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M odified Atmosphere Packaging
for Fresh-Cut Produce with
Microperforated Films

AYMAN ABDELLATIEF and BRUCE A WELT*

Packaging Science Program, Agricultural & Biological Engineering Department,
University of Florida/IFAS, 111 Frazier Rogers Hall, Gainesville, FL 32611-0570

ABSTRACT: Application of modified atmosphere packaging (MAP) to
fresh cut produce is challenging due to high respiration rate require-
ments. Perforations are being increasingly used when gas perme-
ation rates of packaging films do not meet respiration requirements.
Microperforations add value to film without significant increase in
cost. Produce suppliers should validate MAP designs to verify neces-
sity of perforations for fresh-cut produce.

The objective of this project was to verify MAP designs and justifica-
tions for microperforations for five commercially available fresh-cut
products including rutabaga, sweet potato, yellow squash, a 50/50
blend of yellow squash and zucchini and turnip. Experiments involved
determination of product respiration rates and packaging film oxygen
transmission rates (OTR). Respiration rates were determined using an
unsteady-state method in temperature controlled chambers at 1, 8
and 15°C. OTRs were determined at 15, 23 and 35°C using a commer-
cial OTR analyzer. Target respiration rates were determined from func-
tions representing derivatives of curves fitted to changes in
headspace versus time. Changes in headspace oxygen were de-
scribed by a hyperbolic decay curve, while production of CO, was de-
scribed by a hyperbolic curve. Temperature sensitivities of respiration
rates and OTR were estimated using the Arrhenius relationship. Re-
sults suggest that non-perforated films with OTRs of 3000, 6000, 1500,
1500 and 1500cc O,/N,.day would satisfy MAP requirements for ruta-
baga, sweet potato, yellow squash, a 50/50 blend of yellow squash
and zucchini and turnip, respectively. Therefore, microperforations
were probably justified for only fresh-cut sweet potato.

INTRODUCTION

C
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ONSUMER demand for fresh and convenient foods has led to the
growth of modified atmosphere packaging (MAP) asatechniqueto
extend shelf lifeand reduce waste for awide range of foods (Martinez et
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al., 2002). Fresh produceis particularly challenging to package because
products contain living tissuesthat require adequate gas exchangeto re-
main fresh. Produce respiration rateis one of the best measures that can
be used to predict of shelf life. Generally, lower respiration rate trans-
latesinto longer shelf life. Rate of respiration typically varieswith oxy-
gen concentration and inversely to carbon dioxide concentration. The
goal of MAPistodesign apackagethat providesan optimal level of oxy-
gen and carbon dioxide transmission to match reduced respiration rate
reguirements of the produce.

RESPIRATION

Respiration in fruitsand vegetables can be described by thefollowing
chemical reaction (Ryall and Pentzer, 1979; 1982):

CeH1506 + 60, — 6CO, + 6H,0 + Energy D

Attempts have been made to model respiration of fruits and vegeta-
bleswith Michaelis Menten type kinetics with competitive inhibition of
oxygen consumption by the production of carbon dioxide (Lee et al.,
1991; Hagger et al., 1992).

Lowering the O, level around fresh fruitsand vegetabl esreducestheir
respiration ratein proportion to the O, concentration, but aminimum of
about 1-3% O, depending on thecommodity, isrequired. Otherwiseres-
piration will shift from aerobic to anaerobic. The glycolytic pathway re-
placesthe Krebs cycle asthe main source of energy for the plant tissues.
Byproducts such as acetal dehyde and ethanol are formed which give off
flavorsand spoil the product (Kader, 1986). Injuring fruit and vegetable
tissue by dlicing generally increase the respiration rate 3 to 5 fold. The
respiration rate also increases 2 to 3 fold as the product ages. (Laties,
1978).

PERMEATION

To maintain a desired atmosphere within a package, rates of gas per-
meation through the package must match respiration demands of prod-
ucts. Thissteady staterelationship isdescribed by Equation (1) (Robert-
son, 1993). B

WR = PLAA'O 2
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where W is the weight of produce, R is the respiration rate of produce
(amount of gas/(weight of produce x time)), P isthe gas permestion co-
efficient for thegasof interest through the particular plastic at aspecified
temperature (amount of gas x film thickness/(area of film x gas partial
pressure difference on either side of thefilm x time), Aisthe area of the
plastic package, Apispartial pressuredifferenceand L isfilmthickness.
Oxygen transmission rate (OTR) is often measured for particular
films. OTR is related to permeability, P, via Equation (2).
OTR= 3
Ap-L
OTRisoften measured using 100% oxygen asthetest gas, which pro-
vides the maximum driving force for oxygen transmission (1 atm), and
higher analytical resolution. OTR requirements may be predicted for air
by combining Equations(1) and (2) by rearranging toform Equation (4).

(ﬂom: R~ (4
100 A(0.21- Pingce)

where Risrespiration rate of produce, W isthe weight of the producein
the package, Aispackagearea, and pi.sqe i Sthedesired partial pressure of
oxygen inside the package.

Determination of ideal storage conditions (temperature and gas com-
positions) for products requires extensive experimentation under con-
trolled conditions. Often, ideal conditionsvary considerably for any par-
ticular product and may be a function of produce size, geometry,
cultivar, season, etc. Therefore, ideal conditions are better described as
ideal rangesof conditionsand therefore, package designstend to be con-
servative. The following conditions for produce items related to those
studied here were found in the literature.

PERFORATED FILMS

Many attempts have been made to model the transmission rates of
gases through perforated films. Emond et al. (1991) and Fonseca et al.
(1996) made empirical models of diffusion of gases through perforated
films. Fishman et al. (1996) model ed the transmission rate of gases after
Fickslaw of diffusion whileHirataet al used Grahamslaw of diffusion.
Renault (1994) model the diffusion of gasthrough perforated filmswith
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Maxwell Stefanslaw. In thisexperiment the OTR of perforated samples
and non perforated sampleswere measured and the OTR of packagewas
calculated by Equation (5).

Total Bag OTR = OTRg, X Film Area+ OTR s x Perf Area  (5)

Rutabagas

Rutabagas should be stored in an atmosphere of approximately 5%
CO, and > 5% O, between 1°C and 3°C for maximum shelf life (Gorny,
1997).

Sweet Potato

Sweet Potatoes should be stored in an atmosphere of approximately
6.5% CO, and >12% O, between 0°C and 4°C for maximum shelf life
(http://usna.usda.gov/hb66/147freshcutvegetabl es.pdf).

Squash

Squash is highly perishable and should not be stored for more than 2
weeks. Optimal storage conditions are 5°C to 10°C at 95% RH
(Hardenburg et a., 1986). Lower oxygen atmospheres are of no benefi-
cial usefor Squash (Leshuk and Saltveit, 1990; Mencarelli et al., 1983).
Squash is susceptible to chilling injury at temperatures below 5°C.
(Ryall and Lipton, 1979).

Zucchini

Sliced zucchini develops water soaked areas (chilling injury) at 0°C
and brown discoloration between 5°C and 10°C, which increases with
storage duration. Zucchini slices can be dipped in solutions of CaCl,
alone or with NaOCI. Cal cium treatments reduce devel opment of decay
and total microbial growth, and ascorbate loss. Optimal storage condi-
tionsfor zucchini are0.25%to 1% oxygenat 0°Cto 5°C (Gorny, 1997).

Turnips

Turnips can be held 4 to 5 mo at 0°C (32°F) with 90 to 95% RH. An
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ideal atmosphere has not been determined for turnips 6 (http://usna.
usda.gov/hb66/140turnip.pdf).

The objectives of this work were to verify performance of commer-
cially produced M AP packagesand assess necessity for cost-adding film
perforations used produce certain fresh-cut product packages.

MATERIALSAND METHODS
Headspace Analysis

Bagged product sampleswere shipped to the University of Floridavia
overnight delivery in insulated packaging equipped with two freezer
cold packs. Several shipments contained temperature recorders that
showed product enroute approximately 18 hourswith temperaturesgen-
erally between 4 and 10°C (Figure 1).

Upon arrival at our laboratory, products were placed in a1-3°C con-
trolled environmental chamber for about 24 to 48 hours prior to use. A
dab of silicone sealant was applied to each bag upon arrival in order to
create aseptum through which aneedle wasinserted to sample achieved
headspace gas compositions of product samples. A headspace analyzer
(Pack Check, Mocon, Inc., Minneapolis, MN) was used to determine ox-
ygen and carbon dioxide concentrations in sample headspaces. Table 1
shows results of headspace measurements.

Product Respiration Rates

Product respiration rates were measured using an unsteady-state
method [ 3]. Briefly, agiven amount of product is placed in hermetically

< —_ ! I CARW
= ;FF = i o = T 15600
g 50°F —] ——- == J___J___ZF__ 10,0°C -
— ||soF—— = | A
oJ 20°F = __,\'_1-_ -jlll_i_ = -6
‘am] 10°F —% - = i = 1 -IE.E.

Figure 1. Actual data logger results for sample shipment from commercial producer to
University of Florida.
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Table 1. Headspace data from bagged samples.

0O, (%) CO, (%) Density
Item Mean S.D. Mean S.D. (g/cm?) S.D.
Rutabaga 8.30 3.16 10.81 2.22 1.00 0.001
Sweet Potato 11.17 5.88 9.41 5.34 0.95 0.015
Squash 15.51 1.20 7.51 1.22 0.88 0.008
Squash and Zucchini 13.45 1.38 8.71 1.19 0.90 0.040
Turnips 7.46 2.69 11.32 2.10 0.90 0.012

Means and standard deviations for headspace data are from 10 samples. Average density values
and standard deviations calculated from 3 samples.

sealed jars and changes in headspace gas compositions are monitored
over time. Empirical curvesarefitted to gasversustime dataand mathe-
matical derivatives of these curves (instantaneous slopes), provide res-
piration rates as a function of gas composition.

One quart mason jars were used for unsteady-state respiration experi-
ments. Holesweredrilled (about 1/2 inch) into mason jar lidsto accom-
modate a rubber septum. Prior to conducting respiration experiments,
product densitieswere measured viawater displacement inthejars (Ta-
ble 1). Product densities were used to calculate head space gas volume
fromthedifference between container volume and samplevolume. Nine
Samplesof each product (ca. 125 g) wereplaced in each jar. For Squash
and Zucchini samples, about half was squash and half was zucchini, by
weight. Lidswere placed firmly on jars and holes were sealed with rub-
ber septa. Three samples of each product were placed in controlled envi-
ronmental chambers set at 1, 8 and 15°C. Oxygen and carbon dioxide
concentrations were measured periodically using the headspace ana-
lyzer (Pac-Check, Mocon, Inc., Minneapolis, MN). Samples stored at
15, 8and 1°C were measured about every 2 hours, 4 hours, and 12 hours,
respectively.

Oxygen Transmission Rate (OTR) M easurements

Some bags possessed multiple perforations (Sweet Potato, Squash,
Squash and Zucchini and Collard Greens) other did not (Rutabaga and
Turnips). Oxygen transmission rates for all samples were measured in
duplicate at 15, 23 and 35°C.
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Non-Perforated Film Areas

Two samplesfrom thefront panel of the package of each product were
prepared by cutting a 100 cm? sampl e films using a standard cutting die
and razor knife. Film sample were then mounted into the oxygen trans-
mission rate analyzer (Oxtran 2/20, Mocon, Inc., Minneapolis, MN).

Perforated Samples

Perforated sampleswere prepared using amasking technique. Briefly,
representative perforationswere selected and foil maskswere applied to
the surrounding film. Masked samples incorporated a fixed film area
containing one perforation. All masked sample areaswere 5.07 cm? ex-
cept for the Collard Green sample, which was 0.79 cm2. Oxygen trans-
mission rates for all masked samples were measured in duplicate at 15,
23 and 35°C using the Mocon Oxtran 2/20 (Mocon, Inc., Minneapolis,
MN).

RESULTS AND DISCUSSION
Headspace

Sampl e headspace data proved to be highly variable, as seen by rela
tively large standard deviationsin Table 1. However, dataappear to bein
desirable ranges.

Respiration

Changes in carbon dioxide and oxygen concentrations with time
showed approximately linear or hyperbolic trends. Squash and Zucchini
at 15°C, Rutabagaat 15°C and 8°C and Turnipsat 15°C and 8°C showed
nonlinear behavior. For oxygen, ahyperbolic decay function wasused to
fit data using non-linear regression [Equation (4)]:

ab
=Yg+ —— 6
Y=Yo bt x (6)
Wherey is oxygen concentration, x is time and y,, a, and b are coeffi-
cients. For carbon dioxide, ahyperbolic function was used to fit dataus-
ing anon-linear regression [Equation (5)]:
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ax

Y=Yo+t bt x (7)

wherey iscarbon dioxide concentration, Xistimeandyy, a, and b are co-

efficients. Figure 2 shows changesin gas compositions for Rutabaga at

15°C. Measured data and fitted curves are shown in Figure 6 and fitted
curve coefficients are provided in Table 2.

Some products could be reasonably approximated as linear for

changesin oxygen and carbon dioxide with time. These datawerefitted

with Equation 6.

y=ax+b (6)

wherey iseither oxygen or carbon dioxide concentration, xistimeand a,
and b are coefficients. Table 2 providescoefficientsfor al productsat all
temperatures for oxygen. Datafitted with Equation 6 areindicated with
the term, Linear in the yo column of Table 2.

Rates of respiration for both oxygen and carbon dioxide were calcu-
lated from the derivatives of the non-linear regression functions. Cases
where gascompositionschanged linearly with time suggested that respi-
ration rate was not a strong function of gas composition under the spe-

1.00E-02

8.00E-03 x
o E
-
- - -
- & -7
6.00E-03 ==

4.00E-03 >
-
-
-
e ab
2.00E-03 . y=ys+t ——
e b+x
d
Ve
7
0.00E+00 . ‘ . ‘ . -

-2.00E-03

[O5] (molesfliter)

Time (hours)

Figure 2. Unsteady state respiration data for Rutabaga at 15°C.
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Table 3. OTR values for non-perforated film samples.

15°C 23°C 35°C
Item (cc/m?/day) (cc/m?/day) (cc/m?/day)
Rutabaga 691 1,052 2,223
Sweet Potato 1,027 1,667 3,068
Squash 1,016 1,667 3,344
Squash and Zucchini 982 1,552 3,133
Turnips 763 1,241 2,317
Collard Greens 685 1,044 2,094

cific test conditions and these were considered to be a constant equal to
the slope of thefitted curve. Rates of oxygen consumption were similar
to carbon dioxide evolution, suggesting respiration quotients, RQ, of
about unity for all products. Therefore, further cal culations were based
solely on oxygen consumption. Table 2 providesadditional dataused to
estimate average rates of oxygen consumption at apparently desirable
package oxygen levels for each product at each temperature.

Oxygen Transmission Rates

Average OTR vauesfor non-perforated and perforated film sections
are provided in Tables 3 and 4, respectively.

Non-perforated samples displayed classical Arrhenius type tempera-
ture sensitivity (Figure 3). Therefore, the Arrhenius equation may be
used to predict OTR valuesfor filmsat particular temperatures of inter-
est. The Arrhenius equation is described by Equation (7).

I(OTR) = In(ky ) - =

= ™

wherek,isaconstant, E,isactivation energy (joules/mole), Ristheideal
gaslaw constant (8.314 joulessmole/K elvin) and T is absol ute tempera-

Table 4. OTR values for perforated film samples.

15°C 23°C 35°C
Item (cc/m?/day) (cc/m?/day) (cc/m?/day)
Sweet Potato 3,100 2,900 4,400
Squash 920 1,200 2,500
Squash and Zucchini 5,900 5,000 6,900

Collard Greens 680 1,000 2,100
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8.3
= Rutabega
8.1 X 4 Sweet Potato —
x Squash
7.9 x Squash & Zuchinni—]
° o Turnips
77 + + Collard Greens
E 7.5
) 4
£ 73
71 + e
Rutebega: y =-5218.8x + 24.624
Sweet Potato: y = -4861.4x + 23.803 [} "
6.9 1 Squash: y = -5289.3x + 25.279 x
Squash & Zuch: y =-5164.0x + 24.801
6.7 + Turnip: y=-4917.7x + 23.713
Collard Greens: y = -4983.6x + 23.807 4
L]
6-5 T T T T T

0.0032 0.00325 0.0033 0.00335 0.0034 0.00345 0.0035
Inverse Absolute Temperature
Figure 3. OTR Arrhenius plot for non-perforated film samples.

ture (Kelvin). Linear regressions of datain Table 6 provide Arrhenius
parameters shown in Table 5.

OTRvaluesfor perforated samples did not show consistent sensitivity
to temperature, therefore, average OTR values from experiments at 15,
23 and 35°C were used for further analysis. It should be noted that OTR
datafor perforationsin Squash and Zucchini didnt comparewell to those
determined for Squash, but samplesappeared fairly similar. For thisrea-
son, OTR data for perforated Squash samples were used for computa
tions for both Squash and Squash and Zucchini.

Table 5. OTR values at target temperatures along with
Arrhenius parameters for film samples.

Non-Perforated Film Perforated Film
Design T E, OTR@T OTR@T MaskArea

Item (°C)  (joule/mol) In(ko) (cc/m?/day) (cc/m?/day)  (cm?)
Rutabaga 3 43,389 24.624 306.61

Sweet Potato 3 40,418 23.803 492.16 3,470 5.07
Squash 5 43,975  25.279 524.79 1,540 5.07
Squash and 5 42,933 24.801 510.54 5,930 5.07
Zucchini

Turnips 3 40,886  23.713 366.84

Collard Greens 3 41,434 23.807 317.44 1,260 5.07
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Table5 provides Arrhenius parametersfor film samplesaswell as av-
erage OTR values for perforated samples.

Overal OTR values for product bags were estimated by combining
OTR contributions from non-perforated and perforated film as de-
scribed by Equation (8).

Table 6 provides bag areas, OTR contributions from film (non-perfo-
rated) areas and perforated areas aswell astotal measured OTR for each
sample bag. The final column of Table 6 provides calculated OTR re-
guirements(Cal culated OTR) based on combined resultsof thiswork in-
cluding physical characteristics of each product, bag surface area, esti-
mated bag headspace volume, respiration requirements, desired oxygen
levels, desired storage conditions, etc..

Measured and Calculated OTR values match quite well, considering
levels of natural variation inherent in such samples. These data suggest
that packagescurrently in usearewell designed for the application. Data
also suggest that perforations may not be required for Squash and
Squash and Zucchini products. Therefore, shelf life comparison studies
for Sguash and Squash and Zucchini products with and without
perforations are warranted.
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Using the C-e Pairsto Develop
Conventional Cushion Curvesand
Cushioning Specifications
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Rochester, NY 14623-5604, USA

ABSTRACT: Cushion curves are commonly used to design protective
packaging, but their use is primarily limited to the selection of cushion
thickness and load bearing area. Generating the curves also requires
significant time and testing resources. This paper reviewed the theo-
retical basis of the conventional cushion curves and explores the rela-
tionship between cushion curves and a parent curve, which is based
on the C-e curve (Cushion factor (C)- Impact absorption capacity (e)
curve). The notion of using C-e pairs to generate cushion curves with
any desired cushion thickness/drop height is introduced, based on a
single master cushion curve with a limited number of measured G-val-
ues and Static Stresses. We recommend that instead of generating a
set of cushion curves, only a master cushion curve representing differ-
ent real world scenarios should be provided to packaging designers.
This simple method is different that the methods based on en-
ergy-stress methods in its simple and practical way in developing a
master cushion curve. In addition, the paper recommends the use of
the C-e parent curve as a replacement for conventional cushion
curves for designing protective packaging.

INTRODUCTION

U SING cushion curvesto design shock protection for sensitive prod-
uctsisacommon practice. A shock cushion curve describesthe cor-
relation of the decel eration transmitted to an object falling on a cushion
material and the static loadings on the cushion. Therearetwo aternative
methods of empirical development of cushion curves: the guided platen
method (GPM) described in ASTM D-1596[1] used by most material
suppliers such as BASF, and the enclosed test block (ETB) method de-
scribed in ASTM D-4168 [2,3] for Form-in-Place (FIP) materialsthat is
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used exclusively by Sealed Air for published curves. These two meth-
odsreturn different results with differences well within the range of in-
terest for critica designs. GPM is very controlled and repeatable,
whereas ETB is more predictive of actual performance. In GPM, The
cushion curves are derived using a cushion tester that drops a platen of
specified weight from a known drop height onto a rectangular cube of
cushioning of predetermined material, load bearing area and thickness.
In ETB, thetest block and weights are placed into the cavity of the test
cushion in a corrugated container, the completed package is then sub-
jected to drops or controlled shocks. The deceleration occurring on the
platen or test block at impact is monitored and recorded by an acceler-
ometer. A G-value (acceleration in g's) isused to model the maximum
deceleration level. Five drops from a particular drop height are per-
formed on a sample at a given static stress loading. The average of the
decel eration readingsfrom the last four of these dropsisthe G-valuefor
the given static stress (6 = Weight/bearing ared). This G- value repre-
sentsapoint that isplotted on the cushion curve. By adding weight to the
platen, the static stress on the cushion material can be increased.
Through aseries of testsat various static loadings, datais generated and
presented in the form of cushion curves.

Cushion curves provided by resin suppliers such as BASF proved to
beavery efficient tool in 70’ sand 80’ s, when rulersand cal cul atorswere
the basictoolsof engineering design. The engineer can locatethecritical
acceleration level on vertical axisof the cushion curvesand then draw a
horizontal lineacrossthe cushion curvesthrough thispoint. Any portion
of the curve which fallsbelow the critical acceleration lineindicatesthe
staticloading range where the cushion should transmit lessthan thecriti-
cal acceleration. The curve crossed indicated the appropriate cushion
thickness to be chosen.

LIMITATION OF THE CONVENTIONAL CUSHION
CURVESAND RELEVANT RESEARCH

There are three main limitations to the use of cushion curves. First,
generating afull range of the cushion curves with eight cushion thick-
nesses and arange of drop heights (asshownin Figure 1), would require
more than 10,000 samples drops. It isavery time consuming and labor
intensive process. Although the ETB method appearsto be closer to ac-
tual cushion performance, the longer time involved in preparing the
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Figure 1. Intersection line between two cushion curves, the vertical axis indicates the ac-
celeration level in G and horizontal axis indicates static stress in kg/cm? (from [3]).

samples, compared to GPM, limits its application to cushion systems
other than FIP.

Second, companies producing high-volume products are using a re-
verse design approach, in order to optimize the 20/40 foot container vol-
umes. Engineers start with theinternal size of a20/40 foot container and
“work backwards’ on thelayout and overall dimensions of the shipping
container (L x W x H). Theexternal dimensionsof the product, the cush-
ion thickness, and the void between the cushioned product and the ship-
ping container are pre-determined parameters. In this scenario, theratio
of thickness/drop height will be different from that presented in the
cushion curves. The designer isoften unableto utilize the cushion curve
with the desired thickness. One of the methods the engineer commonly
employsto overcomethisproblem, isto usetheintersection line method
to cal culate the cushion thickness between the two cushion curves (see
Figure 1) [4].

Third, the cushion curvesavailable now arebasically of two types, the
first drop curve and the averaged 2nd-5th drop curve. For polyurethane
(PV), palyethylene (PE) and polypropylene (PP) material s, theaveraged
value should be pretty closetoindividual drops, but for molded pulp and
expanded polystyrene (EPS), the acceleration level between the 2nd
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drop and 5th drop can besignificantly different. For any material thelev-
elsfor drop 2 and 5 can differ with higher loadings.

A simplified technique has been introduced to produce a full set of
cushion curvesusing adynamic stress-energy method to reducethetime
and resources heeded to generate the curves[5, 6]. Thismethod requires
one of the usual cushion curvesfor an arbitrary drop height and cushion
thickness to deduce the dynamic stress-energy curve for the material.
Thetrend lineisrequired to approximatethestress-energy curvein order
to generate all other cushion curves [7]. There is a possibility that the
trend line used for approximating the dynamic-stressdoes not reflect the
real cushion characteristics. For example, the exponential curveisonly
adequate for closed-cell cushions. The dynamic stress-energy curve of
crushable materials, such as corrugated board, is difficult to approxi-
mate with one single function.

Instead of producing the Stress-Energy curvefor duplicating the cush-
ion curves, asimpler way isintroduced in this paper. This method pro-
duces al cushion curves directly from one master cushion curve, thus,
the possible inaccuracy caused by approximation of the stress-energy
method using trend lines is eliminated. The method applies also to all
cushioning, including both energy absorbing material and crushable
cushioning.

THE C-e CURVE AND CONVENTIONAL CUSHION CURVES

When a cubic cushion sample is placed on the cushion tester, and a
flat-faced platen is used to impact the cushion, the process can be de-
scribedinthefollowing formulas, based on energy conversiontheory [8,

9l:
C:Gx(;) (@)

e=0 X (?) (2

Where, C isthe dynamic cushion factor of the cushion material. Differ-
ent materialswith different densitieswill havedifferent C-values. Caso
indicates how many times larger the real cushion thickness should be
than thetheoretical cushion thickness. G isG-valuemeasured during the
impact.
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The symbol e, isthe impact absorption capacity, which describes the
relationship of the impact energy versus cushion volume, i.e. mgh/At =
o(h/t) where misthe mass of the product, Aistheload bearing area, gis
gravitational constant, hisdrop height, tisthecushionthicknessandcis
the static stress.

The C-ecurve can be devel oped based on theformulasabove. The C-e
curveisin fact avery simple curve representing considerable informa-
tion, including G-value, static stress, cushion thickness, drop height and
other cushion properties. By incorporating G-values into the formula,
the C will be calculated. The C-e curve will give the cushion thickness
and bearing area when the horizontal line, indicating the C-value, is
drawn across the C-e curve. The C-e curve consists of densely packed
data, especially at the lower static loading levels, such that asmall shift
inloading can have asignificant effect on theresulting decel eration. The
curves demonstrate less variation on deceleration levels at higher static
loads. Therefore, the C-e curve needsto befurther modified. Combining
formulas (1) and (2) yieldsG=(C - -- €)/o, i.€e., the conventional cushion
curvesare derived. The C-ecurve can be defined asthe C-e parent curve
which consolidates all cushion curve information in one single curve.

Therelationship between the C-e parent curve and conventional cush-
ion curves can beillustrated in the Figure 2. Each cushion curvein aset
of curvesconsistsof aset of C-epairs((C1, €1), (C2,€2), . ..), (Cyy Eg)
...(C, e). The C-epairsin one cushion, calculated through formulas
(1) and (2), appear in every one of the other cushion curves. By linking
the points in the curves with the same C-e pairs, curves Cl-el, . . .
Copt€ope are formed. These curves are called adjacent cushion curves
[11].

Of the C-e pairs, the C,-€,, is regarded as the optimal point value

C-e Parent curve Cushion curve (h = 100cm)
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Figure 2. C-e parent curve and the simplified conventional cushion curves [10].
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C-e pairs reflected in Cushion Curves

]
. T T T T T T |[—nhao
140 \ h/d = drop height/cushion thickness Hd30
@ 120 paN ——h/d=24
5 100 N D —— h/d=20
‘@ ] — \%\o A 24 _
& 80 < <$8-e8— ——hd=16
2 60 - FCppt > 20 s 16 —— Copt-eopt
g S B S - pt-eop
X —C2-e2
g % C8-e8
0 e
0 002004 0.06 0.08 0.1 0.2 0.14 0.16 0.18 0.2 0.22 0.24
Static Stress (kg/cm?)
Figure 3. Cushion curve and C-e pairs.
whenit comestimeto design thecushioning. Thepoint C,, -&,, curvein

the parent C-e curve represents a curve that links all the optimal points
(lowest point of each curve) (Figure 3). Every cushioning material with
agiven density has only one pair value, C,, and e,,.

Theoreticaly, the C,,-&,, point isthe basis of the cushion dimension.
In an actual design, asafety factor may be required in order to meet the
necessary protection level. From Figure 3, it is noted that slightly in-
creasing the material thicknessresultsin widened optimum load bearing
areasin cushion curves. If thefragility G-value and drop height fall out-
side of the optimum area of the C-e curve, changing densities or materi-
alsis necessary.

DEVELOPING CUSHION CURVESWITH C-e PAIRS

Having analyzed the rel ationship between the C-e curve and the other
curves, every cushion curve hasthesame C-epairsregardlessof theratio
of drop height/cushion thickness. To produce a set of cushion curves,
only one master cushion curveisrequired. Based on datafrom the mas-
ter cushion curve, G and ¢ valueswill be used into formulas (1) and (2)
for calculating C1 and el. Therest of cushion curves can be derived by
calculating the static stress and G-val ue according to the C1 and el val-
ues.

Tofindthepair value (C1, el) for aparticular material, start by choos-
ing adrop height and cushion thickness. Accordingto ASTM D 1596 or
ASTM D 4168, add the lightest weight to the platen and drop it on the
cushion sample. Record the deceleration level from the 1st to 5th drops
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and average the deceleration of the 2nd to 5th drops with respect to G
(1,1), the G-value at thefirst static loading of cushion curve 1. It usually
requires at least five samples to average the G(1,1) value. Next, use
G(1,1) and6(1,1) (6(1,1) = weight/bearing area) intheformulaC(1,1) =
G(1,1)*d/hande(1,1) =o(1,1)*h/d, and apair valueC(1,1), &(1,1) iscal-
culated. By adding weights to the platen, additiona static loadings
6(1,2),6(1,3), ... arederived. If aminimum of 7 static loadings arere-
quired, then in order to plot amaster cushion curve, 6 other impact tests
under 6(1,2), ...0(1,7) areto berepeated to calculate G(1,2), G(1,3), . . .
G(1,7). According to these 7 paired values, 7 C1-el pairs can be calcu-
lated from the formulas (1) and (2).

The following example shows how a simple spreadsheet from Excel
can be set up to generate the 8 cushion curves based on only one mea-
sured master cushion curve (the sample was made from Dynopor, EPS,
density 23 kg/cm?3). First, 9 static stress|oadingsin kg/cm? were chosen
and definedinthe (1) columnas0.01, 0.02, 0.03, 0.04, 0.05, 0.06, 0.07,
0.08, and 0.09 for the given h/d = 40. Then, impact testswere conducted
using acushiontester for these 9 static loadings. The 9 tested G-val ues of
160, 120, 98, 86, 83, 87, 97, 110 and 128 were measured and recorded as
the G(1) array in the spreadsheet. Based onthec(1)array and G(1)array,
C1and el valueswere computed as (4,0.4), (3,0.8), ... (3.2, 3.6). These
values are highlighted in the spreadsheet below.

Sass Snews hoy o)

Figure 4. Experimental data used to plot cushion curves.
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A set of C-e pairs has been produced that can be used to generate the
rest of the cushion curvesfor h/d = 35, 30, 26, 24, 22, 20, 18 and 16. In
the spreadsheet, ¢(2), and G(2) are the calculated results, generated
along with the C-e curves. The 6(2), 6(3), . .. 6(9), and G(2), G(3), . . .
G(9) values are not necessarily integers, because these values are cal cu-
lated from formulas 1 and 2, since the spreadsheet produces the curve,
exactly asrequired. Similarly, adding 6(2) — G(2), 6(3) - G(3), . .. 6(11)
—G(11), 11 cushion curves are generated in avery short time.

COMPARISON BETWEEN EXPERIMENTALLY DERIVED
DATA AND C-e PAIRSCALCULATED DATA

In order to verify the above method, cushion curve data from Sealed
Air was chosen to compare the experimental data and C-e pairs calcu-
lated data. The Sealed Air testing was performed as per ASTM D4168
using Shock Machine Simulation of Free Fall Drop (ASTM D5487)
with essentially 2 ms duration step velocity input pulses. The drop
heights were 127, 18”, 24” and 30” and the cushion thicknesses used
were 27, 3” and 4” [12].

The transmitted shock data that averaged drops 2-5 at 3” thickness

Table 1. Comparison between experimentally derived data and
C-e calculated data.

G-value derived from testing conducted by Sealed Air

Calculated
Avg drops G-Value using

Drop # 1 2 3 4 5 2-5 C-e pairs

Static Stress psi Thickness 2”, drop height 12”

0.4 22 26 27 28 29 28 25.5
Thickness 3”, drop height 12”

0.2 32 32 30 30 30 31 28.25

0.4 18 20 21 22 22 21 20
Thickness 3”, drop height 18”

0.4 20 24 26 30 32 28 255
Thickness 2”, drop height 24”

0.2 48 52 52 52 52 52 51
Thickness 4”, drop height 24”

0.4 20 24 28 32 34 30 255

Thickness 3”, drop height 30”
0.4 29 37 44 52 58 48 50
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and the 24” drop height was randomly selected for the master cushion
data. Thecalculated static stressesare hot necessarily the sameasthede-
sign of the experiment. The following table shows a comparison be-
tween the experimentally derived G-value and the calculated G-value
with the same static stress.

The calculated results match the experimental data well.

USING THE C-e PARENT CURVE TO DESIGN CUSHIONING

In addition to the two aforementioned limitations, a disadvantage in
designing cushion dimensions by hand with the assistance of conven-
tional cushion curvesisthat it isnot clear what the static loading should
be to keep G less than the required level. There are so many choices, in
termsof staticloading onthe cushions, atrial and error approachisoften
the last resort.

With advanced computer tools, the primary reason to simplify the C-e
curve with respect to cushion curves utilized in the ‘ 70s and ‘ 80s be-
comesunnecessary. Using asimple Excel spreadsheet, the C-ecurvecan
be expressed as a continuous function. For example, the experimental
C-ecurveplottedin Figure4 (C, evalue) can be approximated asafunc-
tion C=0.5941e>—-2.59418e+ 4.7655 (Figure5). Thecurve, C-eexperi-
ment, represented the plotted curve based on nine sets of C-e datain the
figure. CurvePoly. (C-eexperiment) istheapproximated C-ecurvefrom
the C-e experiment curve. This approximated mathematical eguation
makes computer aided cushion design viable without using aruler. And

C-e parent curve

5

‘ ‘ — C-e experiment
4 - - - - -

C = 0.5941 2 5418e T 4.7655
3 | |—cC=2.175

(6]

2 —e=24
1 | | |

| | | —Poly. (C-e
0 ] ‘ ‘ experiment)

0 1 2 24 3 4
e kg/cm?

Figure 5. C-e pairs are regressed to a C(e)continual function.
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curves of EPS and PU
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Figure 6. Curves for EPS and PU.

the most important consideration isthat any desired cushion dimension
can be derived from the calculation.

The other advantages of using C-e curves to design cushion dimen-
sionsisthat the designer is able to choose the right cushioning material
and density to meet the requirements of cushion thickness, G-value,
weight and drop height by consolidating parent C-e curves of different
materialsinto onecurveset. Consider, for example, the design of acush-
ionfor a5kg product with afragility of 80 Gs, an anticipated drop height
of 60 cm and acushion thicknessis 2 cm. Inthefirst step, the C-valueis
calculated, C = 80-2/60 = 2.67. Draw a horizontal line indicating the
C-value in Figure 6, which defines two parent C-e curves of polyure-
thane (PU) and expanded polystyrene (EPS). The most desired cushion
material will bethe material withitslowest point of the U-shaped curve.
In this example, both PU and EPS are adequate materials, withe= 0.5
and e = 2. EPS is chosen as the cushion material because less material
would be required (the larger the e, the less load bearing cushion area
needed). In addition, the relative flat EPS C-e curve gives awide range
of static stress load options for keeping the G-value less than 80 Gs.

CONCLUSION AND DISCUSSION

Although there are different ways to simplify the cushion develop-
ment process, the theoretical background is necessarily the same. Using
C-epairsisan accurate and quick way to develop curves, based on the
Excel spreadsheet data shown above.
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Starting with the master curve, all the data devel oped is subject to the
same positive and negative factorsthat affect the master curve. Inother
words, the generated curves are no better than the original master curve
and will take on the characteristics of themaster curve. Itisthereforeim-
portant to make sure that the master curve covers all aspects of the real
world design. By taking advantage of the quick method, for example, a
set of 5 master cushion curvesfor the1st, 2nd . . . and 5th drops, can pro-
vide the packaging designer with all the information to develop just the
needed cushion curves, with respect to specific applications.

A master cushion curve should consider the following factors:

a. Directional effect. Cushions differ in performance in compression
and shear orientations and in edge and corner configuration.

b. Effect of rib and base depth or placement of the rib on the inside or
outside surface. These factors will influence performance.

c. TheG-valuevariesbetween the2nd drop and 5thdrop at agiven static
stresslevel. Doesoneuse aweighted average or normal distribution?

d. Isthe G-value based on shock response spectrum or on peak accelera-
tion?

e. The variables of the static stress. Static stress can be applied in two
ways. the surface areaof thedummy weight islarger than surfacearea
of the cushion, or the surface area of the dummy weight is smaller
than the surface area of the cushion. It can be shown that cushion per-
formance will vary.

The redlities of developing protective packaging for an increasingly
global economy put a new focus on efficiency and predictability. The
balance of package volume and protective ability, combined with pack-
agecost, placesapremium on good devel opment process. Thetechnique
described inthis paper isoneway to increasethe effectiveness of the de-
velopment process.
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ABSTRACT: The purpose of this research was to determine post-har-
vest damage to rose apples due to transportation hazards and to com-
paratively evaluate the performance of the current and proposed
wholesale packaging for the fruit. The methodology comprised of
sampling and conducting damage analysis of rose apples of two vari-
eties (Thongsamsri and Toonklao) distributed using commercial
packaging to various retailers and wholesalers selected at random
around the Bangkok metropolitan areas. Three kinds of current
wholesale packaging were packed with newly harvested, dam-
age-free, and uniform sized Thongsamsri rose apples and tested us-
ing a vibration simulator. The same testing was performed for the two
types of proposed wholesale packaging. Performance of both types
of packaging was evaluated in terms of damage parameters. Results
showed that the post-harvest damage was mainly in the form of bruis-
ing and abrasion. The average fruit damage and the average damage
percentage of abrasion were higher than that of bruising at both the
wholesaler and retailer levels. The average fruit damage and the aver-
age damage percentages at the retailer were greater than that at the
wholesaler for both varieties. Majority of the damage seen in the cur-
rent packaging was a combination of bruising and abrasion. The pro-
posed packaging uses diagonally horizontal fruit orientation which
imparts a minimum bruising with negligible abrasion.

* Author to whom correspondence should be addressed.
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1.0 INTRODUCTION

HE rose apple (Eugeniajavanica Lamk) isindigenousto the East In-

diesand Malayaand is cultivated and naturalized in many parts of
India, Southeast Asia and the Pacific Islands. This exotic fruit is very
popular in Thailand. Its plantation in Thailand covers an area of 9,634
hectares, producing rose apple fruit with amarket value of 31.5 million
USDollars[1]. Rose appleisarich sourceof vitaminsand mineralswith
the most popular variety being Thongsamsri [2].

Initspost harvest journey fromfarm-to-fork, thisfruitissubjectedtoa
multitude of dynamic and static forces such as impacts, vibration and
compression which reduce its value due to damage [3, 4]. Mechanical
damage isthe major cause of post-harvest |osses[5]. Post-harvest dam-
ageof themangosteenfruitin Thailand, intermsof rough surfaceandin-
ternal defectshashbeen observed to be ashigh as40.5% and the mechani-
cal damage to sweet tamarind podsin typical retail packaging has been
observed between 33.2% and 48.4% [6].

There have been several other studiesrelated to the damage caused to
fresh produce and fruits by distribution hazard elements. Beradinelli et
al. reported that asmany as 36% of Italian pearsrisk being damaged dur-
ing transportation by trucks[7]. Singh and Marcondes have concluded
that by switching from atruck with aleaf spring suspension to that with
an air-ride suspension, vast improvement in the ride quality as well as
damage reduction can be achieved [8]. However, the smoother sus-
pension system does not totally eliminate vibration damage. A past
study recommends that proper design and use of the protective pack-
aging materialsare important factorsto reduce physical damage dur-
ing distribution [9]. Although several studieson performancetesting
and evaluation of packaging for tropical fruits like mango, papaya,
mangosteen, rambutan, and sweet tamarind have been conducted in
the past, no such study has included rose apples [10,11,12,13, and
14].

This research was targeted to:

¢ Determine the post-harvest damage to rose apples due to transporta-
tion hazards

e Comparatively evaluate the performance of the current and proposed
wholesale packaging for the fruit
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20 MATERIALSAND METHODS
2.1 Determination of Post-Harvest Damage

Post harvest damage to two varieties of rose apples, Toonklao and
Thongsamsri, was observed for transport destinations for retail and
wholesale markets. For the retail destinations, three mobile retailers
(pick-uptrucks), three open marketsand two popul ar supermarketswere
targeted. All the retailers were selected at random around the Bangkok
metropolitan area. For the wholesale sites, three fruit marketsin Bang-
kok (Tai, Mahanak and Si-moomueng) were randomly selected.

Rose apples were manually harvested, packed and transported by
trucksto all the destinations. For the retail market, rose apples are usu-
ally packed in 10-count plastic foam trays with stretch film on top and
are sold without any cushioning by simply packing them in plastic bags
for consumers. For the wholesale market, 13 kilograms of the fruit is
generally packed in adoublewalled regular slotted corrugated box mea-
suring 37 cm x 27.5 cm x 31 cm. Thefruit in the box is not individual ly
cushioned and packed in four layers with plastic bags sandwiched be-
tween the layers. 30 individual rose apples were randomly selected out
of each source, retail and wholesale, for damage analysis.

2.2 Testing of the Current Wholesale Packaging

The current wholesale packaging tested consisted of the following
(Figure 1):

¢ 10 kilogram capacity corrugated containers available in two sizes:
30.5cmx 38.5cmx 18.5 cm (corrugated box |) and 24.5cmx 43.5cm
x 26 cm (corrugated box I1)

A

Corrugated Box Plastic Basket EPS Contatner

Figure 1. Current Wholesale Packaging.
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e 15kilogram capacity frustum-like plastic basketswith 39.5 cm mouth
diameter, 29 cm base diameter and 26 cm height

 10kilogram capacity expanded polystyrene (EPS) containers measur-
ing 30.5cm x 42,5 cm x 28 cm

The Thongsamsri rose apples packed in these containers were newly
harvested, unblemished and approximately of the same size (100
gm/fruit). The procedure for packing the fruit in the current packages
was as follows:

1. Bare rose apples were packed in four layersin an orderly fashionin
the corrugated boxes with shredded paper (37 gm/layer) as cushion-
ing between thefruit layers, container bottom andinthe head space.

2. The bare fruit was placed in three layersin an orderly fashion in the
plastic basket lined with two pieces of newspaper and sixteen 15 cmx
20 cm plastic bags uniformly placed to line the container bottom as
cushion.

3. Thefruit with 3 mm thick foam net was packed in an orderly fashion
in aplastic bag lined with newspapers and shredded paper. The plas-
tic bag was then vacuumed, sealed and placed in the EPS container
that had afew holes at the bottom for drainage. | ce was put onthetop
of the vacuumed bag under the lid of the box.

Each package was selected at random to be tested using a vibration
simulator (Chaiyapong et al., 2006) at the resonance frequency of 4 Hz
for one hour according to the ASTM standard D999 method A2[11,15].
Five replications were made for each package typetested. After testing,
thefruit in each package wasleft for six hoursto let the damage become
visually apparent. The fruit was inspected for mechanical damage with
respect to the fruit section as shown in Figure 2. Section “A” corre-
spondsto the part of the fruit closest to the stem, section “B” isthemid-
dle part of the fruit and section “C” correspondsto the remainder of the
fruit. Each section is about 2.5 cm apart.

Theaverage damage per fruit (D,) and the average damage percentage
per package (D,) were calculated using the following relationships:

Average fruit damage (D, , %) =
Y[(Total damaged area of afruit section / Fruit surface area) x 100]
Total fruit in package

or
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Figure 2. Fruit Sections of Rose Apples.

Y[(Total damaged length of afruit section / Fruit height) x 100]
Total fruit in package

1
Average damage percentage (D, , %) =
Number of damaged fruit of a certain section in a package 100
Total fruit in the package
2

Fruit height was obtained using acalibrated Vernier caliper. Fruit area
was computed using theformula, wo(r, +r,)[? +(r, —r,)7¥2[16]. Where,
r,, r, aretheradius of base and top of the rose apple (mm) respectively
and histhe fruit height (mm).

2.3 Testing of Proposed Wholesale Packaging

Development of the proposed wholesale packaging for rose apples
originated from thefact that it isadamage prone fruit and adequate me-
chanical protection should be provided al around the fruit. The pro-
posed whol esal e packaging was designed to cushion the fruit with foam
netting and placing it in corrugated partitionsto avoid direct lateral con-
tact between thefruits. Thelayersof fruit were also cushioned vertically
using shredded paper (3 gmand 3 mmwide). Thetwo designsof the pro-
posed packaging in 27.5 cm x 41 cm x 37 cm corrugated boxes with 72
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Vertical Plane Fruit Orientation Diagonally Horizontal Plane
Fruit Orientation
Figure 3. The Proposed Wholesale Packaging.

Thongsamsri rose applesindividually wrapped in 3 mm foam netswere
(Figure 3):

a. The cushioned fruit vertically oriented in a 3 layer stack
b. The cushioned fruit oriented diagonally in the horizontal planeina4
layer stack.

Thefruit packaged using the proposed packaging methodsweretested
using the methodology described in section 2.2.

3.0 RESULTS AND DISCUSSION
3.1 Post-Harvest Damage

Figure 4, showsthe rose appl e post-harvest damage categories, six of
which are clearly quantifiable. These are bruising, abrasion, internal
crack (crack appearing in bruise), cut, abrasion-internal crack (abrasion
with tissue inside the fruit clearly separating), and crack. Land crack is
surface break with bruise. Internal crack (insideflesh cracks but epider-
mis does not) and cut-internal crack (cut iswith bruise and tissue sepa-
rates) were the most difficult to identify.

Analysis of variance indicated that the distribution destination and
fruit section significantly affected theaveragefruit damage, D,, of bruis-
ing, abrasionandinternal crack at thesignificancelevel of 5% (Tablel).

Thetotal damage of every section of the packaged Thongsamsti fruit
at thewholesaler waslessthan that at theretailer for bruising (0.64% vs.
1.20%) and abrasion (0.74% vs. 1.30%). Thismight be becausetherose



33

Development of Wholesale Packaging

Yopua) (- (i)

yov42 (p)

's9|ddy asoy Jo} sauobale) abeweq 1sanrey-1sod ‘7 ainbi4

m: (&) yovay pmaaguy (f)

YO [PULIUL-UOISDAGY (D) uOISPIGY ()

yovaD purry (2)

Suisinag (v)




B. JARIMOPAS, et al.

34

‘045G JO [9A8] 8oURDIUBIS BY) 18 8ouBIBKIP JURDLIUBISUl Jo aBewep 1Ny ay) saidwi adAl abewep awes sy Jo JaN8| swes ay) Aq pamo|jo) abewep 1nlj Jo anfeA ayly

9¢60°0¥99T'0 QgeTc0'0+¥c0'0 d.T0°0F9S0'0 9960°0F¢TCc’'0  ®¥CSO'0+LS0°0 Ov.2'0FELY'0 0eCST'O0+EBT'0 QBC90'0F8ET'0 dcCST'0FECE'0  J9[esS3joym

qyz0'0F.70°0 ©2200°0FEL00°0 0BZZO0FZE0'0 OZTE0FPYY'0 geyyT0FSOT'0 P8ZY0F.89'0 QeS0T'0F9ZT'0 B9IZO'0FEE0'0 9625 0FEVO'T JETNISEN
o) g v o) g v o} g v uoneunsag
uonnqiisia

uonoas N4 uonoses 1N uonoes 1N

(%) >orID reusaiul (%) uoiselqy (%) Buisinug

‘UoN28S 1INI4 pue uoneunsag uonnglisig Aq
paloaye se o|ddy asoy liswesbuoyl pabexoed 1o} xabeweq 1ni4 abelany ‘T a|qel



Development of Wholesale Packaging 35

Table 2. Effect of Fruit Section on Average Fruit Damage*
of Abrasion and Internal Crack and Crack
of Packaged Thongsamsri Rose Apples.

Abrasion and

Fruit Section Internal Crack (%) Crack (%)

A 0.022+0.020a 0.545+0.498b
B 0.0088+0.0086a 0.158+0.095a
C 0.044+0.034b 0.025+0.021a

*The value of fruit damage followed by the same letter of the same damage type implies the fruit dam-
age of insignificant difference at the significance level of 5%.

appl e experienced more handling when shipped to the retailer than that
to the wholesaler. Bruising and abrasion together contributed towards
the most amount of damage in the packaged rose apples. For bruising or
abrasion for the same distribution destination, the largest, the medium
and the smallest amount of damage appeared at thefruit section A, Cand
B respectively. Thiswassimilar to crack damagethat was greatest at sec-
tion A and the smallest at section C (Table 2).

Fruit section significantly affected abrasion and internal crack, and
crack, while the significant influence of distribution destination, was
upon the cut and internal crack (Table 3).

Based on the size of bruising and abrasion, crack also contributed a
significantly largeamount of damagewhiletheamount of internal crack,
abrasion and internal crack, and cut and internal crack was too small to
be of concern. For the packaged Toonklao, distribution destination and
fruit section significantly affected bruising and abrasion at the signifi-
cance level of 5% (Table 4).

Similarly for Thongsamsri, for either bruising or abrasion, the sum of
the average fruit damage at every section in arose apple at the retailer
was greater than that at the wholesaler. Handling effect on the growth of
bruising and abrasi on between the retail er and the whol esal er wasfound
tobe1.87 and 1.76 for Thongsamsri, and 3.18 and 2.15 for Toonklao re-

Table 3. Effect of Distribution Destination on Average Fruit Damage*
of Cut and Internal Crack of Packaged Thongsamsri Rose Apples.

Distribution Destination Cut and Internal Crack (%)
Retailer 0.0012+0.0011a
Wholesaler 0.0061+0.0059b

*The value of fruit damage followed by the same letter of the same damage type implies the fruit dam-
age of insignificant difference at the significance level of 5%.
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Table 6. Effect of Fruit Section on Average Damage Percentage*
of Abrasion and Internal Crack and Crack
of Packaged Thongsamsri Rose Apples.

Abrasion and

Fruit Section Internal Crack (%) Crack (%)

A 4.614+2.317a 4.44443.195b
B 2.862+2.564a 0.833+0.714a
C 13.533+9.785b 0.417+0.346a

*The value of average damage percentage followed by the same letter of the same damage type im-
plies the damage percentage of insignificant difference at the significance level of 5%.

spectively. Apart from variation of orchard and transport, the mechani-
cal propertiesof the different varieties of rose appleswould also cause a
greater growth of bruising and abrasion in Thongsamsri. A past study
has found that the mature rose apple of Thongsamsri exhibits greater
firmness than the Toonklao variety [17]. This means that the
Thongsamsri variety should haveahigher resistanceto mechanical dam-
agethan Toonklao. Thedistribution destination and fruit section signifi-
cantly influence the average damage percentage, D, of bruising, abra-
sion and internal crack at the significance level of 5% (Table 5).

For either bruising or abrasion, the sum of the average damage per-
centagefor every section of the packaged Thongsamsri variety at there-
tailer wasgreater than that at thewholesaler. Besides, thelargest, theme-
dium and the smallest D, were at the fruit section A, C and B
respectively. In contrast, the largest, the medium and the smallest D, of
theinternal crack were at thefruit section C, A and B respectively. Fruit
section significantly affected D, of abrasion and internal crack, and
crack (Table 6).

Thegreatest and thesmallest D, occurred at sectionsA and Cfor crack
and sections C and A for abrasion and the internal crack. Distribution
destination significantly affected D, of the cut and internal crack (Table
7.

D, at theretailer was observed to be lesser than that at the wholesaler.
This might be due to additional handling operations in the distribution
channels for the wholesaler. D, of bruising, abrasion and crack of the
packaged Toonklao was significantly affected by distribution destina-
tion and fruit section at the significantly level of 5% (Table 8).

Thesum of D, for thewholefruit for either bruising or abrasion at the
retailer was greater than that at the wholesaler, except crack for which
the D, at the wholesaler was greater than that at the retailer. Wholesaler
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Table 7. Effect of Distribution Destination on Average
Damage Percentage* of Cut and Internal Crack
of Packaged Thongsamsri Rose Apples.

Distribution Destination Cut and Internal Crack (%)
Retailer 0.370+0.247a
Wholesaler 2.593+1.925b

*The value of average damage percentage followed by the same letter of the same damage type im-
plies the damage percentage of insignificant difference at the significance level of 5%.

damage (D) of bruising and abrasion for the packaged Thongsamsri and
Toonklao rose apples increased by 1.98 and 1.13, and 2.73 and 1.54
times respectively for the retailer damage. Abrasion and bruising were
first and the second in terms of the severity of the damage for the pack-
aged rose apples. Referring to the previous transport packaging testing
studies for apples and tangerines, bruising was the dominant type of
damagewithignorableabrasion [18, 19 and 20]. For rose applesthesig-
nificant mechanical damageincluded abrasion and bruising. The occur-
rence of abrasion might be dueto thefact that the mechanical strength of
the skin of aroseapplefruitislessthan that of an applefruit. A mechani-
cal strength test was performed for the skin of the Thongsamsri rose ap-
ple and Chinese Fuji apple for comparison. Thirty replications of each
variety of 15 mm x 35 mm sampl e size were mounted to the grips of the
universal testing machine (INSTRON 5569, USA) for tensile testing.
The mechanical strength expressed at the force needed to rupture the
skin of the Thongsamsri rose appl es and the Chinese Fuji applewas 3.81
and 5.99 N respectively. Thesumof D, for thewholefruit sometime ex-
ceeded 100% because one rose apple could have the same damage at
more than one section of the fruit.

3.2 Performance of the Current and the
Developed Wholesale Packaging

Packaging and fruit section significantly influenced the average fruit
damage (D, ) of bruising, abrasion, crack andinternal crack at thesignifi-
cance level of 5% (Table 9).

The corrugated boxes | and |1, and the plastic basket mainly created
bruising and abrasion and very small abrasion and internal crack (0.01%
or less) (Table 10).

In particular, corrugated box | generated both internal cracksand very
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Table 10. Effect of Packaging on Average Fruit Damage* of Abrasion
and Internal Crack of Packaged Thongsamsri Rose Apples.

Packaging Abrasion and Internal Crack (%)
EPS container Oa

Diagonal Oa

Vertical Oa

Corrugated box Il 0.0099+0.0045b

Plastic basket 0.0099+0.0043b
Corrugated box | 0.0109+0.0047b

*The value of fruit damage followed by the same letter of the same damage type implies the fruit dam-
age of insignificant difference at the significance level of 5%.

small cracks(z= 0.05%). Theplastic basket wasthe contai ner of thegreat-
est bruising (D, = 5.40%), while the corrugated boxes | and |1 were the
containersthat exhibited the greatest abrasion (D, = 1.98%). Theplastic
basket was also the container with the highest damage type of bruising
and abrasion (D, = 7.34%). The high amount of the combined damage
might be because the packaged rose apples were wrapped without any
cushioning. Bare fruit, in direct contact with each other, received these
types of damages whenever subjected to vibration [21, 22]. With the
EPS container, abrasionwasvery small (D, = 0.01%) whilebruisingwas
high (D, = 3.24%). This might be because the rose apples were cush-
ioned with foam net. The foam net protected the fruit skin from directly
contacting adjacent fruit. Nevertheless, due to either improper vacuum
or an ill-fitting plastic bag inside the EPS container, the packaged rose
appleswereableto shift. When exposed to vibration, each fruit or theen-
tire bag of fruits displaced and impacted the inside surface of the con-
tainer, giving riseto bruising. However, the EPS container did not create
cracks, internal cracks and abrasion or internal crack damage. The cur-
rent wholesale packaging with the lowest damage was the corrugated
box | with atotal D, of 2.43%.

For the devel oped wholesal e packaging, abrasion for both the diago-
nal and the vertical orientations of the fruit was very low (D, =
0.02-0.03%) dueto foam net cushioning around each fruit. Bruising for
the vertical orientation (= 1.69%) was about 5 times greater than that of
the diagonal (= 0.36%). Jarimopas et al. reported that the power spec-
trum density (PSD) of the tangerine fruit in wholesal e packaging in the
vertical direction was greater than that in the horizontal direction [20].
Therefore, thevertical PSD probably caused more bruising than the hor-
izontal PSD did.
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Packaging and fruit section significantly affected the average damage
percentage D, of bruising, abrasion, cracks and internal cracks (Table
11).

The average damage percentage for every package of Thongsamsri
rose apples mainly generated bruising and abrasion; especially the cor-
rugated box |, which aso produced internal cracks (39.6%) and very
small crack. Each current package type exhibited a high value of the
combined bruising and abrasion (more than 100%). The plastic basket
wasthe container with the greatest bruising (D, = 223.0%), while corru-
gated box | was the container with the greatest abrasion (D, = 173.4%).
The plastic basket was al so the container with the highest damage dueto
bruising and abrasion (D, = 373.2%). The EPS container wasthe current
package type with the lowest D,, featuring very small abrasion (D, =
1.0%), high bruising (D, = 122%) and was free from crack and internal
crack.

For thewhol esal e packaging devel oped, abrasionin both the diago-
nal and the vertical orientations was very low (D, = 2-3%) owing to
foam net wrapping around individual rose apples. Bruising for the
vertical orientation (D, = 78.6%) was about 2 times greater than that
of the diagonal (D, = 38.9%). The influence of PSD on D, was more
severe than that on D,. In every package of the Thongsamsri variety,
the bruising of the fruit section A was greater than that of the section
C. Thisoccurrence was further explored by conducting compression
tests using a4 mm plunger contact loading on Thongsamsri rose ap-
ples with the Universal Testing Machine (INSTRON 5569, USA).
Theruptureforce of thefruit at thefruit section A and C wasfound to
be 5.50 and 8.89 N respectively. This suggests that the fruit section
withthesmaller ruptureforcewould probably get bruised moreeasily
than that with the larger force. The post-harvest damage of rose ap-
plesin the predetermined packaging subjected to simulated vibration
test was markedly characterized by bruising and abrasion type of
damage. This result complied with the damage types found in the
present practice of handling and transportation of rose apple packag-
ing.

For thediagonal oriented packaging, based on D, and D, wasnot only
free from crack and internal crack but also generated about 1/3 of the
bruising and abrasion as compared to the EPS container. Therefore, the
diagonal orientation was considered to be the rose apple packaging that
caused the minimum damage.
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4.0 CONCLUSIONS

1.

The post-harvest damage of packaged rose apples mainly consisted
of abrasion and bruising with abrasion greater than bruising. The
combined damage of bruising and abrasion at theretailer was greater
than that of wholesaler.

. The current wholesale packaging with the greatest damage was the

plastic basket while that with the lowest damage was the EPS con-
tainer.

. Of all the packagetypestested, thewholesal e packaging featuring di-

agonal and horizontal rose apple packaging exhibited the minimum
damage with negligible abrasion.

. Simulated vibration testing reflected a true picture of post-harvest

damage of abrasion and bruising in the packaged rose apples as com-
pared to the present practice of handling and transportation of the
produce packaging.

. The damage parameters used, i.e. average fruit damage and average

damage percentage, sufficiently expressed the extent of damageto a
fruit and the distribution of damage in the packages respectively.
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ABSTRACT: In their journey from the laying cage to shipments out of
an egg production operation, table eggs encounter multiple shock
events. While all agricultural commodities run the possibility of dam-
age during the course of production, shell eggs are particularly sus-
ceptible to being cracked or broken during the production operation.
A typical egg production facility experiences 2% to 7% checks (a par-
tial mechanical failure to the egg shell) during handling, packaging
and transportation of shell eggs. It has been estimated that the total
losses to the U.S. egg industry due to checks and breakage of eggs
during production amounts to over $247 million per year. Research
was conducted using a data recorder at Cal Poly Eggs (San Luis
Obispo, California) to evaluate shocks sustained by the eggs going
through the production operation. The production line for this opera-
tion resembles a typical commercial egg production facility. This
study evaluated shock levels sustained by the eggs going through a
typical production operation. The results and recommendations to
help decrease damage due to shocks are presented in this paper. This
data can be used to improve production lines at any egg production
facility to decrease the amount of checks or breakage and to increase
the profits.

1.0 INTRODUCTION

CCORDING tothe USDA, theU.S. egg production during June 2006

was 6.56 billion table eggsand thetotal U.S. egg production during
2005was 76.98 hillion tableeggs[1]. In 2005, of the213.9 million cases
of shell eggs produced in the U.S., 68.2 million cases were further pro-
cessed, 125.5 million cases went to retail, 18.2 million cases went to-
ward food service use and 2 million cases were exported [1].

* Author to whom correspondence should be addressed. Email: jasingh@cal poly.edu
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CdliforniaPolytechnic State University’ s (San Luis Obispo, CA) egg
production program currently has 14,000 chickens and produces more
than 3.3 million eggs ayear [2]. Cal Poly Eggs is an enterprise project
and its sales have enabled the College of Agriculture’ s poultry program
to be largely a self-funded. Profits from egg sales support supplies,
equipment and students who gain work experience in the commercial
egg industry. Cal Poly eggsare currently sold to restaurants and grocery
storesfrom San Simeon in northern San L uis Obispo County to Orcuttin
northern Santa Barbara County [3].

At the time of this study (April 2006), Cal Poly Eggs’, laying opera-
tion was producing approximately 1.2 million eggs per year or 100,000
dozen eggs[4]. The operation was averaging 50 to 70 dozen checks (a
“check” refersto apartial mechanical failureto the egg shell, whichisa
precursor to a complete breakage of the shell) per week at aloss of ap-
proximately $4,200 annually [4]. Thisrateyields 2.6% to 3.64% checks
annually. A magjority of damagewasduetoimproper production line set-
tings and operator errors.

While the figures for Cal Poly Eggs are modest compared to large
commercial producers, the operations are similar. The same test meth-
ods employed using the datarecorder to map the degree of shocksin the
production environment could be applied to larger facilities. Following
isan overview of Cal Poly Eggs at the time of this study [4]:

Flock age: 60 weeks

Flock Srain: Hy Line W-36

Flock Breed: White Leghorn

Feed: Standard Layer Mash

Packaging: Molded wood pulp flats stacked 5 high in B-Flute RSC
cases

Holding Temperature: 44.8°F (7.1°C)

Holding Humidity: 99% Relative Humidity

Holding time: 1 to 2 weeks

Production Volume: 1.2 million eggs per year

Sales breakdown: Currently 98% of eggs are sold in molded paper
flats to restaurants

1.1 Production Flow at Cal Poly Eggs

A RFID (Radio Frequency Identification) enabled instrumented egg
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Egg laying cage |——>| Gathering belt |-—->| Escalator
Farm packer |<—| Rod conveyor
Packed in plastic trays |—>| Pallet loads transferred to cooler
Candling |<—{ Cleaning |<—{ Unloading
Packed in paper trays/shippers l——>| Pallet loads transferred to cooler }—‘

l

| Shipping to customers [<

Figure 1. Flow Chart of Cal Poly Eggs Operation.

(Section 1.2) was used to monitor the production components at Cal
Poly Eggswith aminimum of ten repetitions at each station. Theresults
aredescribed in section 3. The production flow at Cal Poly Eggsisasde-
scribed in Figure 1. It is expanded upon in Section 2.0 of this paper.

1.2 Instrumentation

A variety of datarecorders exist today with measurement capabilities
such as temperature, pressure, relative humidity, light, speed, pressure,
impacts and vibration. Depending on their capabilities these devices
commonly involve such applications as field studies, transportation
monitoring, troubleshooting, quality studies and general research. Re-
cent advances and an increasing use of RFID technology in the past de-
cade have enhanced the capabilities of datarecordersby providing apor-
table and wireless means of capturing and transferring data. A data
recorder with RFID featuresistypically designed for applicationswhere
portability and wireless data transfer is required. The communicating
reader/writers can be mounted in afixed location such asaportal or can
be portable aswell. One such device was obtained for aquality control
application in the shell-egg industry.

Whileall agricultural commoditiesrun the possibility of damage dur-
ing the course of production, shell eggs are particularly susceptible to
being cracked or broken during the production operation. In an effort to
save agreater number of eggsand substantially increasethe profitability
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of egg operations at Cal Poly Eggs, Sensor WirelessInc.’s “ CrackLess
Egg®” (Sensor Wireless; P.E., Ontario, Canada) data recorder was
adapted for thisstudy. Theinstrumented egg used was abattery powered
replicaof aLarge Grade“ A” egg which was equipped with atri-axial ac-
celerometer that measured shocksin G's (sample rate of 10 kHz), and
transmitted the measurements via radio frequency (DC to 5kHz) to a
handheld device (Palm® handheld computer) [5]. Once events were re-
corded, the handheld could be hooked up to the serial port of acomputer
and the files could be imported to the Agent QC® software that was in-
cluded with the kit. A customizable chart was made available for each
fileaswell asthe raw and combined event data. The storage capacity of
the handheld device was 36 MB or up to 100 files, depending on size,
and a storage rate of ten samples for each channel per second [5].

Theinstrumented egg was designed to be placed anywherein the egg
gathering, conveying, or packaging systems so that it traveled amongst
the real eggs through the production process, identifying abuse points
and reporting location and magnitude of abuse instantly to the user in
real time. If thedatarecorder dropped, rolled, or cameinto contact witha
solid object, it sent areading to ahand-held computer; theegg also trans-
mitted atemperature reading and flagged high-pressure areas.

A study was conducted by the manufacturer of the instrumented egg
for the Prince Edward Island Egg Commodity Marketing Board in 2002
[6]. This study was part of a bench marking for Large Grade “A” eggs
most commonly available in consumer markets. The eggsin this study
wererolled and dropped onto plastic, metal and padded surfacesfrom a
height respective of thetarget threshold (45 G’ sand 85 G’ s) and visually
inspected for shell damage (Figure 2).

Results of this study found that at an impact magnitude of 45 G's,
Large Grade “A” eggs did not fail. However, when the same egg was
subjected to morethan threeimpactsat alevel of 45 G’s, it failed consis-

Height adjusted to
enact impacts of
45G’sand 85 G’s

Impact Surface

Figure 2. Experimental Setup for Benchmarking Study.
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tently [6]. The same grade eggs when subjected to an impact magnitude
of 85 G'salso failed consistently by exhibiting visible cracks or damage
onthe egg shell [6]. Thisbench mark was re-established through testing
at Cal Poly Eggs.

A study conducted at University of California, Davis estimated the
economic lossdueto checksand complete breakage[7]. Thisstudy esti-
mated that unblemished eggs valued at $0.55/dozen could revert to
$0.20/dozen due to checks and were usually processed for applications
other than tableeggs. Thistypically resultsin alossof 0.3 cents/dozen of
$0.08/hen/year for each 1% of egg breakage [7]. For eggs completely
damaged during production (no income), 1% is equivalent to 0.5
cents/dozen or $.11/hen/year [7]. The same study, using 1998 produc-
tion numbers, reported total lossesto the U.S. eggindustry dueto checks
and breakage of eggs during production amounted to $247.5 million per
year. In addition, there were other associated costs such as candling and
the purchase of equipment to detect breakage, labor and packaging
costs, costsfor rehandling rejected eggs, clean-up and customer dissatis-
faction and human health risks associated with consuming mishandled
checked eggs.

20 METHODOLOGY

Thetest protocol used for thisstudy evaluated the shock levelsat each
section of the production operation with a minimum of ten repetitions.
The position and orientation of the instrumented egg was also varied to
estimate as many conditions as possible. Following thetesting, datawas
analyzed and suggestions developed to decrease checks. Data was col-
lected in terms of average shock count, and minimum and maximum
shocksfor all components of the production operation. Explanation for
testing conducted at various sections on the production lineis provided
below.

2.1 Test Protocolsfor the Production Line

Egg Laying
Egg laying was analyzed using three practical scenarios.

a. Cageto Empty Gathering Belt: theinstrumented egg was placed onto
thecagefloor and allowed to roll down onto theempty gathering belt.
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Metal Sapport Bar
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Figure 3. CagetolLoaded GatheringBelt. ~ Figure 4. Cage to Metal Support on Gath-
ering Belt.

b. Cage to Loaded Gathering Belt: the instrumented egg was placed
onto the cage floor and allowed to roll down onto the gathering belt
loaded with eggs (Figure 3).

c. Cageto Metal Support on Gathering Belt: the instrumented egg was
deliberately allowed to roll into the metal support (Figure 4).

Gathering Belt to Elevator to Rod Conveyor

Theinstrumented egg was placed on the gathering belt just upstream
from the transition to the elevator. The eggs moved from the gathering
belt onto the elevator (Figure 5) and down onto therod conveyor (Figure
6).

Farm Packer

The instrumented egg was placed onto the rod conveyor upstream
fromthefarm packer and thedatawas gathered until thetest egg dropped
into athirty count plastic farm packer tray. Critical events to be moni-

Figure 5. Gathering Belt to Elevator. Figure 6. Elevator to Rod Conveyor.
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LT

— =

Figure 7. Orienter at Farm Packer. Figure 8. Eggs Picked Up and Dropped
into Trays.

tored included the transition from rod conveyor to the farm packer, the
transition to the orienter (Figure 7), pickup, and drop (Figure 8).

Palletizing from Farm Packer

The instrumented egg measured the forces produced along the con-
veyor belt before being stacked six trays high and finally being loaded
onto a pallet.

Pallet Moving
Theshocksexperienced by eggson apallet asitistransferred fromthe
farm packer to the holding cooler were monitored.

Loader

Theinstrumented egg was substituted for areal egg on atray staged on
the timing conveyor before the loader. This test focused on the forces
created by the loader (Figure 9). Theloader essentially unloadsthe eggs

Figure 9. Loader Operation.
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Figure 10. Transition between Washer and Candling Area.

from the farm packer plastic trays and loads them on the washer
conveyor.

Washer Transition

Focusing on the transition from the washer to the candler, this part of
the study spanned the distance past theloader. Trialswere donefor each
of six lanes by substituting the instrumented egg for areal one. Thefar-
thest lane pictured in Figure 10 was referred to as “Lane 1,” or “Far
Lane”, and the nearest lane as“Lane 6,” or “Near Lane.”

Candler

Shocksinduced by transitioning into the candling areawere recorded
for eachindividual lane. Candlers(Figure 11) aretypically used to check
egg quality and progression of embryos.

Sorter
The sorter picks up the washed eggs and grades them based on the
measured weight. The eggs are then dropped into molded pulp trays.

Figure 11. Candling Area.
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e

Figure 12. Eggs Transferred to Sorter. Figure 13. Eggs Moved and Sorted.

Two major events, the pickup and the drop were monitored. Figures 12
and 13 show the sorter operation.

Case Loading by Hand

The molded paper trays |oaded with sorted eggs are then visually in-
spected and loaded into B-flute RSC shippers by operators (Figures 14
and 15).

Palletizing

The instrumented egg was incorporated into afull case of eggs and
then moved from the packing platform to the pallet. Thelocation of the
test egg within the case was varied and the shock levels were moni-
tored.

Transportation
Sincethepalletized cases of eggsare shipped within short distancesto
the customersand past studies have reveal ed absolutely noimpact levels

Figure 15. Visual Inspection and Case
Packing. Packing.
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of concern [10], measurements of this segment of the distribution were
not conducted.

2.2 The Effect of Drop Orientation

The complex structure of an egg which provides everything needed
for the devel oping embryo is probably the best package provided by na-
ture. An egg which can normally withstand extreme pressure due to its
shapeisalso very susceptible to impacts. In addition to monitoring the
various elementsof the production lineat Cal Poly Eggs, supplementary
testswere al so conducted to study the effect of orientation of theeggson
recorded shocks. Ten drops were conducted for each orientation drop,
large end, narrow end and side, from three inches onto the rod conveyor
(Figure 6). Thislocation was selected due to the highest average shock
count exhibited (Table 1). The drops were conducted on the large end,
the narrow end and the side of the instrumented egg.

3.0 RESULTS

Asidentified in Table 1 and Figure 16, a highest level shock of 120
G’ swas observed for the production line event 4 between the gathering
belt and the rod conveyor. Also of the fourteen operations mapped,
seven displayed highest shock levels at or above the threshold value of

120

Bheck (s}
"

T asn
" 3

B Highes! Shock B AW Shock Gounl 8 Ao Shock

Figure 16. Graphic Presentation of Results from all Production Operations.
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45 G’s and four events above the critical value of 85 G's. Thisshowsa
need for considerable improvement at the production setup at Cal Poly

Eggs.

3.1 Production Lines

For the egg laying and collection segment (events 1-3), all three
scenarios tested produced shock levels beyond threshold value of 45
G's. The average shock of 49.9, observed during event 1, was the
highest of the three. The eggs that impact the support rod while roll-
ing down to the gathering belt have apossibility of cracking instantly
or alater event. During event 4 (gathering belt to elevator to rod con-
veyor), a highest shock during any operation of 120 G’s was ob-
served. Also the average maximum shock noted for thisevent of 53.9
G’'swasthe third highest noted for all events. Most of the high level
shocksfor thisevent were observed at the transition between the ver-
tical elevator and the rod conveyor, specifically at the point of drop
on to the rod conveyor.

Event 5 (farm packer), delivered an average of 39 shocks per test, the
highest for any event. Thiswas dueto the reliance on the back pressure
of other eggsto advancethe eggsacrossthetransitions. With an average
maximum shock of 49.7 G’ sthefarm packer on averagedeliversaweak-
ening blow to the egg shell, which may cause it to fail instantly or at a
later event. At theloader (event 8), approximately 60% of the shocks ob-
served were no greater than 3 G’s. The highest shock of 40 G’ scould be
an anomaly since the next highest shocks observed were considerably
lower. Most of the shockswere observed asthe eggswererel eased from
the loader to the conveyor system.

For events 9 and 10 (washer transition), shocks were separately ob-
served for lanes 1-5 and lane 6 after apreliminary observation of greater
shocksin lane 6. The maximum shock of 48 G’ sobserved for lane 6 was
considerably higher than that for lanes 1-5 (29 G’s). During the transi-
tion to the candler (event 11), amaximum shock of near threshold level
of 45 G’'s was observed. This shock was observed in the farthest lane.
Overall the shocks were not considered severefor thisevent. During its
transition through the sorter (event 12), on average each egg received
three shocksin the 20-30 G’ srange. The shockstended to occur during
pick up, drop and tray advance. A high of 61 G's was observed at this
part of the production operation.
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Figure 17. Graphical Representation of Drop Orientation Test Results.

3.2 Drop Orientation

As mentioned earlier, supplementary tests were conducted to study
the effect of orientation of the eggs on recorded shocks. Ten dropswere
conducted for each orientation drop on the large end, narrow end and
side, from threeinches onto therod conveyor. Thislocation was sel ected
due to the highest average shock count exhibited (Table 1). Table 2 and
Figure 17 display theresults of thissupplementary test. A maximum av-
erage shock of 121 G’'swas observed when the egg was dropped on its
narrow end and the least value of 97 G’s was observed for egg dropped
onitsside.

4.0 CONCLUSIONS
A datarecorder such asthe one used in thisstudy isavaluabletool for

the egg production operations. Based on the observed shock levels at
various components of the production lineat Cal Poly Eggs, thefollow-

Table 2. Summary of Results for Drop Orientation Testing.

Egg Orientation

Data Summary Large End Narrow End Side
Highest Shock 159 168 170
Avg. Maximum Shock 102 121 97
Avg. Shock 46 51 42

Avg. Standard Deviation 44 51 44
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ing suggestionswere produced to decrease the damage levelsand hence
increase the profits:

* Retrofit themetal support rodsat the egg gathering belt area: A solu-
tion to avoid high shock levels observed during events 1 (cage into
metal support) and 3 (cageto empty belt) could beto route the support
rod outside of the present location or to pad them.

* Increase the egg gathering frequency: For event 2 (cage to loaded
belt), the frequency of egg gathering could be increased from once to
twiceper day. Thiscould possibly decreasethe egg on eggimpacts.

* Retrofitthelanding areaat therod conveyor: A solution to reducethe
high level sof shocksobserved whentheeggsaretransitioned fromthe
vertical escalator to the rod conveyor could be to introduce a cush-
ioned landing pad for the transition to the rod conveyor.

* Evaluatethefarmpacker: The construction and mechanism of therod
conveyor and the orienter material could be evaluated to decrease the
high number of impacts. Also proper synchronization of the dropping
of eggsinto the farm packer tray should be looked at.

 Evaluate thelanesfor washer and candler transitions: The construc-
tion and mechanism of the conveyor systemfor al lanes should bein-
dividually evaluated.

e Evaluate the sorter speeds: An estimated twenty to fifty dozen eggs
arelost due to mishandling by the sorting equipment. The speed of al
the operations occurring during this event need to be evaluated.

 Egg Orientation: Although, due to the nature of the moving mecha
nism in the production operations at Cal Poly Eggs, a mgjority of the
eggsadvanceontheir sides, somemeasurescould betakento ascertain
that this occurs throughout the operation.

» Feed management: With damage levels reaching a predetermined
point, it may be economic to switch to afeed with more calcium
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