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Abstract

Developing simplified and accurate test methods to quantify and compare performance of
impact levels to sensitive produce is a challenge. Despite a variety of packaging options available
today bruising damage is commonplace for post-harvest apples throughout the supply chain. The
major sources of bruising are compression, impact, or vibration forces. Understanding where
these forces occur can help reduce this type of mechanical damage to apples. The purpose of this
study was to investigate the impact characteristics of foam net and corrugated board when applied
as wrapping for individual apples. Two grades (count numbers 80 and 100) of “Fuji” cultivar
apples imported to Thailand from China were studied. A simple ballistic pendulum test device
was developed to measure bruise volume to impact energy relationship. A linear relationship for
both types of apples was observed. Bruise volume occurrence probability and impact energy
relationship fitted by linear regression were created for cushioned and bare apples. Absorbed

energy of various cushioning materials was also calculated under compressive forces.
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1. Introduction

Apples are a popular and nutritious horticultural product popular worldwide. Consumers
insist on a high quality product that is free from any bruises, cuts, punctures, physiological
disorders, and pathogens (Matzinger and Tong, 1993). Bruising, which is objectionable to fresh
market consumers, can result in a lower grade for any apple. Several studies have been conducted
internationally that show that compression, vibration and impact forces cause a majority of the

mechanical damage, such as bruising, to apples in the supply chain.

Apples are exposed to compressive forces via forces applied by the picker’s body, tree
limbs, ladder rungs or rail, bulk bin rails and bottoms. Compressive forces may also get applied to
apples by other apples due to excessive bulk bin depth or carton stack height, by operators forcing
the cartons shut or into a tight spot, etc (Brown et al., 1993). Vibration forces are the second
major cause of mechanical damage to apples in the supply chain and are almost impossible to
avoid. If the cartons or bins which carry the apples through the distribution environment hit
resonance (their natural frequency matches the forcing frequency of the conveyance), severe
accumulated bruise damage is inherent. Impacts impart high forces in an extremely short duration
and are often not obvious in mechanical handling systems such as those used in packing lines.
The effect of impact forces usually results in bruises, permanent damage and lower perceived
quality. Bruise sensitivity has also been reported to increase with storage time (Brown et al.,
1993). Effectiveness of cushioning materials on protecting impact damage of apples is the

primary objective of this research.

Various packaging materials are in use today to wrap individual apples to provide
cushioning so that they may survive the adverse distribution environments effects. In a study, a
net made of dry banana string, an agricultural waste wrapping for apples, was shown to save the
fruit from damage at the impact energy of 1.1 joule (Jarimopas et al., 2004). This study mentioned
problems of fungi attack due to the wrapping on the skin of the fruit. Another research studied
paper that is typically applied to line the inner surface of plastic and bamboo fruit containers for

protecting fresh fruit from bamboo cuts and moisture loss during transport (Jarimopas et al.,
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2002). Paper was found not to be a good cushioning material against impact damage. Peleg
(1985) describes good interior packaging as that which treats a fruit as separate units, avoids fruit
to fruit contact, absorbs the impact energy, and is practical. At present, foam nets function well as
one of the commercial packaging solutions (Chonhenchob and Singh, 2004). However, it is not
easily degradable in a landfill. (Jarimopas et al., 2004). Figure 1 below shows typical foam net

used for apples.
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Figure 1 Foam Net Packaging

Impact damage to apples usually materializes as bruising (Bollen et al., 1999). Several
researchers have studied apple bruising due to impacts (Jarimopas, 1984; Holt and Schoorl, 1977,
Bajema and Hyde, 1998; Schoorl and Holt, 1980; Ragni and Berardinelli, 2001; Chen and
Yazdani, 1991). Some researches have found that an apple, when exposed to small impacts,
exhibits no bruising but noticeable bruising could be detected beyond a certain amount of impact
energy. (Jarimopas, 1984; Jarimopas et al., 2004). Bruises have been evaluated as bruise volume
(Mohsenin, 1996; Chen and Yazdani, 1991) and linear correlations have been found between the
bruise volume and the impact or absorbed energy (Jarimopas, 1984; Holt and Schoorl, 1977
Ruiz-Altisent, 1991). Shoorl and Holt (1980) define slope of bruise volume and energy as bruise
resistance. The threshold of apple bruising has also been studied by several researchers (Shulte
et al., 1992; Mathew and Hyde, 1997; Bollen et al., 2001). Shulte et al. (1992) and Bollen et al
(2001) expressed the phenomenon of apple bruise threshold as a curve plotted between

probability of bruising against the drop height or energy.
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Some experts have credited corrugated board wrapping to adequately protect fresh fruit
from impact and compression forces (Peleg, 1985; TISTR, 2002). The inherent affinity of
corrugated board to moisture, as with any paper based packaging material, compromises its
strength and cushioning capabilies. But because of its expedient degradability, high recycling rate
and low cost of the recycled paper, corrugated board holds good potential as a cushioning
material. No comparative studies on physical properties of new and used corrugated board as

cushioning material for wrapping fruit have ever been conducted.

Several testing devices for observing the effect of impact forces on fruits have been
developed in recent years. These instrumented devices are generally capable of measuring
acceleration, force, displacement, time, and contact area during impact (Bajema and Hyde, 1998;
Jarimopas et al., 1990; Chen et al., 1985; Lichtensteiger et al., 1988). Some of these devices are
capable of recording, processing and storing impact data during the experimentation. (Siyami et
al., 1987; Tennes et al., 1988). Using these instrumented devices measurements can be achieved
instantly and accurately, but at a very high expense. Often times a majority of the capabilities of
such devices are not utilized and accurate measurements of impact parameters like impact and
absorbed energy can be made using a simple and affordable device that provides sufficient

repeatability and reproducibility.

The main objectives of this study were:

1. Develop a simple ballistic pendulum type test fixture operable by one person that
provides a high sensitivity of energy settings and dependable energy-bruise volume

measurements

2. For bare apples, and apples wrapped with plastic foam net and four different types of

paper corrugated board materials/orientations provide:

- Comparative bruise volume versus impact energy relationships
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- Bruise occurrence probability at various impact energies

- Absorbed energy of cushioning materials under compression

3. Provide recommendations on the best materials and wrapping orientation for package

protection against impact forces

2. Materials and Methods

2.1 Apples

The “Fuji” cultivar apples, imported from China to Thailand without any physical
injury, were used for the testing because its bruising discoloration is easily detected and it is
available in Thailand markets. Two sizes of the apple were used, count number 80 (fruit weight =

240 £ 20 g) and number 100 (fruit weight = 180 + 20 2).

2.2 Simple Instrumented Pendulum

An impact testing device was designed to be a ballistic pendulum featuring 3.84 kg
rectangular steel mass hung by four 45 ¢cm long ropes like a cradle (Figure 2), steel frame, sample
holder and a laser pointer. The steel frame consisted of a steel rod and two screws, and connected
to the supporting ropes to facilitate adjustment of the pendulum impact side to contact the apple
sample at O = 0 and to fasten the rod during the impact. A laser pointer, mounted at the back of
the mass, projects a beam to mark 1 mm red circle on a scale (each graduation is equivalent to 7.5
mm/degree of motion) 15 cm under the mass. This facilitates the setting of incident angle and
impact energy. The motion of the pendulum mass was curvilinear. Pivot points of the rope at four
corners of the mass were set on the same horizontal plane passing a fulcrum providing stable
motion without excessive swinging. An apple sample was placed in the sample holder with a pin
plugged in to the top of the fruit. There was a small rope placed perpendicular to the pendulum

motion plane that connected to the pin in order to prevent the sample from falling down after the



67

impact thereby avoiding any unwanted mechanical injuries. The testing device was operated by a
single person and proved to give higher sensitivity of energy setting and better energy-bruise
volume curve fitting compared to the pendulum without instrumentation (Jarimopas and

Sayasoonthorn, 2004).

Simple Bollistic Pendulum
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Figure 2 A Schematic Diagram of the Simple Ballistic Pendulum

2.3 Cushioning Wrapping Materials

Two types of cushioning material were used to comparatively test their protective
performance. A 2 mm thick typical apple foam net (Figure 3) and corrugated board were used as

wrapping for individual apples. Four types of the corrugated board wrapping used were

a. Single face with corrugated medium outside (SFO)
b. Single face with corrugated medium inside (SFI)
¢. New double wall corrugated board (NDW)

d. Used double wall corrugated board (UDW).

For the NDW and UDW, 240 mm long by 80 mm wide each, the flutes ran parallel
to the length of the wrapping. To facilitate bending when wrapping the corrugated board around

the fruit, small perforations across the width giving 3 mm wide strips were made (Figure 4).
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Figure 3 Foam Net Wrapping

Figure 4 Corrugated Board Wrapping

To cushion an apple sample, foam net was directly put on it while the sheet of each
kind of the corrugated board had to be wrapped around the fruit with the sheet edges touching

each other.
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3. Experimental Design

3.1 Impact Test

The experimental design consisted of two apple sizes tested with and without the five
types cushioning materials. Mechanical behaviors of concern were bruise volume and 20 levels of
impact energy (ranging from 0.04 to 0.75 Joules) for bruise volume to impact energy threshold
determination and 10 levels of impact energy (0.02 to 2.0 Joules) for bruise volume to impact

energy relationship beyond threshold.

The cushioned apple was mounted at the sample holder and desired impact energy
was located on the scale by the pointer. The pendulum was then released to impact the sample
from the corresponding release angle. Bruise volume and the related impact energy were then
recorded. Ten replications were conducted for each bruise volume to impact energy threshold and
five replications were made for bruise volume to impact energy beyond threshold determination

each. Impact energy was calculated from the following equation:

E= ng(l —cos b, ) ......................... (1) (Jarimopas, 1984)

Where:

E = impact energy (J)

m = mass of pendulum (kg)

g = gravitational constant, 9.81 m/s’
R = length of hanging rope (m), and

6, = angle of incidence (degree)

After the impact, the apples were stored for 24 hours at room temperature to allow
the browning/discoloration to be more apparent. After this period the apples were sectioned at the

contact area. Bruise volume was calculated as follows:
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V=(z/8Wd (2) (Chen and Sun, 1981)

Where:
V = Bruise volume
w = width of bruise (mm), and

d = depth of bruise (mm).
The probability of bruising was calculated using the following equation:

Probability of bruise = Number of non-zero bruises ... (3)
volume occurrence Number of replications of the same treatment

3.2 Compression Test

Compression testing for all samples was conducted as per the TAPPI T 808 standard.
Ten samples of each cushioning material were cut into 32.2 cm’ circular pieces and compressed
between two parallel flat platens of an Instron Universal Testing Machine (model 5569) at
crosshead speed of 12.5 mm/min to determine the flat crush strengths. Force versus deflection
values were recorded. A computer program was then used to calculate the area under the curve as

an absorbed energy.

4. Results and Discussion

4.1 Bruise Volume to Impact Energy beyond Threshold Relationship

Figures 5 and 6 below show the results as bruise volume to impact energy
relationships for both types of apples. (BF = bare fruit; FN = foam net; SFO = single face
corrugated board with flute on the outside; SFI = single face corrugated board with flute on the

inside; NDW = new double wall corrugated board; UDW = used double wall corrugated board)
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Figure 5 Bruise Volume versus Impact Energy beyond Threshold Relationship
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Figure 6 Bruise Volume versus Impact Energy beyond Threshold Relationship

for 240 gram Apples

The bruise volume, V, linearly increases with the energy, E, (R2 > 0.93) for both

sized apples. These findings agree with previous researches (Holt and Schoorl, 1977; Schoorl and

Holt, 1980; Ruiz-Altisent, 1991; Jarimopas, 1984).
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For impact energies of less than 0.75 Joules, there was very little bruise volume
observed for both grades of apples. These small bruise volumes at low impact energies were
expected and were true for both cushioned as well as bare apples. The small bruise volumes for
impacted cushioned apples was a result of a very small fraction of the impact energy being
transferred through the cushioning material to the apples while a large fraction of impact energy
was absorbed by the cushioning material. Table 1 shows the bruise volume to impact energy
linear expression of the cushioned apples of both sizes. Schoorl and Holt (1980) defined the slope
of bruise volume to impact energy regression lines as bruise resistance of the impacted material
and apples. This implies that the lower slope, derived from small bruise volume over high impact
energy, is considered to have a higher bruise resistance than those materials with high bruise
volumes over smaller impact energy (having a high slope). The foam net for which the slope was
(2466 mm3/J) steeper than that for bare apples (2350 mm3/J), exhibited a lower bruise volume
than that for the bare fruit. This indicates that the bruise resistance defined by the slope is perhaps
invalid. Such definition would probably be possible if the origin of all the bruise volume to
impact energy fitted graphs was at the same point. But bruise volume to impact energy graphs of
the cushioned apple are affected by threshold energy so that their origin (V=0) are different. The
bruise volume to impact energy relationship beyond the threshold is then insufficient to explain

bruise resistance or protective performance of the cushioning materials of apple.

Table 1 Bruise Volume-Impact Energy Relationship Fitted by Linear Regression

Cushioning Equation of Relationship
Material 180 g. Apple R’ 240 g. Apple R’
SFO0 V =15953E - 854.26 0.98 V =1748.1E - 945.93 0.98
UDW V =1741.5E - 663.97 0.93 V =1877.5E - 682.14 0.97
NDW V =1946.9E - 1051.1 0.97 V=2179.4E - 1196.3 0.97
SF1 V =1960.1E - 905.99 0.96 V=2I188.1E-1117 0.98
FN V =2465.6E - 732.95 0.93 V =3113.2E - 772.83 0.94
BF V =2350E + 62.415 0.94 V =3812.5E - 145.18 0.93

V, bruise volume (mm3) and E, energy (J)



4.2 Bruise Volume to Impact Energy Relationship Below and at Threshold
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Figures 7 and 8, below, show the relationship between probability of bruise volume

occurrence and the associated impact energy. Schult et al (1992) and Bollen et al (2001) used the

graph of probability versus impact energy to identify the threshold of apples. There are six linear

regression graphs (R*>0.88) corresponding to five cushioning materials and bare fruit as tested

using the simple pendulum device. Bruise volume of an apple or cushioned apple can be

estimated at various levels of impact energy. The greater the impact energy a cushioned apple

received, the higher the bruise occurrence probability was. At the levels where probability is

equal to one, the impact energy is estimated to definitely cause bruising. This is called the

threshold level.
Threshold Level (Probability = 1)
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Figure 7 Bruise Occurrence Probability and Impact Energy Relationship Fitted by Linear

Regression of Various Cushioned and Bare 180 gram Apples
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Figure 8 Bruise Occurrence Probability and Impact Energy Relationship Fitted by Linear

Regression of Various Cushioned and Bare 240 gram Apples

Table 2 shows threshold energy for the cushioned and bare apples. The cushioned
apples could bear higher impact energy than the bare apple. This is because of the cushioning
material acting as a shield absorbing a fraction of the impact energy and transferring the rest to
apple. If the absorbed energy, E , is small and the remaining fraction to impact apple, E,, is high,
the cushioning material is rendered less effective and threshold impact energy, E, , turns out to be
low. On the other hand if E_ is large and E; is low, E; tends to be high and the cushioning
material is fairly protective. The corresponding cushioned apples exhibited high bruise resistance.
In this research the single face corrugated board wrapping with the flutes on the outside are

concluded to be the most protective, giving the highest E, (0.75 J) for both sizes of apples.
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Table 2 Bruise Volume and Impact Energy at Threshold (Probability = 1) of Cushioned

and Bare Apples

Average bruise volume *
R Threshold energy(J)

Cushioning Materials standard deviation (mm")

180 g Apples 240 g Apples 180 g Apples 240 g Apples

SF0 280 + 50 307 £ 60 0.75 0.75
UDW 379 +£70 398 £45 0.70 0.70
NDW 411 £55 424 + 60 0.70 0.70
SFI 419 +£25 453 +£50 0.75 0.70
FN 447 £ 50 481 +50 0.50 0.45
BF 161 £30 165 + 40 0.11 0.10

4.3 Absorbed Energy of the Cushioning Materials

Table 3 provides the absorbed energy from the force-deflection response of each
cushioning material under quasi-static compression. Absorbed energy of the single face corrugated board
with flutes on the outside is relatively high (0.11 J), indicating that it could absorb, higher impact energy
than other cushioning materials and release the least remaining fraction to the apple, resulting in the
smallest bruise to the apples (Table 2). Fig 9 shows contact orientation of the single face corrugated

board to apple.

Force

‘ ﬂ] ﬂ;ﬂ] PendTlum ‘ L ﬂ ﬂ __;
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Fendulum

|
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/
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~_Apple_—~"

—Liner
Single Face Corrugated Board Single Face Corrugated Board

with Flute on the Inside with Flute on the Outside

Figure 9 Contact Orientation between Single Face Corrugated Board to the Wrapped Apple
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The single face corrugated board with flutes on the outside gave one contact point, lying in
the impact line, with apple surface while the single face corrugated board with flutes on the inside
exhibited several contact points over the contact area because of the flute contact with the apples. This
created greater contact pressure over the small contact points, hence giving rise to bigger bruise volume.
Even though the absorbed energies for both the single face corrugated board orientations are the same,
difference in contact orientation between the single face corrugated paper and wrapped apple surface

differentiated the bruise volume.

Table 3 Absorbed Energy of Cushioning Materials under Quasi-Static Compression

Cushioning Materials Absorbed Energy (J)
SFO 0.110
UDW 0.090
NDW 0.094
SFI 0.110
FN 0.075

5. Conclusions

This study evaluated the various types of protective cushioning systems that can be used
directly on fruits such as apples to reduce bruise injury resulting from post-harvest and
transportation to retailers. The study developed a simplified test method that can be accurately
used to measure impact resistance strength characteristics of apples or other fruits, and evaluate
cushioning materials that can provide shock protection. Both plastic and paper based protective
wraps can be effective in providing against bruising from impacts. Results show that the best
protection was achieved with the single face corrugated board with flutes on the outside for both sizes
of apples. This method can be used with other sensitive fruits and cushioning materials to develop

optimum packaging methods.
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lower grade for any apple. Several studies have
been conducted imternationally that show that
compression, vibration and impact foroes cause a
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majority of the mechanical damage. such as bruis
ing, to apples in the supply chain,

Apples are exposed to compressive foroes via
forces applied by the picker’s body, tree limbs,
ladder rungs or rail, bulk bin rails and bottoms.
Compressive forces may also get applied to apples
by other apples because of excessive bulk bin
depth or carton stack height, by operators forcing
the cartons shut or into a tight spot, etc” Vibration
forces are the second major cause of mechanical
damage to apples in the supply chain and are
almest impossible to avoid. If the cartons or bins
that carry the apples through the distribution enwi-
romment hit resonance (their natural Frequency
matches the forcing frequency of the convevance),
severe accumulated bruise damage B inherent
Impacts impart high forces in an extremily short
duration and ane often not obvious in mechanical
handling systems such as those used in packing
lines. The effect of impact forces usually resalts in
bruises, permanent damage and lower perceived
quality. Brukse sensitivity has also been reported o
increase with storage time.” Effectiveness of cush-
ioning materials in protecting impact damage of
apples is the primary obpective of this rescanch,

Yarious packaging materials are in use today to
wrap individual apples to provide cushioning so
that they may survive the adverse distribution
environment effects. In a study, a net made of dry
banana siring, an agricultural waste wrapping for
apples, was shown to save the fruit from damage
at the impact enerngy of L1 |* This study men-
tonacl pmhh-ms ol ’I.Iﬂ“_! attack due o the WP

dEUSH LN

a7
ping on the skin of the fruit. Another research 68
studied paper that is typically applied to line the 69
inner surface of plastic and bamboo fruit contain- 70
ers for protecting fresh fruit from bamboo cutsand 71
maisture loss during transport.® Paper was found 72
not to be a good cushioning material against 73
impact damage. Peleg desenbes good intenor 74
packaging as that which treats a fruit as separate 75
units, avoids fruit-bo-Pruit contact, absorbs the 78
impact energy and s practical” At present, foam 77
nets function well as one of the commercial pack- 78
aging solutions.” However, it s not easily degrad- 79
able in a landfill." Figure 1 shows the typical foam 80
net nsed for apples 81

Impact damage o apples usually materializes s 52
bruising." Several researchers have studied apple 83
bruising due to impacts* "' Some esearches have 84
found that an apple, when exposed to small 85
impacts, exhibits no bruising but that noticeable 86
bruising could be detected beyond a certain 57
amount of impact energy. ** Druises have beeneval- 88
uated as bruise volume, ™ and linear comrelations 59
have been found between the bruise volume and 90
the impact or absorbed energy.**" Schoorl and - £l |
Holt define slope of bruise volume and energy as =192
bruise resistance.” The threshold of apple bruising 93
has also been studied by some researchers. Bollen 94
ot al. expressed the phenomenon of apple bruise 95
threshold as a curve plotted between the probabil- — 96
ity of bruksing against the drop height or enengy. ™ L2167

Some experts have credited cormugated board 98
wrapping with adequately protecting fresh fruit =~ %%
from impact and compression forces.”” The inher- 100

Copyright © 207 fohn Wiley & Sons, Lid,
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ent affinity of corrugated board to modsture, as
with any paper-based packaging material, com-
promises its strength and cushioning capabilities.
However, because of its expedient degradability,
high recycling rate and low cost of the recveled
paper, cormugated board holds good potential as a
cushioning material. No comparative studies on
physical properties of new and used corrugated
board as cushioning material for wrapping fruit
have ever been conducted

Several lesting devices for observing the effect of
impact forces on fruits have been developed in
recent years. These instrumented devices ane gen-
enally capable of measuring acceleration, fore,
displacement, time and contact  area  during
impact.” "™ Some of these devices are capable of
recording, processing and storing impact  data
during the experimentation” = By using these
matrumented  devicoes, medsurements  can be
achieved instantly and accurately, but at a very
high expense. Often times, a majonity of the capa-
bilities of such devices are not utilized, and accu-
rate measurements of impact parameters such as
impact and absorbed energy can be made using a
simple and affordable device that provides suffi-
cient repeatability and reproducibility.
nl]h. main obyectives of this study were as
follows:

1. Develop a simple ballistic pendulum-type test
fisture operable by one person that provides a
high sensitivity of energy settings and depend-
able energy-bruise volume measunemments.
Compare the impact-absorbing characteristics
of the bare apples to apples that are wrapped
wilh varipus cushioning materials.

3 Recommend best materials and wrapping ori-

entation for protecting against impact forcoes.

ra

MATERIALS AND METHODS

Apples

“Fuji® cultivar apples imported from China o
Thailand without any physical injury were used
for the testing because the bruising discoloration
of this apple s easily detected, and it is available
in Thailand markets. Two sizes of the apple were

and Science

- "

¥4
:
0
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Figure 2. A schemotic diopram of the simple boliatic
pendulum,

used: count number B (fruit weight = 240 2 Jig)
and numbier 100 (fruit weight = 180 + 20g)

Simple instrumented pendulum

Animpact testing device was designed to be a bal-
listic pendulum featuning 3 84kg rectangular steel
mass hung by four 45cm long ropes like a cradle
{Figure 2. The motion of the pendulum mass was
curvilinear translaticn. A laser pointer, mounted at
the back of the mass, projects a beam to mark a 1
mrm red circle on a scale (each graduation is equiv-
alent to 7.5mm/ degree of motion) 15cm under the
mass, This facilitates the setting of incident angle
and impact energy. Pivot points of the rope at four
cormirs of the mass were set on the same horizon-
ml plane, passing a fuloram providing stable
motion without excessive swinging, An apple
sample was placed in the sample holder with a pin
plugged mto the top of the fruit. Thens was a small
rope placed perpendicular to the pendulum
miostion plane that connected to the pin in onder to
prevent the sample from falling down after the
impact, thereby avoiding any unwanted mechani-
cal injuries. The testing device was operated by a
single person and proved to give higher sensitiv-
ity of energy setting and better energy-bruise
volume curve fitting compared with the pendulum
without instrumentation. ™

Copyright © 207 John Wiley & Sons, Lid
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Cushioning wrapping materials

Two types of cushioning material were used to
comparatively test their protective performance, /
2mm thick typical apple foam net (Figune 3) and
corrugated board were used as wrapping for indi
vidual apples. Four types of the corrugated board
wrapping were used:

* Single face with cormugated medium outside
(SFO)

* Single face with corrugated medium inside (SFT)

® MNew double-wall cormigated board (NLIW)

® Lsed double-wall corrugated boand {LIDW)

For the NDW and UDW, 240 = 8mm cach, the
fi an paralbel to the length of the wrapping. To
facilitate bending whien wrapping the corrugated
board around the fruit. small perforations across
the width giving 3mm wide strips were made
(Figure 4)

To cushlon an apple sample, foam net was
directly put on it while the sheet of each type of
the corrugated board had to be wrapped around
the fruit with the sheet edges touching each other

EXPERIMENTAL DESIGN
Impact test

The experimental design consisted of two apple
sizes pested with and withowt the five tvpes of

Figure 4. Corrugated board,

cushioning materials. Mechanical behaviours of
concern were brise volume and 20 levels of
impact energy (0L04-0.75)) for bruise volume and
o impact energy threshold determination and 10
levels of mpact  eneTgy [ IJ:-,'H]I] foor  Beripise
volume to impact energy relationship bevond
threshold

The cushioned apple was mounted at the sample
holder, and desired impact energy was located an
the scale by the pointer. The pendulum was then
released to impact the sample from the corme-
sponding release angle. Bruise volume and the
related impact energy were then recorded. Ten
replications  wene conducted  for each brukse
volume to impact energy threshold and five repli-
cations were made for each determination of
brutse volume to mpact enengy bevond threshold,
Impact energy was calculated from the folbowing
l:'l.lllll“llt'l

E = mgR(l—cosd,) iy

where E is the impact energy (1); m is the mass of
the pendulum (kg); g 15 the gravitational constand
(9.81m /%) R is the length of the hanging rope (m);
and @ is the angle of modence (degree)

After the impact, the apples were stored for 24b
at room temperature (o allow the browning/dis-
coloration to become more apparent. After this
period, the apples were sectioned at the contact
anca. Bruise volume was caloulated as follows:

Vs (x/Bhd [ril
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Pashry Tevhmad, See 2007, 200 (=00
[&1%] B LU Il'l'Q‘-"-h

Codor Online, B in Print

un

o
Tl Fud m=

EEEERHFRL

zﬁéz%

(1=
a6
97
ag

1

83



| FTOTEN _online 10/ix/ason 1001

1AM Page &

84

PACKAGE CUSHIONING MATERIALS FOR AMLES Fatkaging Tm“ohgy
and Science
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2 52
3B 53
4 E 54
5 &} 55
e 56
7 @ 57
B ¥ 54
9 I§= 54
10 % (.1
i | L : : 6l
12 9 o002 ﬂiﬂ ﬂ?ﬂ 100 135 150 175 200 235 B2
13 Ein %]
14 Figure 5, Brase volume versus smpact energy beyond threshold o
15 relationship for 180g apples. BF, bare fruit: FN, foom net: NOW, new a5
16 double-wofl conmugated boord; SFL single foce cormugated boand with g
17 flute on the inside; SFO, ungle foce corrupoted Boord with flite on the o
:g ourtside; LDW, used double-wall comupated board, g
. 1] o
2i 71
2 72
.E 73
H 74
5 -]
;, whene ¥ is the bruise volume: @ is the width of the RESULTS AND DISCUSSION 76
37 bruise (mm); and d is the depth of the bruise (mm) Ty
% umbabiIH}' uf_ bruising was calculated using Bruise volume to inm energy m ]
20 the following equation: beyond threshold relationship =
k] B0
31 Number of Figunes 5 and & below show the resulls as bruise 81
k. Probubility of bruise  now-zero bruises volume o impact energy relationships for both 82
11 volumie OCHTIENEe  Nusmber of replications types of apples. A3
E- q,FlFu' samhe Preatorent The bruise volume, ¥, linearly increases with the B4
a5 energy. E, (R zﬂ%]hrhamimsnliprlﬁ These B85
3% findings agree with previous studies** B&
kTl For a certain applied enengy, & smaller brubse &7
k"1 Compression test volume was observed with the cushioned appleof 88
3& lower lines. A small bruise volume for bare apples B9
Compression testing for all samples was con-  cormesponds to small impact energy: This is true for 90

41 [Eduﬂrd as per the TAPP T 808 standard, Ten  the cushioned apples as well, The lower bruise 91
42 samples of each cushioning material wene cut into volumes of the impacted cushioned apples with 92
43 32.2om’ circular picces and compressed betwesn mespect to the bare apples was a result of a very 93
44 two parallel flat platens of an Instron Universal  small fraction of the impact energy being trans- 94
45[6] Testing Machine (model 5569) at a crosshead speed  ferred  through the cushioning material to the 95
46 of 125mm/min w determine the fat crush  apples while a large fraction of impact energy was 96
47 strengths, Forces versus deflection values were  absorbed by the cushioning material. The impact 97
4 recorded. A computer program was then used fo of the pendulum caused bruising on the contact 95
49 calculate the area under the curve as an absorbed  face. Besides, brulsing occurred on the oppesite %9
50 energy. sicdes of the fruil of the other contact because of 10
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bruise volume to i enengy linear expression
of the cushloned apples of both sizes. Schoor| and
Hodt defined thee slope of bruise volume to impact
energy regression lines as bruise mesistance of the
impacted material and apples.™ This implies that
the lower slope, derived from a small bruise
volume over high impact energy, is considered to
have a higher bruise resistance than those materi-
als with high bruise volumes over small impact
energy (having a high slope). The foam met for

|!'l'l:'rl.l_nn1].n|l 1B/12/3006 10010 AN Fage & "LE'_
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and Science
1. 110000 -
2 g . -
3E 000 4 || =P
; : i o, E 3 SF0
& 3 | HOW
7y 3 oW
B = . = "
9 3 2000 ’r = BF1
10 I'E a- s SR —_—
n 000 0325 050 O7S 100 1F 180 LTS 200 228
12 £
13
14 Figure & Bruse volurme versus impoct energy Beyond threthold
15 relatonships for 240g cpples.
16
7
1.1
9
) Table |. Bruise volume=impact energy relationship fitted by linear regression
21
b Equation of relationibip
23 Cushioning,
by material 180y spples R 240y apples R’
) 5F0 W= |595.3E - 85426 098 Vo= IT48.1E - 74592 058
26 o W o= | 74158 - 6617 093 ¥ = IB77.5E - 68114 0457
bed WOV Vo= 1946.9E - 1051.1 0s7 ¥ = 2ITIAE - 11963 057
m A Wom (960.1E - 90599 0.9 Vo= JIBEIE - 1117 0.
9 M W= M5 EE - TILSS 0§l V= J11332E - TT183 054
i BF W = 23S0E + 62415 L Y] W = IBI25E - 145.18 05
1 BF barw fruic; E wvgace enargy ([) PR loam s MOV, new double-wall corruganed board: 5F1, vingle huce corrugmed Board with fuse on
e Eha inaide: SFOL vinghe fatn corrugsted Board with Bute on the outtsse: LIDW uied doubie-wal torrugated board ', bruine vwolume (me')
i3
3
5
36
37 compression resulting from the impact. The bruise  which the slope was (2466mm /]) steeper than that
38 volume of the backside seemed 1o be less than that  for bare apples (2350mm*/]) exhibited a lower
39 of the front side because of less compression due  bruise volume than that for the bare frult. This
40 to absorbed impact energy. Table 1 shows the  indicates that the bruise resistance defined by the

shope is perhaps invalid. Such definition would
prshably be possible if the orgin of all the bruise
volume to impact energy fitted graphs was at the
same point. But bruise volume o impact
graphs of the cushioned apple are affected by
threshold energy so that their origin (V = 0) are dif-
ferent. The bruise volume to impact energy rela-
tionship beyvond the threshold s then insufficient
to explain the bruise resistance or protective per-
formance of the cushioning materials of apple.
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Figure 7. Bruse occurrence probabiity and impact energy relotionshup
firted by hneor regression of vanous cushioned and bare | B0g opples.
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Figure 8. Bruise eccurrence probobiity and impod enengy relationshap
freted by Rnear regression of vanous cushioned and bare 240y appiles.

Bruise volume to impact energy
relationship below and at threshold

Figures 7 and 8 show the relationship between the
probability of bruise volume occurrence and the
associated impact energy. Bollen of ol used the
graph of probability versus impact energy to iden-
tify the threshold of apples.” Thens are six linear
regression graphs (R = 0,881 cormesponding (o five
cushioning materiaks and bare fruit as tested using

rela

the simple pendulum device. The bruise volume of
an apple or cushioned apple can be estimated at
various levels of impact energy. The greater the
impact energy a cushioned apple received, the
higher the bruise occurnence probability was. At
the levels where probability i equal to one, the
impact energy s estimated to definitely cawse
bruising. This is called the threshold bevel,

Table 2 shows threshold energy for the cush-
ivned and bare apples. The cushioned apples could

Copyright © 307 Jakn Wikey & Sons, Lid
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Table 1. Bruise volume and impact energy at threshold
(probability = 1) of cushioned and bare apples
Average brume valume frim')
S Apple threshold
Cuhicning maerial 180y spples 140y apples energy” {f)
SF) 280 = 50 07T = &0 a5
(Ve T 198 £ 45 ar
WO A1l £ 55 A4 £ 60 0.
LH 419+ 15 453 + 50 0715 = 0006
N 44T = 50 481 = 50 0475 = 0026
BF 181 = 30 165 = 40 0.105 + 0.005
"Thrmhold snergy lor 3 certan tnbecming between the twa frowps of sppdes [180 and
g} wan insignificantly dfareet 1 the confidende livel of T BE barw Trum FM. foam
men: MDY, marwe docible-wiall corrugated Sosrd: SFL vingls face cormagated board wah fute
on the wide; SFOL. single face corrugsied board wish Mute on the ounsde: UDW, uved
double-wall corrugated board
]

bear a higher impact enengy than the bare apple.
This is becawse of the cushioning material acting
as a shield absorbing a fraction of the impact
energy and transferring the rest to the apple. If the
absorbed enengy, £, s small and the remaining
fraction to impact apple, Eq. is high, the cushion-
ing material is less effective and the
threshold impact energy, £, tums out o be low,
On the other hand if E, is large and E, is low, E,
tends to be high and the cushioning material is
fairly protective, The cormesponding cushioned
apples exhibited high bruise resistance. In this
research, the single-face corrugated boand wrap-
ping with the flutes on the outside are concluded
o be the most protective, giving the highest £,
(075)) for both sizes of apples. The threshaold
enengy for a certain cushioning material between
the two groups of apples (180 and 20g) was
insignificantly different at the confidence bevel of
L

Absorbed energy of the cushioning
materials

Table 3 provides the absorbed energy from the
fl.m-dellllcrrim response of each cushioning mate-
rial under quasi-static compression. The absorbed
energy of the single face cormugated board with

Table 3. Absorbed energy of cushioning
materials under quasi-static compression

Abnorbed emergy ([)

Qio 0012
0.0%0 = 0008
Q0% = 0.008
Qo002
0075 = 0008

iutw cormagated bodrd with Muts on the outwse: LDV used
At Corragales baked

flutes on the outside is relatively high (0.11]), indi-
cating that it could absorb hagher impact energy
than other cushioning materials and rebease the
least rermaining fraction 1o the apple, resulting in
the smallest bruise to the apples (Table 2} Figune
9 shanws the contact orientation of the singhe face
corrugated board to the apples,

The single face cormugated board with Autes
on the outside gave one contact point, lying in
the impact line, with the aggh surface, while
the single face corrugated board with flutes on the
inside exhibited several contact points over the

Copyright © 2007 Jabn Wikey & Sons, Lid
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Figure 9. Contoct onentation befween single foce cormupated board 1o
the wropped ophle.

contact area becawse of the fute contact with the
apples. This creatid greater contact pressure over
the small contact points, hence giving rise bo bigger
bruise volumes. Even though the absorbed oner-
gies for both the single face cormugated board ari-
entations are the same, the difference in the contact
orientation between the single face comugated
paper and wrapped apple surface differentinted
the bruise valumse.

CONCLUSIONS

This study evaluated the vartous types of protec-
tive cushioning systems that can be used Iy
on fniis such as apples o reduce bruise injury
resulting from post-harvest and transportation to
retailers, The study developed a simplified tost
method that can be used to measune impact resis-
tange strength characteristics of apples or other
fruits, and evaluate cushioning materials that can

m:;kllmckpmm Bulhfﬂnucnm paper
prodective wraps can be effective in provid-
ing against bruising from impacts. Results show
that the best protection was achieved with the
singhe face corrugated board with Mutes on the
outside, 'I'hrmlwbgamrgy for a certain cushioning

was insignificantly different between the two siees
of apples.
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Effectiveness of Cushioning Materials on Protecting Impact Damage of Apples
Supakit Sayasoonthorn, Sher Paul Singh and Bundit Jarimopas
ABSTRACT

Foam net is popularly used in Thailand as fruit cushioning material from wholesaler
through transport, retailer to customer. It is poorly degradable and prohibited in some countries
which impeded fruit export. An attempt to investigate alternative cushioning material which is
recyclable, cheap and easily degradable was conducted. Banana string, water hyacinth, single
face and double wall corrugated papers and typical foam net were selected to wrap up apples.
The cushioned fruits were impacted by a ballistic pendulum and the resulting impact bruising was
analyzed. Results showed that the single face paper wrapping an apple with its liner outside could
bear the greatest impact threshold energy of 0.75 J, which is 50% higher than that of the foam
net,

INTRODUCTION

Dry banana string, an agricultural waste wrapping up an apple, was shown to save the
fruit from damage at the impact energy of 1.1 joule (Jarimopas et al., 2004). Application of the
string as cushioning material may encounter the problems like fungi attack or direct impact of
chemical treatment protecting fungi formation on fruit skin. At present, foam net (Fig 1) well
functions as the commercial cushioning wrapping material (Chonhenchob and Singh, 2004).
However, it is not easily degradable. (Jarimopas et al., 2004). The corrugated paper was proved to
protect fresh fruit from impact and compression (Peleg, 1985). There has been sofar no
comparative study on physical properties of various types of the new and used corrugated paper

as cushioning material for wrapping fruit.
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Figure 1 Foam Net Packaging

Simple Ballistic Pendulum

yd
—
| in i SOFrame

1 Pendulum 0

I

43Laser Painter EPSdppor tikgpe

Reference
U\-i' plane

30Sample holder

Horizontol distance scale

Figure 2 A schematic diagram of simple ballistic pendulum

Impact damage of apple mostly appeared as bruising (Bollen et al., 1999). Several
researchers studied impact apple bruising (Jarimopas, 1984; Holt and Schoorl, 1977; Schoorl and
Holt, 1980). Bruise was evaluated as bruise volume and linear correlation was found between
bruise volume and impact or absorbed energy (Holt and Schoorl, 1977). Schoorl and Holt (1980)
defined slope of bruise volume and energy as bruise resistance. Shulte et al. (1992) expressed the
phenomenon of apple bruise threshold as a curve plotted between probability of bruising against

drop height or energy.
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Several impact testing devices of fruits have been developed sofar. They are well
equipped with sensors capable of measuring acceleration, force, displacement, and time, contact
area during impact (Jarimopas et al., 1990). Measurement could be achieved quickly, accurately
but the testing device was expensive. Impact measurement of fruit sometimes requires a few
impact parameters like impact and absorbed energies with appropriate level of accuracy but at
limited budget. Improvement of the available fundamental impact test set-up (drop or pendulum)
with cheap simple commercial electronic device to give a sufficient effective measuring

instrument would be an alternative.

The purpose of this research is to comparatively test and evaluate various kinds of

cushioning materials wrapping apple and propose the proper material.

MATERIALS AND METHOD

Apple

The stored apple “Fuji” cultivar, imported from china and without any injury, was used
as sample of testing because its symptom of bruising discoloration was easily detected and it is
available in Thailand market. Two sizes of the apple were used, i.e. count no.80 (fruit

weight=240120 g) and no.100 (fruit weight=180% 20 g)

Simple Instrumented Pendulum

An impact testing device was designed to be a ballistic pendulum featuring 3.84 kg
rectangular steel mass hung by four 45 cm long ropes like cradle (Fig 2). The motion of pendulum
mass was curvilinear. A Laser pointer, mounted at the back of the mass, projected laser beam to
mark 1 mm red circle on a scale 15 cm under the mass. This facilitated the setting of incident
angle and impact energy and the reading of reflected angle and absorbed energy calculation as
sensitively as a fraction of degree. Pivot points of the rope at four corners of the mass were set on

the same horizontal plane passing fulcrum providing stable motion without excessive swing. The
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testing device was operated by a single person and proved to give higher sensitivity of energy
setting and better energy-bruise volume curve fitting compared to the pendulum without

instrumentation (Jarimopas and Sayasoonthorn, 2004).

Cushioning Wrapping Materials

Three types of cushioning material were used to comparatively test their protective
performance. The first type was 2 mm thick typical apple foam net (FN) (Fig 3a), the second type
was corrugated board used as wrapping for individual apples. Four types of corrugated board
wrapping used were a.) Single face with corrugated medium outside (SFO), b.) Single face with
corrugated medium inside (SFI), c.) New double wall corrugated board (NDW) and d.) Used
double wall corrugated board (UDW). For the NDW and UDW, 240 mm long by 80 mm wide
each, the fruit ran parallel to the length of the wrapping. To facilitate bending when wrapping the
corrugated board around the fruit, small peroration across the width giving 3 mm wide strips were
made (Fig 3b). The last type was a agricultural waste such as Water Hyacinth and Banana string
with 2 types weaving individual around the apples(Fig 4a,b), including Water Hyacinth type

1(W1), Water Hyacinth type 2(W2), Banana string type 1(B1) and Banana string type 2(B2).

a.) Foam net. b.) Double wall corrugated paper

Figure 3 Foam net & Double wall Corrugated paper
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a.) Type 1 weaving. b.) Type 2 weaving.

Figure 4 Wrapping apple by agricultural waste

Impact Test

The experiment design consisted of two apple sizes tested without and with nine types
cushioning materials. Mechanical behaviors of concern were bruise volume and 20 levels of
impact energy E (ranging from 0.04 to 0.75 Joules) for bruise volume to impact energy threshold
determination and 10 levels of E (0.02 to 2.0 Joules) for bruise volume to impact energy
relationship beyond threshold. Ten replications were conducted for each bruise volume to impact
energy threshold and five replications were made for bruise volume to impact energy beyond

threshold determination each. Impact energy was calculated from the following equation:

E = mgR (1-cos Oi) ................................ (1) (Jarimopas,1984)

Where E = impact energy (J), m = mass of pendulum (kg), g = gravitational constant,

9.81 m/sz, R = length of hanging rope (m), and Gi = angle of incidence (degree)
After impacted apple was stored for 24 hours at room temperature to allow browning

discoloration. After this period apple were sectioned at the contact area. Bruise volume was

calculated as follows:

V=(TU8)Wd ovveeeeeeeee, (2) (Chen and Sun, 1981)

Where w = width of bruise (mm) and d = depth of bruise (mm).



The Probability of Bruise was calculated using from

Probability of

%

Number of non-zero V

V occurrence

Compression Test

Number of replications of the same treatment

Compression testing for all samples was conducted by the TAPPI T 808 standard. Ten

samples of each cushioning materials and compressed between two parallel flat plates of an

Instron universal testing machine (model 5569) to determine the flat crush strengths. Forces

versus deflection values were recorded. A computer program was then used to calculate the area

under the curve as an absorbed energy.

RESULTS AND DISCUSSION

Bruise Volume to Impact Energy beyond Threshold Relationship
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b.) 240 g. apple

Figure S Bruise volume vs. impact energy beyond threshold relationship for 180 and

240 gram apple

Fig 5. show the results as bruise volume to impact energy relationship for both types of

apples. The bruise volume, V, linearly increases with the energy E (R2 = 0.93) for both sized

apples.
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For impact energy of less than 0.75 Joules, there was little bruise volume observed for
both grades of apples. The small bruise volumes of impacted cushioned apple was a result of the
small fraction of the impact energy being transferred through the cushioning material to apple
while the large fraction of impact energy was absorbed by the cushioning material(Jarimopas et
al., 2006). Table 1 shows the bruise volume(V) to impact energy(E) linear expression of the
cushioned apple of both sizes. The bruise volume to impact energy relationship beyond the
threshold is then insufficient to explain bruise resistance or protective performance of the

cushioning materials of apple.

Table 1 Bruise volume to impact energy relationship fitted by linear regression

Cushioning Equation of Relationship

Material 180 g. Apple R’ 240 g. Apple R’
W1 V =268.55E - 60.627 0.88 V =284.03E - 14.473 0.78
B1 V =315.3E - 145.05 0.90 V =564.43E - 266.43 0.90
W2 V =502.47E - 213.82 0.92 V =834.64E - 508.64 0.95
B2 V =790.15E - 395.95 0.90 V =981.95E - 560.74 0.95
SFo V =1595.3E - 854.26 0.98 V =1748.1E - 945.93 0.98
UDW V =1741.5E - 663.97 0.93 V =1877.5E - 682.14 0.97
NDW V =1946.9E - 1051.1 0.97 V =2179.4E - 1196.3 0.97
SFI V =1960.1E - 905.99 0.96 V=2188.1E- 1117 0.98
FN V =2465.6E - 732.95 0.93 V=3113.2E-772.83 0.94
BF V =2350E + 62.415 0.94 V =3812.5E - 145.18 0.93

The cause of lower slope in the agricultural waste cushioned apple of both sizes was a
result from weaving character of cushioning materials. The waving does not make a knot,
however it’s made a rough surface and swell, when contact with apple the rough surface become

to a small plunger stab to apple and make a several small bruise spread to apple (Fig 7).
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Bruise Volume to Impact Energy below and at Threshold Relationship

Fig 6 shows the relationship between probability of bruise volume occurrence and the
associated impact energy. Bollen et. al. (2001) used the graph of probability versus impact energy
to identify the threshold of apples. There are six linear regression graphs (R220.88)
corresponding five cushioning materials and bare fruit as tested using the simple pendulum
device. The greater impact energy a cushioned apple received, the higher the bruise occurrence
probability was. At the level where probability is equal to 1, the impact energy is estimated to

definitely cause bruising. This level is called threshold.

. Threshold level (Probability = 1) Threshold Level (Probability = 1)
* ] 1

08 " BF 08 -
> IS *FN > o
= 06 SFo = 06 SFO
o X SFI 2
5 )/ [ X SFI
8 X UDW 2
a ™ © NDW & 0.4 - X UDW

® NDW
02 024
0 - ; 0 !
0 0.1 0 03 0.4 05 0.6 0.7 0.8 0 02 04 0.6 0.8
Energy (J) Energy (J)
a) 180 g. apple b) 240 g. apple

Figure 6 Bruise occurrence probability and impact energy relationship fitted by linear regression

of various cushioned and bare apples.

Table 2 below shows threshold energy of the cushioned and bare apples. The cushioned
apples could bear higher impact energy than the bare apple. This is because of the cushioning
material acting as a shield absorbing some fraction of the impact energy and transferring the rest
to apple. The corresponding cushioning apples exhibited high bruise resistance. In this research
the single face with corrugated medium outside is concluded to be the best protective, giving the

highest E, = 0.75 J for both sizes of apples.
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Table 2 Bruise volume and impact energy at threshold (Probability = 1) of cushioned and bare apple

& Absorbed energy of cushioning materials under slow compression

Cushioning Average bruise volume Threshold energy(J)

Materials T standard deviation (mm3) Absorbed
180* 240* 180* R’ 240* R’ Energy (J)

SF0 280 + 50 307 + 60 0.75 09816 0.75 0.9602 0.110

UDW 379 +£70 398 +£45 0.70 09861 0.70 0.9729 0.090

NDW 411 +55 424 + 60 0.70  0.9425 0.70 0.9507 0.094

SFI 419 £25 453 £50 0.75 09642 0.70 0.9754 0.110

FN 447 £ 50 481 +£50 0.50 0.9298 0.45 0.8791 0.075

BF 161 £30 165 £40 0.11 0.9484 0.10 0.9895 -

* 180 =180 g. apple ; 240 = 240 g. apple

Absorbed energy of the cushioning materials

Table 2 provides absorbed energy from the force-deflection response of each cushioning

material under quasi-static compression. Absorbed energy of the single face corrugated board

with flutes on the outside is relatively high (0.11 J), indicating that it could absorb, higher impact

energy than other cushioning materials and release the least remaining fraction to apple, resulting

in the smallest the bruise to the apples. Fig 8 shows contact orientation of the single face

corrugated board to apple.
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Figure 7 Bruising of apple wrapped agricultural waste

a.) SFO

b.) SFI

Figure 8 Contact orientation between SFO and SFI to the wrapped apple

The single face corrugated boards with flutes on the outside give one contact point, lying
in the impact line, with apple surface while the single face corrugated board with flutes on the
inside exhibited several contact points over the contact area because of flute contact with the
apples. This created greater contact pressure over the small contact points. Even though absorbed
energies for both the of the single face corrugated board orientations are the same, difference in
contact orientation between the single face corrugated paper and wrapped apple surface

differentiated bruised volume.
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CONCLUSIONS

This study evaluated the various types of protective cushioning systems that can be used
directly on fruits such as apples to reduce bruise injury resulting from post-harvest and
transportation to retailers. The study developed a simplified test method that can be used to
measure impact resistance strength characteristics of apples or other fruits, and evaluate
cushioning materials that can provide shock protection. Agricultural waste can not be an
appropriate for cushioned apple. Both plastic and paper based protective wraps can be effective in
providing against bruising from impacts. Results show that the best protection was achieved with

Single face with corrugated medium outside for both sizes of apples.
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Abstract

This study was to improve the performance of ballistic pendulum testing device. The result showed
that the improved device 1) can read minimum scale from 5 degree to 1 degree compare 1o average horizontal
distance | degree from .33 cm t0 0.75 cm, 2) is easy 10 use by changing from sight inspection to light beam
by laser diode to indicate the position with more accuracy, 3) can test at low impact energy (low angle), 4)
pendulum have a better stablility after impacting (reduce the pendulum swings). And 5) R? of regression
lines of input energy vs. bruise volume and absorbed energy vs. bruise volume increased from 0.9082 to

0.9726 and 0.9012 1o 0.9557 respectively.
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