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Abgract
During transport and handling, apple fruits are subjected to variousloading conditions that may |ead to damage and bruising. To develop improved
methods for assessing and predi cting apple bruising caused by repetitive impact loads during the course of transport and handling, impact pressure
and fruit bruising using a pressure-sensitive film technique were measured by a simple drop test. As the impact test, apples were dropped from
different heightsfor acertain number of times. Both bruising areas and volumeincreased rel ative to the dropping height and the number of drops. For
the different number of drops, significant difference in bruising area or volume was found as a result of dropping height. Thus, impact force and
pressure between the apple and theimpact surface were analysed in order to assess and predict apple bruising. Pressure-sensitive film results showed
significant differencesin theimpact of apples dropped multiple times from different heights onto arubber counterface surface. The resultsindicate
that bruising areaand volume can be assessed and predi cted by regression model s based on theimpact force obtained from the pressure-sensitive film

(F.s)- The coefficients of determination (R?) for bruising area and volume were found to be 0.97 and 0.98, respectively.

Key words: Apple, bruising, pressure-sensitive film, repetitive impact.

Introduction
During transport and handling, fruitsand vegetabl es are subjected
to variousloading conditionsthat may lead to damage and bruisng .
Mechanical damage including abrasions and bruises reducesthe
quality of produce. In Japan, therewas reported aquality loss of
17% and 10% in fruits and vegetables, respectively, during
transport and distributionin 20092,

Impact damage to apples, in particular, has been a focus of
many research *%, using a variety of techniques. Some of these
techniques include instrumented spheres (1S) ® %52 artificial
fruit %, a tactile sensor %, laser scanning #, ultrasound ! and a
pressure-sensitivefilm2.2,

A droptester device and pendulum device arethe most common
methods of simulating impact in thelaboratory " 4. These devices
can drop thefruit from different heights multipletimesor can drop
acertain massonto thefruit 4. Impact damageto applesisusualy
measured based on bruising area (for slight bruising), bruising
volume (for severebruising), bruising depth or bruising probability 2.

Due to its ease of application, the pressure-sensitive film has
been applied directly onto theimpact object to assesstheinterface
force, pressure distribution, and contact area. It isnon-invasive,
and thereforewill not affect the contact and can be used to detect
the static and dynamic loading during fruit impacts®. Lu et al. %
demonstrated the feasibility of assessing and predicting apple
bruising using the pressure-sensitive film technique and discussed
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the effect of dropping height on quantitative bruising. They
indicated that the impact force obtained from the pressure-
sengitive film (F.,) can be used to assess and predict apple
bruising. During actual transport and handling, impact islikely to
occur more than once. Therefore, fruit damage due to repetitive
impact from different heights al so requires examination.

The present study applied the non-invasive pressure-sensitive
film technique to measureimpact pressure and pressuredistribution
of apple impact relative to the number of dropping times. The
nature of bruising was also examined to develop a bruise
prediction model based on the pressure data obtained using the
pressure-sensitivefilm.

Materialsand M ethods
Materials: All experimentswerecarried out with San fuji cultivar
applefruitsharvested in November 2007 from Yamegata Prefecture,
Japan. Appleswere selected for uniformity of size, ground color
and firmness, as well as for lack of defects and mechanical
damages. The average weight of the apples was 276.2 +12.9 g.
Thefruitswerestored at 4°Cinair until tested in May 2008.

Drop test: Impact bruiseswere produced by dropping applesfrom
aheight of 5, 10, 20 or 30 cm onto arubber counterface surfacefor
a certain number of times (1, 4, 8 or 12). The thickness of the
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rubber counterface was 5 mm. The spring force of the rubber,
measured by means of Hardmatic HH-336 (Mitutoyo, Japan), was
5800 mN. Testswere conducted at |east threetimesfor each height
and each drop time, with total 48 apples. The pressure-sensitive
filmwas placed on theimpact counterface surfacefor determining
the force and pressure distribution.

Bruise measurements. Apples were left for 24 h after being

dropped to allow full development of the bruises. Bruising area
and volume were determined based on the procedureof Luetal. 2
and Bollen et al. 3L, Bruise width was measured using a digital

caliper; while bruise depth was measured using adigital caliper
after the bruised applewas cut perpendicular along the major axis
of thebruisewidth. Bruisngarea(BA) and volume (BV) aregiven by:

BAziﬁ'W:WZ 1)
Bv =79 (3 4d?)
g T @

where, w, isthe bruisewidth aong the major axis, w, isthe bruise
width along the minor axis, and d isthe bruise depth.

Pressure-sensitive film measurements: This study employed a
two-sheet Fuji film (Fuji Film Corporation, Japan) for ultrasuper
low pressure, inwhich onefilmis coated with amicroencapsul ated
color forming material, and another film is coated with a color
developing material. When used, thetwo filmsare placed with the
coated surfaces facing each other. When pressure is applied on
thefilm, microcapsules are broken, with distribution and “ density”

of magenta color varying with true pressure distribution and

magnitude. When microcapsules are broken, their material is

released and reacts with the color-devel oping material, thereby
forming magentacolor *. The pressure-sensitivefilm was placed
under the apple fruits for determination of force and pressure
distribution. A prescale pressure graph system (FPD-9210, Fuji

Film Corporation, Japan), equipped with ascanner and computer,
was used to evaluate multicolor presentation of the results,

including pressure and pressure distribution, statistical data.

Satistical analysis. Statistical analysis was performed using
Origin software (version 6.1; OriginLab Corporation, USA). Results
are expressed as means + standard deviation (SD) for each
determination. Statistical analysis utilized one-way analysis of
variance. Differencesat p<0.05 wereconsidered to be statistically
significant.

Resultsand Discussion
Apple bruising: Average apple bruising areas and volumes
(calculated using Egs. 1 and 2, respectively) after variousimpact
testsareshownin Fig. 1. Both bruising areasand volumeincreased
relative to the dropping height and the number of drops. No
significant differencein bruising areaor volume dueto the number
of dropswas found between 5 and 10 cm, between 10 and 20 cm
and between 20 and 30 cm. However, apples dropped from 20 cm
showed significantly larger bruising areas and volumes, compared
to apples dropped from 5 cm, and apples dropped from 30 cm
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Figure 1. Relationship between bruising and the
number of times appleswere dropped from different
heights onto arubber counterface surface. (a) bruise
areg; (b) bruisevolume.

showed significantly larger bruising volumes, compared to apples
dropped from 10 cm. Taken together, bruising differed as the
dropping height increased for the same number of drops. Thus,
impact force or pressure between the apple and the impact surface
needsto be analysed in order to assess and predict apple bruising
during actual transport and handling.

Pressure-sensitive film impact results: Significant differences
werefound in the pressured area and pressure due to the number
of times the apples were dropped. Fig. 2 shows the pressure-
sengtivefilmimpact resultsfor applesdropped fromaheight of 5cm
onto arubber material for acertain number of drops. The pressured
areasinFig. 2were 398,518, 719 and 749 mm?for applesdropped
1, 4,8 and 12 times, respectively. The contact pressure range was
0t0 0.6 MPa, with amaximum around 0.5-0.6 MPa. The pressure-
sensitivefilm results showed the minimum contact pressure at the
edge and the maximum at the center of all contact areas.

The Fuji pressue-sensitive film was sensitive to temperature
and humidity. The temperature and humidity data must be
measured, and the pressureresults can beimproved viacalibration.
The typical accuracy was +10% or better, when measured with
densitometersat 23°C and 65% RH, and the accuracy was+15%
when measured by “human eye” on color sampletableand charts
basis*. Therecommended temperature and humidity range from
themaker werefrom 20°C upto 23°C, and from 35% RH upto 80%
RH, respectively. Thetemperature and humidity conditionsinthis
study were within the recommended limits, so that the pressure-
sensitive film can be used to detect the apple bruise that was
caused by repetitiveimpact loads.

Compared to previousreports, there were contradictory results
for force distribution of impact. Ultrasonic scans have shown the
highest contact pressure at the center of the contact area, gradually
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Figure 2. Pressure-sensitive film results for apples dropped from a
height of 5.cm onto arubber counterface surface 1 (a), 4 (b), 8(c), and 12
(d) times.

decreasing towards the periphery 1. Using a commercial tactile
sensing system, Herold et al. 2 showed that this phenomenon
occurs up to a certain load, and above this load the greatest
pressureisinstead at the edge of the contact area. Moreover, Lu
et al. 2 scanned apples dropped once onto an impact surface
using the pressure-sensitive film technique and found the lowest
contact pressure at the edge and the highest at several positions
inthe center of the contact area. The datain thisstudy wassimilar
totheresultsof Lewiset al. 1. Among these three studies, obvious
differencesin the applied techniques exist. Both the commercial
tactile system and ultrasound can detect static load, but the
commercia tactilesystemisaninvasiveand less accurate method
for calibration. In this study, the same pressure-sensitive film
technique of Lu et al. 22 was used, but the results differed between
thestudies. Thiscontradicting results may be related to the number
of dropping times, allowing the center of the contact areato contact
the surface more frequently. This was shown by the increased
contact area as the number of dropping times was increased.

Fig. 3 shows the change in the pressured area relative to the
height from which apples were dropped for a certain number of
times. For al dropping heights, a larger pressured area was
observed on the pressure-sensitive film rel ative to the number of
timesthe appleswere dropped. The pressured areasal so increased
with the increase in dropping height for the same number of
dropping times. A significant differencein the pressured areawas
found for apples dropped from 5 and 30 cm 1 to 8 times, and for
apples dropped from 20 cm 1 to 12 times. However, for apples
dropped from 10 cm 4 to 12 times, no significant difference in
pressured areawas found.

Fig. 4 shows the average pressure relative to the dropping
height. For all dropping heights, a greater average pressure was
observed on the pressure-sensitive film relative to the number of
times the apples were dropped. The average pressure also
increased with theincreasein dropping height for the same number
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Figure 3. Relationship between pressured
area and number of times apples were
dropped from different heights onto a
rubber counterface surface.
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Figure 4. Relationship between average
pressure and number of times appleswere
dropped from different heightsonto rubber
counterface surface.

of dropping times. For apples dropped from 5, 10, and 20 cm, no
significant differencein average pressure was found between the
number of dropping times; specifically for 1to 8timesinthecase
of the 10 and 20 cm dropping heights. Only applesdropped from
30 cm showed a significant difference between the number of
dropping times.

Fig. 5 shows the pressured area distribution relative to the
pressure of impact for alow (5 cm) and ahigh (30 cm) dropping
height. Irrelevant of the number of dropping times, the peak
pressure was observed to be 0.5-0.6 MPa, which corresponded
well with the results of a single drop reported by Lu et al. .
Pressure distributions were mostly observed in the range of 0.1-
0.3 and 0.2-0.4 MPa, for the low and high dropping heights,
respectively, indicating that the peak contact pressure is
insufficient to assess the apple bruise. Thus, the average contact
pressure may have agreat effect on apple bruising.

Theimpact surfaces areimportant to investigate the fruit drop
test. We have studied the impact test for apple fruits with the
double-wall corrugated fiberboard, rubber and wood surface %,
When these three impact surfaces were included, the pressure-
sensitive film can be used to assess and predict the apple bruise
area and volume with a linear equation based on the pressured
area and average pressure data. In this study, we only want to
assess and predict apple bruise that was caused by repetitive
impact loads. So only oneimpact surfacewas studiedin thiswork.
The apple bruise, which was caused by repetitiveimpact loadson
some other impact surface, need to further studied. It has found
that F. . can be used to assess and predict the apple bruising
caused by one drop %. In this study, the pressure-sensitive film
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Figureb5. Pressured areadistribution of applesdropped acertain number
of timesonto arubber counterface surface. () 5 cm; (b) 30 cm.

technique was develop to assess and predict the apple bruising
caused by multipledrops, which occurred morefrequently in actual
transport and handling for fruits.

Bruise prediction modelsusing theimpact force obtained from
thepressure-sensitivefilm (F_..): Fig. 6 showstherelationship
of bruising area- F__ and bruising volume-F_._for apples dropped
for a certain number of times. Table 1 shows the relationship of
bruising-F_. whichfitsalinear regression equation for al dropping
heights, individually and combined. F__definedby Luetal. #is
equal to the product of the pressured area and average pressure.
Inthisstudy, agood linear relationship was obtained for bruising
area-F___ and bruising volume-F___.. The coefficients of

PSF PSF*
determination (R?) for bruising area and volume were 0.97 and

0.98, respectively.

This study focused on assessing and predicting apple bruising
by the pressure-sensitive film technique and therefore discusses
only the quantitative bruise estimation. However, damage
probability isalso animportant factor for evaluating fruit damage
and the rel ationship between bruising probability and parameters
obtai ned from the pressure-sensitive film should beinvestigated.
The results of this study indicate that the pressured area, peak
pressure, and average pressure by themselves are inappropriate
for assessing apple bruising caused by multiple drops. On the
other hand, F.. can accurately assess apple bruising area and
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Figure 6. Bruising-FPSF relationship for apples
dropped a certain number of times. (FPSF, impact
force obtained from the pressure-sensitive film).

volume. Therefore, F_,_may be useful asanindex of applebruising
from impact loads. Our previous study found that F_. can be
used to assess and predict the apple bruising caused by one drop %.
In this study, the pressure-sensitive film technique was devel oped
to assess and predict the apple bruising caused by multipledrops,
which occurred more frequently in actual transport and handling
for fruits. Assessment and prediction of bruising during actual
packaging of apples in corrugated fiberboard boxes should be
examined to confirm the applicability of the pressure-sensitive
filmtechnique.

Conclusions

This study demonstrated the feasibility of assessing and

predicting apple bruising caused by repetitiveimpact from different
dropping heights by the pressure-sensitive film technique.

Pressure-sensitive film results showed significant differencesin
theimpact of applesdropped multipletimesfrom different heights
onto arubber counterface surface. Theresultsindicatethat impact
force obtained from the pressure-sensitivefilm (F.) can beused
to assess and predict bruising of apples dropped multiple times
fromvariousheights, with R2 of 0.97 and 0.98 for bruising areaand
volume, respectively. Future studieswill focus ontherelationship

Table 1. Bruising-impact forcerelationship for acertain numbers of dropsfitted

by linear regression.

Dropping Regression equations and coefficients of determination (R%)

height (cm) Equation R? Equation R’
5 BA"=3.202"xPx4°-86.79  0.87  BV'=14.10b°xPx4 70445  0.92
10 BA=4.03axPxA4 —132.89 0.96 BV=20.84bxPx4-1259.56  0.95
20 BA=3.85axPx4 —144.98 0.98 BV=23.37bxPx4 -817.69 0.89
30 BA=2.83axPxA +73.82 1.00 BV=25.73bxPx4-1259.46  1.00
Total BA=2.98axP x4 +48.59 0.97 BV=27.11bxPx4 -2420.97  0.98

aBA, bruising area (mm?); ® a, constant coefficient (1/MPa); ¢ P, average pressure (MPa); A, pressured area (mm?); PxA, the
impact force obtained from the pressure-sensitive film (N); ¢ BV, bruising volume (mm?); ¢b, constant coefficient (mm/MPa).

Journal of Food, Agriculture & Environment, Vol.10 (2), April 2012 159



between bruise probability and parameters obtained from the
pressure-sensitivefilm, aswell as assessment methods for minor
apple damage using the pressure-sensitive film technique.
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