined and calculated. Loading rate was kepsteot at
25.4 mm/min. Maximum loading length was 8 mm. The
apparent modulus of elasticity was determined &b 80 the
yielding point force on the force-deformation cus\{point B),
as in Abbott and Lu (1996), from Hooke's law and.Eq
(Chappell and Hamann 1968).

FL

E=— 1
ADL @)
where:
E = modulus of elasticity (MPa),
F = elastic limit force (N),
L = initial length of samples (15 mm),
L = length difference before and after test (mm), and
A = average sample cross sectional areajmm
Failure stress was determined by:
F _ 4F
s§=—=—0 (2)
A pd
where:
= failure stress (Mpa) and
d = diameter of sample (mm).
Failure strain was determined by:
DL
e=— 3
1 3)

where = failure strain.

Dummow, Essex, England) as shown in Table 1. These Failure energy was measured from the area undéorte-

parameters were measured at 9 am, 12 pm, and 3ghthen
averaged.

The moisture content of the apples was measuredttiyig
nine apples selected at random. The samples weghed

3.30

LE GENIE DB3OSYSTEMES AU CANADA

deformation curve. This area was selected usingbAdo
Photoshop Version 7.0 Software and was determisetan
area meter program. Toughness equaled failure ydénged
by apple flesh sample volume.
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Table 2. Moisture content (wet basis) of apples.

Test Golden Delicious Red Delicious Granny Smith
series (%) (%) (%)
1 82.12 83.20 83.34
2 83.94 84.21 84.14
3 82.92 83.82 84.37
4 84.49 83.75 84.20
5 84.69 84.38 83.10
6 84.54 83.80 82.87
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Fig. 1. Apparent modulus of elasticity of cultivarsover six
test series (vertical bars indicate the SD of means
n = 36).

A split plot in time with a randomized design usinige
replications and four samplings was conducted.tidsments
were the six time series with the three cultivarsjpple as
independent variables. Modulus of elasticity, feglwstress,
failure strain, failure energy, and toughness foold&n
Delicious, Red Delicious, and Granny Smith in diffet test
series from December, January, February, Marchil,Aqmd
May were determined and analyzed using the ANOVASS
V.8, SAS Institute Inc., Cary, NC) program.

RESULTS

Table 2 shows that the moisture content for akehtultivars
was similar for the six test series. Golden Delisi@pples
showed a negligible 1 to 2% moisture gain over dbeeral
months of the study.

Apparent modulus of elasticity

Variation of the apparent modulus of elasticity otve six test
series is shown in Fig. 1. The modulus of elastifdt all the
three cultivars shows a decreasing trend, with @reBmith
showing a higher modulus of elasticity than theeottwo
cultivars. The Granny Smith modulus of elasticity the first
test series was 2.84 MPa, which decreased to 2B& ikthe
third test series, increased to 2.84 MPa for thetfotest series
(a 10% increase) and then again decreased to 2Pbivithe
last test series. Thus, for the Granny Smith agdtenonths of
storage had an effect of 10% on the modulus oftieiys
Strength variation for Granny Smith was higher andre
flexible.

For Red Delicious, the modulus of elasticity in finst test
series was 1.53 MPa, which increased over thethea¢ test
series and then decreased again to 1.49 MPa. RiétioDs
showed more uniformity over the several monthsafage.

The Golden Delicious modulus of elasticity rangeahf
1.92 to 1.16 MPa in a decreasing manner. The medoflu
elasticity for the first and last test series showesignificant
difference. This range of values was also repdstelohsenin
(1986) and Abbot and Lu (1996). Abbot and Lu (198&wed
that ripeness will reduce the mechanical parametegstime,
so it can be assumed that the apples have ripemgdjdtorage.

Apparent modulus of elasticity was determined usirg
analysis of variance for the time of the test serailtivars,
and the interactions between them as shown in Tallbere
was a significant effect on the modulus of elastiat the 1%
confidence level.

Failure stress

Variation of failure stress during the storage li®wen in
Fig. 2. It is obvious that the stress decreases theetime of
storage. Failure stress for the Golden Delicious &va8 MPa
in the first test series and 0.11 MPa in the diagit series. The

Table 3. Analysis of variance for all mechanical prperties of apples.

Mean square

Source Degrees of

freedom Modulus of Failure stress Failure strain Failure energy Toughness

elasticity

Cultivar 2 94.556* 1.461* 143.600* 5896.614* 0.004*
Error 24 0.672 0.005 22.014 26.473 0.00002
Time of test series 5 1.779* 0.141* 68.780* 607.964* 0.0004*
Cultivar time 10 0.960* 0.021* 21.350* 116.278* 0.00008*
Experimental error 119 0.380 0.005 7.756 30.269 0.00002
Sampling error 480 0.207 0.001 2.287 7.807 0.000006
Total 640
CV (%) 23.429 18.635 16.656 30.081 30.442

* Significant at 1% probability level

Note: The number of missing values was 7 aniblas are consistent with respect to the presenabsence of missing values.
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Fig. 2. Failure stress of cultivars over six test sies
(vertical bars indicate the SD of means, n = 36).

Golden Delicious failure stress decreased more pshar
between the first and second and fifth and sixéhgeries.

Failure stress for Red Delicious was 0.13 MPa éfittst
test series and 0.08 MPa in the sixth test séRied .Delicious
failure stress decreased in the first test seriedb then
increased to 0.13 MPa by the fourth test series.

Granny Smith hasd the highest values of failuresstr
changing from 0.34 to 0.24 MPa from the first tetléest
series. In the first test series, it increased %/over Golden
Delicious and 61% over Red Delicious. Failure stres
decreases over time, as shown by Mohsenin et@62(1

Analysis of variance was applied to failure stregsr the
cultivar, time of test series, and interactionsieetn them as
shown in Table 3. They had a significant effectfaiture
stress at the 1% confidence level.

Failure strain

Figure 3 shows the variation of failure strain other six test
series. Strain decreased during storage. Goldeitited

failure strain was greater than for the other twtiicars at
13% in the first test series and 9.4% in the |atis

decreasing trend was not as smooth as for the otittérars.

Red Delicious apple failure strain showed the sesall
decrease at 7.7% in the first test series and m5%e sixth.
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Fig. 3. Failure strain of cultivars over six test sges
(vertical bars indicate the SD of means, n = 36).
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Fig. 4. Failure energy of cultivars over six test ses
(vertical bars indicate the SD of means, n = 36).

Granny Smith failure strain was 11% in the first tgeries and
9.5% in the sixth. Granny Smith had a more unifdaorease
in failure strain than did the other two cultivars.

The analysis of variance for failure strain and ohiger
treatments (cultivar, time of test series, andraat8ons) is
shown in Table 3. The time of test, cultivar, artk t
interaction between them was significant for falgtrain at
the 1% confidence level.

Failure energy

Variations of failure energy over the six test eerias been
graphed in Fig. 4. Granny Smith apple failure epergs
higher than for the other two cultivars. The fadl@nergy of
this cultivar was 19 N.mm in the first test seriasd
12.3 N.mm in the last, with the first two test ssrshowing a
sharper decrease than for the other series. G@ldéoious
apple failure energy in the first test was 17 N.ramd
5.5 N.mm for the last, however, the trend variaticas not
very uniform. Red Delicious had a very small fadllenergy
variation; 5 N.mm in the first and 2.9 N.mm in tlast test
series. For Granny Smith, six months of storagedead35%
decrease in energy of failure. These results areséime as
found by Abbot and Lu (1996).

The analysis of variances for the cultivar, timetest
series, and the interactions between them is sioWable 3.
They were significant for failure energy at the ééhfidence
level.

Toughness

Variation of toughness over the six test serieshiswn in
Fig. 5. Granny Smith had the highest toughness with
0.016 mJ/mrhin the first test series and 0.01 mJ/fimthe
last. The first two test series showed a sharperedse than
for the other test series. Golden Delicious toughrfer the
first test series was 0.015 mJ/fhamd 0.005 mJ/mirfor the
last test series, however, the variations weraniéorm. Red
Delicious apples had a very small toughness vanatf
0.004 mJ/mrhover the test series.

Analysis of variance for variation in toughness foe
cultivar, time of test series, position, and intgi@ns between
them are shown in Table 3. The cultivar, time sf,tand the
interaction between them has a significant effadboighness
at the 1% confidence level.

MASOUDI et al.
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Fig. 5. Trend of cultivars toughness over six tesesies
(vertical bars indicate the SD of means, n = 36).

A mean comparison of all mechanical properties sttbw
that all parameters were significantly differenttae 5%
confidence level, with the mean value of all theapaeters for
Granny Smith being higher than for the other caltév Thus,
this cultivar will have higher strength against imeaical
harvest, impact, and transportation vibration. @aold
Delicious had the lowest value for modulus of ététst but
all other parameters were higher than for Red el All
mechanical parameters for Red Delicious were Itmwing
its lesser strength against outside forces andssse

All the mechanical properties decreased from that fo
second test series and all were significantly déife except for
modulus of elasticity. All parameters also showedkarease
between the first and last test series. Valueslfanechanical
properties in the first and last test series wegeifscantly
different from the other test series. It can bectted from this
that apples should not be stored for more thamsinths after
harvest. Storage had the greatest effect on faiurergy
reduction and the least effect on modulus of edagtieduction.

CONCLUSIONS

The effect of storage on the mechanical propesfiapples was
determined by performing uniaxial compression testSolden
Delicious, Red Delicious, and Granny Smith applssg a
Universal Testing Machine. It was seen that stoged has
a significant effect on mechanical properties. Agdbse their
strength over the period of storage, with the higleffect
shown for failure energy and least effect for modubf
elasticity. Golden Delicious mechanical propertiesreased
more sharply than for the other cultivars oveffifst months of
storage, especially during the last month of steraged
Delicious and Granny Smith apples had the mostoumif
variations from the first to last months of storage
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