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INTRODUCTION

GLASS is one of the oldest and most widely used packaging materi-
als. It has been produced since 7000 B.C. and currently accounts for

a $20 billion a year industry in the USA alone. Glass has been limited in
its applications by its tendency to brittle fracture although it has a re-
markable history of meeting a range of consumer needs [1]. Glass con-
tainers are utilized to package and store a wide variety of foods, bever-
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ABSTRACT: Breakage, mostly due to impact, is the most serious dis-
advantage of glass containers used for foods. Drop tests were used to
determine the effects of a corrugated cushion, headspace, and prod-
uct viscosity on the susceptibility to impact breakage of glass contain-
ers filled with simulated foods as purposes of this study. Containers
were abraded prior to filling and testing to diminish the effect of glass
container strength variability. There was a significant decrease in
breakage using a single piece of corrugated paperboard under the
jars (p < 0.01). Mean breakage drop height increased from 23.06 to
33.43 cm with a cushion. Breakage increased significantly (p < 0.1) as
headspace was increased from 0% to 5% or 10%. Jars with high vis-
cosity contents (500 poise) had lower breakage than low (0.009 poise)
or medium (4 poise) viscosity content jars (p < 0.01). No significant
breakage difference was observed between low and medium viscos-
ity content jars. An unusual breakage pattern, interpreted as a combi-
nation of point source and hydrodynamic breakage, was observed.
The weakening effects of additional headspace and lower viscosity
may be related to their contributing to cavitation forces produced
upon impact.
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ages, chemicals, pharmaceuticals, and cosmetics [2]. Soda-lime-silica
glass is used almost exclusively for food containers where exceptional
chemical durability and heat resistance are not required [3]. Composi-
tions of soda lime glass for containers are SiO2 70–74%; Na2O-K2O
13–16%; CaO–MgO 10–13%; BaO 0–7.5%; Al2O 1.5–2.5% [4]. Due to
its amorphous structure, glass is brittle, and glass breaks due to an ap-
plied tensile stress [5]. A smooth surface on a bottle will withstand
stresses of 100,000 psi or more. When the surface becomes scratched or
bruised even in the slightest amount, more than half its strength is lost
[6]. Fracture of glass originates at small imperfections or flaws, the large
majority of which are found at the surface [5]. A bruise or contact with
any hard body will produce on the surface of glass very small cracks or
checks that may be invisible to the naked eye. Nonetheless, due to their
extreme narrowness, they lead to a concentration of stress that may be
many times greater than the nominal stress at the section containing
them. The applied stress, when it is high enough, causes these flaws to
propagate since glass cannot yield [5].

The principal causes of glass container breakage defined by Moody
[7] are internal pressure, vertical load, and impact. Impact occurs when a
bottle is dropped or bottles impact each other on filling lines. There are
many ways of testing glass container secondary packages for adequate
protection during normal rail and /or truck shipping and handling condi-
tions. There is not much information available, however, about specific
handling and environmental conditions for the secondary packages [8].
Some ways of testing container packages are the Conbur impact test, the
bottom drop, and the hydrodynamic drop test. The drop test is used to
evaluate the protection available to the bottom of the bottles from the
surrounding packaging material [8].

The equipment consists of a drop mechanism, a vertical support that
permits changes in dropping height, and a steel plate. The shipping con-
tainer is placed on the table and the drop leaves are released, permitting
the shipping container to fall on to the drop surface.

In this study, the objectives were threefold. The first was to determine
the effect of an additional piece of corrugated board below the container
as protection against impact by dropping. The second was to determine
the effect of viscosity of the contents on the susceptibility to breaking by
impact dropping. The last was to determine if the headspace of the con-
tents in containers affects breakage by impact. Also, this work was a
demonstration of the use of abraded glass jars to narrow the range of
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strength values. By narrowing the range of strength values, more subtle
effects on impact breakage can be examined.

EXPERIMENTAL PROCEDURE

Glass Containers

Two designs of soda lime-silicate glass containers were used for this
research. One of them was a twenty-eight ounce (800 g) capacity spa-
ghetti sauce jar mold #2803 standard round wide mouth jar with a high
shoulder and a 63/203 mm finish packed one dozen per carton
(Owens-Illinois, Toledo, Ohio). The second was the quart mayonnaise
jar mold #23337/8971037 thirty-two ounce (0.946 l) standard round
wide mouth jar with straight sloped shoulders and a 70/470/405 mm fin-
ish packed one dozen per carton (Smith Container, Atlanta, Georgia).
The caps used for the spaghetti sauce jars were #14922 63/400 mm steel
lug cap with safety button closures (Owens-Illinois, Toledo, Ohio). For
the mayonnaise jars, #5394 70/400mm steel CT closures were used
(Smith Container, Atlanta, Georgia). The spaghetti sauce jars were used
in the trials determining the effect of a bottom cushion. The mayonnaise
jars were used in the trials determining the effects of viscosity and
headspace.

Viscosity Control Solutions

Rhône-Poulenc food ingredient 4500 F® guar gum, a product of India,
was used for preparing viscous solutions (Rhône-Poulenc, Cranbury,
New Jersey). Two guar gum solutions were prepared to allow a range of
viscosity values from water (8.904 × 10−3 poise at 25°C) [9] to honey
(420 poise at 25°C) [10]. Honey was chosen as one of the most viscous
foods. Three types of solutions were prepared. For the first, plain tap wa-
ter was put in each jar. For the second, 4 g guar gum + 925 ml hot (esti-
mated between 65 and 82°C) tap water was used and finally, 12 g guar
gum + 925 ml hot tap water (estimated between 65°C and 82°C) was uti-
lized. All samples had 5% headspace. On a percentage basis, the guar
gum concentrations were 0 for the control, 0.43%, and 1.3%, respec-
tively. The actual measured viscosity values were 8.904 × 10−3 poise for
water, 4.14 poise for the intermediate, and 527.07 poise for the high vis-
cosity samples. To make guar gum mix completely with water, a Hamil-
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ton Bleach Blend Master Blender (Hamilton Beach/ Proctor-Silex, Inc.,
Washington, NC) was used at number eight speed with a 350-watt motor
providing the power. To measure the viscosity of the guar gum solutions
used for imitating viscous foods, a set of Cylindrical Spindles of a
Brookfield Viscometer was utilized. Cylindrical spindles provided de-
fined spindle geometry for calculating shear stress and shear rate values
as well as viscosity. Before making a viscosity measurement,
viscometer model, spindle, rotational speed, container size and sample
temperature were recorded. After the gum solutions were blended leav-
ing 5% headspace, each jar was placed under the viscometer by immers-
ing the spindle into the solution. Calculations from the viscometer read-
ings were made according to Anonymous [11].

Corrugated Boxes and Cushions

Two types of secondary packages were used for the two kinds of jars.
Trays covered with shrink-wrap were used with the spaghetti sauce jars
for the trials determining the effect of a bottom cushion. Regular slotted
containers were used in the trials determining the effects of viscosity and
headspace. For spaghetti sauce jars, the corners of the trays were taped to
help prevent spillage after breakage. The dimensions of the trays were
height of 9.21 cm, width of 27.94 cm, and length of 37.15 cm. The
weight of the double-faced, single-walled corrugated used for the trays
included the innerface of 33 g/m2 (40.2 lbs/1000ft2) and the outerface of
34.63 g/m2 (42.1lbs./1000ft2). The fluting was of type C with a weight of
28.29 g/m2 (34.4 lbs./1000ft2). The cushion used was a sheet of this cor-
rugated board beneath the jars. The dimensions of the cushions placed in
the trays were a length of 36.32 cm and width of 27.31 cm. The weight of
the double-faced, single wall corrugated cushion included the innerface
of 35.53 g/m2 (43.2 lb/1000ft2), the outerface of 36.99 g/m2 (44.97
lb/1000ft2), and the fluting was of type C with a weight of 31.19 g/m2

(37.92 lb/1000ft2). For the mayonnaise jars, the secondary package uti-
lized was a regular slotted container-standard layout with partitions sup-
plied with glassware (Smith Container, Atlanta, Georgia, 1996). The di-
mensions of the boxes were height of 17.78 cm, width of 31.75 cm and
length of 41.66 cm. A standard partition was used to provide separation
of mayonnaise jars. The partitions were a set of solid fiber pieces
with a 4 × 3 cell arrangement in which the jars were placed. These solid
fiber pieces were the full height of the jars. Clearance between glassware
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and partitions was sufficient to permit containers to drop readily from
cells when the case was inverted.

Preparation of Glass Containers

For all treatments, twenty-eight ounce (800 g) capacity spaghetti
sauce jars and thirty-two ounce (0.946 l) capacity quart mayonnaise jars
were each abraded by hand using 120 grit (coarse) sandpaper around the
circumference of the heel and sidewall. Abrasion is used to narrow the
range of strength values of the glass containers. Prior to abrasion with
sandpaper, the condition of the surface of each container was determined
by the variable treatment of each container during manufacture and han-
dling. By abrading all samples with 120 grit sandpaper, the containers all
had essentially the same severity of abrasion. That is, the surface
scratches determining strength were all grooves produced by approxi-
mately the same size abrasive grains. The radius at the tip of the goove is
the strength determining factor, not the overall number of grooves. Hand
abrasion is sufficient to produce reproducible weakening provided a
specific grit size is used consistently. Overall, abrasion lowers the aver-
age strength of a group of containers, primarily by weakening the stron-
gest containers while not weakening those containers that already had
120 grit abrasions from manufacturing and handling. Each jar was then
dipped in water, filled, capped by hand and stored overnight. By dipping
in water, the variability in glass strength due to differences in exposure to
moisture is eliminated. After drying by sitting overnight, spaghetti sauce
jars, in-groups of 12, were placed in side slotted trays containing corru-
gated board bottom cushions. The trays were wrapped in polyethylene
film. Next, the film was shrunk to the jars in the trays using a shrink tun-
nel. In the same way, after filling with tap water or guar gum solution and
capping by hand, mayonnaise jars were placed in regular slotted boxes,
and then the boxes were taped.

Drop Test

A Gaynes Drop Tester (Gaynes Engineering Co., Chicago, IL) was
used for drop tests. The equipment consists of a drop table mechanism; a
vertical support permitting changes in drop height, and a steel base plate
[12]. A box or tray was positioned on the table, and the drop leaves were
released permitting the container to fall onto the drop surface [12]. When
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the drop leaves were released, their motion was accelerated with springs
so that the leaves did not interfere with a free, unobstructed flat bottom
drop. The steel plate below the drop leaves provided a rigid and level
dropping surface [12].

Cushion Test

This test was applied only to spaghetti sauce jars. Twenty-four trays
without cushions and 24 trays with cushions, each containing 12 spa-
ghetti sauce jars were prepared according to methods above, that is, each
jar was filled to 5% headspace with water, capped and thoroughly dried
before being placed in the tray. Each tray was shrink wrapped (Heat
Sealer, Cleveland, OH), and sent through a heat seal tunnel (Ampack,
Hudson, OH) at 350°F for 25 seconds. Two types of secondary packag-
ing were tested in the cushion test: trays without a cushion and trays with
a cushion. For the trays with a cushion, each was cut to fit and placed un-
derneath the jars so that the entire base of each jar rested completely on a
cushion. The drop tester allowed for each package to be dropped at a
measured height directly on to the base platform. If any of the jars broke
in the dropped package, the remaining survivors were put aside and
never used again, and the broken glass jars and wet corrugated were
thrown away. If no glass breakage occurred, it was tested again 5.08 cm
higher until breakage occurred. The drop testing began at a height of
15.24 cm. After dropping, all of the broken jars were observed in terms
of breakage patterns and locations.

Headspace Test

Three levels of headspace were tested for the second treatment, with
mayonnaise jars. After abrasion, jars were filled with water, leaving
10%, 5% and 0% headspace. Each jar was then capped and thoroughly
dried. After that, each jar was placed with partitions among jars in a reg-
ular slotted container. Twenty-four cases of a dozen jars for each
headspace level were taped. Drop tests were conducted as in the cushion
test.

Viscosity Test

The controlled viscosity solutions, prepared in mayonnaise jars as de-
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scribed above, all were capped, dried and placed in the regular slotted
container-standard layout boxes in groups of twelve. Partitions were put
among the jars. After that, the boxes were taped and tested as described
in the cushion test.

Visual Evaluation

Each case containing one or more broken jars was examined by eye.
For the mayonnaise jars, in corrugated boxes, breakage was readily de-
termined by observing the water or solution leaking from the regular
slotted boxes. For the trays of spaghetti sauce jars, over wrapped with
film, breakage was determined by tapping the top of the jar lids. If break-
age had occurred, the tape on the boxes was cut immediately. The num-
ber of jars broken at each height, their breakage patterns and breakage
locations in the boxes were determined and recorded. To record the
breakage patterns of the jars, pictures of broken jars in all cases were
taken using a 35 mm Nikon F-3 with 60 mm f/2.8 micro Nikon lens
research camera.

Statistical Analysis

SAS/STAT [13] was used to analyze the data. A weighted-least-square
analysis of categorical response linear contrasts was used to detect dif-
ferences between treatment means [14]. In the cushion and the viscosity
tests, data were analyzed at a level of significance of 1% (p < 0.01) to de-
termine the differences among the treatment means. However, data col-
lected from headspace test were analyzed at a level of significance of
10% (p < 0.1) to determine the differences among the sample means.

RESULTS

Effect of Cushion

The cases with no cushion all failed at a height of 30.48 cm or below
(Figure 1). Figure 1 shows no breakage for uncushioned samples at
heights above 30.48 cm because no uncushioned samples remained un-
broken to test at these heights. For cases with a cushion, some survived to
a height of 40.64 cm. With the exception of one case that failed at 15.24
cm with a cushion, the range would be 15.24 cm to 30.48 cm for no cush-
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ion and 25.4 cm to 40.64 cm for cases with a cushion. Half of the jars in
the cushion treatment broke at 35.56 cm. With no cushion, most of the
breakage occurred at 25.4 cm. The percentage of jars that break with or
without a cushion increases with drop height (Figure 2). Except for one
jar that was broken at 15.24 cm, 25.4 cm would be the drop height where
the breakage starts to occur with a cushion. Linear contrasts showed that
the effect of using a cushion is to improve breakage resistance, increas-
ing the drop heights needed for breakage (p < 0.01) (Table 1).

Effect of Headspace of Contents

The cases whose contents had no headspace all failed at a height of
45.72 cm or less (Figure 3). The cases whose contents had headspace
values 5% and 10% all failed at a height of 40.64 cm or less. The range
would be 25.4 to 40.64 cm for 10% and 5% headspace cases with the ex-
ception one case of 10% headspace that failed at 20.32 cm. The range of
0% headspace cases was from 25.4 to 45.72 cm. Most of the breakage for
all headspace cases occurred at a height of 30.48 cm. The percentage of
jars that break increases with drop height, except for jars with 5%
headspace that showed a dip at a height of 40.64 cm (Figure 4). One jar
with 10% headspace broke at 20.32 cm. The effect of using greater
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Figure 1. Case failure with or without Cushion (Twenty-four cases of a dozen spaghetti
sauce jars with no cushion and with cushion dropped at each height diminish as cases ex-
hibiting breakage at lower heights are removed from the sample).
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Figure 3. Case failures with different levels of headspace (Twenty-four cases of a dozen
mayonnaise jars for each headspace level dropped at each height diminish as cases ex-
hibiting breakage at lower heights are removed from the sample).

Figure 2. Breakage as a function of drop height for jars with or without cushion (no. of
broken jars/no. jars dropped).



headspace is to decrease breakage resistance, lowering the drop heights
needed for breakage. 0% headspace cases had a significant difference in
mean breakage from 10% headspace cases and 5% headspace cases (p
0.1) (Table 2). 10% headspace cases were not different from 5%
headspace (p 0.1).

Effect of Viscosity of Contents

The cases with low and medium viscosity contents all failed at a
height of 40.64 cm or less (Figure 5). The ranges for low and medium
viscosity cases were from 25.4 to 40.64 cm. High viscosity cases ranged
from 30.48 to 55.88 cm. Most of the breakage for low and medium vis-
cosity cases occurred at a height of 30.48 cm. High viscosity cases
showed a diffuse peak between 35.56 and 45.72 cm. The percentage of
jars that break continuously increases with drop height, except for jars
with 5% headspace that showed a dip at a height of 40.64 cm (Figure 6).
Breakage begins at a height of 30.48 cm for high viscosity jars, 25.4 cm
is the drop height where breakage starts for low and medium viscosity
jars. The data for medium and high viscosity jars show the expected
steep increase in percentage with increasing height. Low viscosity jars
produced a bell shaped curve with a lower percentage breakage at 40.64
than at 35.56cm. The effect of increasing viscosity is to improve break-
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Table 1. Mean breakage drop heights (cm).

Type of the Cases Mean SE

No Cushion 23.06 ± 1.06a

Cushion 33.42 ± 1.16b

a,bMeans with different superscripts are significantly different (p < 0.01). Differences between treat-
ments were determined with linear contrasts using a weighted-least square analysis of categorical
responses.

Table 2. Mean breakage heights of jars as a function of headspace (cm).

Headspace (%) Mean SE

0 34.29 ± 1.02a

5 31.95 ± 0.76b

10 31.32 ± 0.91b

a,bMeans with different superscripts are significantly different (p < 0.1). Means with the same letter
are not different (p < 0.1). Differences between treatments were determined with linear contrasts us-
ing a weighted-least square analysis of categorical responses.
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Figure 5. Case failures with different viscosity levels (Twenty-four cases of a dozen may-
onnaise jars for each controlled viscosity solutions dropped at each height diminish as
cases exhibiting breakage at lower heights are removed from the sample).

Figure 4. Breakage as a function of drop height with contents differing in headspace (no.
of broken jars/no. of jars dropped).



age resistance, increasing the drop height needed for breakage as viscos-
ity is increased. High levels of viscosity cases are different from low vis-
cosity level cases and medium viscosity level cases (p < 0.01) (Table 3).
However, low viscosity cases are not different from medium viscosity
level cases (p < 0.01). Mean breakage heights for different levels of
viscosity are given in Table 3.

DISCUSSION

The cushion drop test results were as expected. When comparing the
cases with a cushion to those without a cushion, using a cushion under
the jars provided increased protection against breakage at a 99% level of
certainty. It would appear that a small, inexpensive piece of corrugated
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Figure 6. Breakage as a function of drop height for jars with contents differing in viscosity
(no. of broken jars/no. of jars dropped).

Table 3. Mean breakage heights for different levels of viscosity (cm).

Levels of
Viscosities (poise) Mean SE

High (527.07) 109.09 ± 0.61a

Medium (4.14) 33.22 ± 0.94b

Low (8.904 ×10−3 ) 34.29 ± 1.02b

a,bMeans with different superscripts are significantly different (p < 0.01). Means with the same letter
are not different (p < 0.01). Differences between treatments were determined with linear contrasts
using a weighted-least square analysis of categorical responses.



board would be a worthwhile investment in glass container packaging.
The second goal of this research was to determine if different levels of

headspace of the contents in containers affect breakage by impact drop-
ping. The results indicate that there was greater breakage at lower drop
heights for jars with 5% and 10% headspace than for jars with zero
headspace (p < 0.1). Also, according to the statistical results, there was a
difference in breakage not only between jars with no headspace and jars
with 5% headspace but also between jars with no headspace and jars
with 10% headspace (p < 0.1).

Jars with 10% headspace results were not statistically different from
ones with 5% headspace in terms of breakage (p < 0.1).

The results for the effect of viscosity of the contents of the jars on
breakage by dropping show that high viscosity content jars were less
susceptible to breakage than low viscosity or medium viscosity jars (p <
0.01). However, low viscosity content jars could not be statistically dis-
tinguished from medium viscosity content jars in terms of protection
against impact breakage. The results found by testing different levels of
viscosity of contents in jars could not be compared with any prior re-
search because no research on this effect has been reported. The tests re-
sults concerning viscosity imply that glass containers holding high vis-
cosity foods such as ketchup (187 p at 25°C), mustard (330 p at 25°C),
whipped dessert topping (351 p at 25°C) mayonnaise (1000 p at 25°C)
will be more resistant to breakage than those containing intermediate
viscosity foods such as apple sauce (5 p at 23.8°C) and peach puree (9 p
at 26.6°C). These cited viscosity values were measured by Steffe [15].

Breakage Patterns

Observations of the remnants of broken jars revealed breakage pat-
terns consistent with impact breakage origins in the bottom, heel, or
lower sidewalls, as expected. According to Knapp et al [16], when the
pressure of a liquid in a container is decreased at constant temperature, a
state is reached ultimately at which vapor-filled bubbles, or cavities, be-
come visible and grow. The bubble growth may be at a nominal rate if it
is by diffusion of dissolved gases into the cavity or merely by expansion
of the gas content with pressure reduction. The bubble growth will be
“explosive” if it is primarily the result of vaporization into the cavity.
This condition is known as cavitation if it is caused by dynamic-pressure
reduction at essentially constant temperature. If a growing bubble is sub-
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jected to a pressure increase its growth will be arrested and reversed. The
bubble will collapse and possibly disappear by solution of gases and
condensation of vapor. Collapse occurs “impulsively” for a vapor-filled
cavity with negligible gas content and less so if the gas content is high.
Cavitation damages containers by removing material from their surface,
and it can damage all types of solids including rubber, plastic, glass,
quartz, concrete and other nonmetallic solids [16]. For glass containers,
cavitation breakage is called hydrodynamic breakage. Of the two thou-
sand three hundred four jars tested in this research, hydrodynamic
breakage was observed in just a few jars. The hydrodynamic breakage
pattern was typically a small ellipse. In tray-pack tests with or without a
cushion, three hydrodynamic breaks occurred in drops from 15.24 and
20.32 cm with water and 5% headspace. In a no cushion case, a small
heart shaped breakage area was located in the shoulder of the jar (Figure
7), extending a crack down the sidewall. In a cushion case, there was a
loop shaped hydrodynamic breakage on the heel (Figure 8), and also a
crack extended up its sidewall.

Another breakage pattern was observed in a jar with no cushion at
15.24 cm height with 5% headspace and water. The pattern appears to be
a combination of hydrodynamic and common point source impact
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Figure 7. Hydrodynamic breakage located on the shoulder of jar with no cushion.
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Figure 9. An example of a combination of hydrodynamic breakage and normal point
source branching.

Figure 8. Hydrodynamic breakage situated on the heel of jar with cushion.



breakage. The pattern consists of a large cavity in the bottom that in-
cludes part of the heel and sidewall, and branching cracks extending up-
ward (Figure 9). The observation of this pattern in the fracture remnants
of one jar suggests that this combination breakage may have occurred in
more samples. However, if branching cracks reached further up the
sidewall to the neck of a jar, the remnants would not be distinguishable
from normal impact breakage.

All three of these jars were filled with water and 5% headspace (Fig-
ure 7, 8, and 9). This is contrary to the comments in the literature [6].
Hanlon [6] notes that when containers containing heavy syrups or pu-
reed foods are dropped, hydrodynamic breakage may occur. In this re-
search, no hydrodynamic breakage was observed in the high viscosity
samples, or even in the medium viscosity samples. Concerning the in-
crease in breakage susceptibility for jars with 5–10% headspace and for
jars with low and medium viscosity contents, the explanations for these
effects may be related to the occurrence of cavitation. With 5–10%
headspace, bubbles or cavities are more readily formed in the liquid
from gases dislodged from above the product due to impact. Similarly,
low viscosity liquids would allow more rapid transmission of pressure
and possibly more rapid diffusion of dissolved gases out of, then into the
liquid. The more rapid onset and end of cavitation might produce greater
peak hydrodynamic forces in the glass containers.

In this research, 2,304 glass containers packed in trays or boxes were
used. All but two of the jars fit a normal breakage distribution pattern ac-
cording to breakage heights. However, two jars in the cushion and
headspace trials broke outside the normal distribution range. Statisti-
cally, they cannot be omitted from the survey although they have little
effect on the stated results. In commerce, the two jars that broke at very
low drop heights are of critical importance. These are the jars that break
on a smooth running filling line or even in properly designed cases.
These jars may have had a manufacturing defect, fault, or weakness (e.g.
a small bubble in the heel or unmelted piece of sand in the glass) that
caused them to be much weaker than the other jars.

CONCLUSIONS

First, there was a statistically significant difference in breakage sus-
ceptibility between using a cushion under the jars and using no cushion
under the jars at a point ∀ = 0.01 level of certainty. Cushions provided
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increased protection for the trays dropped from a range of heights. This
result was expected based on previous studies. Second, when headspace
is increased from zero to 5% or 10%, susceptibility to impact breakage
increased. An increase from 5% to 10% produced no greater susceptibil-
ity to breakage. Jars with no headspace survived to greater drop heights.
Finally, the highest viscosity level of contents in jars provided greater
protection against breakage. In conclusion, according to the results of
this research, glass jars filled with high viscosity foods with no
headspace are less susceptible to impact breakage than jars filled with
low viscosity foods with a headspace of 5% or 10%. The observed ef-
fects may be related to cavitation forces increasing with greater
headspace and lower viscosity.
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INTRODUCTION

THE pallet is a pavement that covers the supply chain highway. Mod-
ern supply chain systems cannot be readily organized or operated

speedily without it. Commercially available computer software for unit
loads, such as CAPE™ and TOPS™ concern primarily the geometric
“fit” characteristics of unit loads and its components. These programs do
not estimate the structural performance of the components of the pallet
load. They might not assist unit loads engineers select components and
materials that improve the resistance of the unit load to hazards during

*Author to whom correspondence should be addressed. Email: hanjongk@vt.edu

ABSTRACT: Pallets maybe exposed to an exceptional variety of exter-
nal forces. Distribution of these forces over the pallet deckboard and
between the pallet deck and packaging are non-uniform. The static
stress distributions across pallet decks were quantitatively character-
ized when supporting packages. Pallet test sections consisted of one
top and one bottom deckboard segment, were made of Plexiglas® in-
stead of wood with two stringer segments. The corrugated fiberboard
pad, pressure sensitive film, a series of image processing techniques,
and commercial finite element package were introduced to analyze
the stress distributions and to develop a mathematical model of the
deformation of wood pallet deckboards covered by compressive
stresses imposed by packaging.
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materials handling. White & Hamner (2004) demonstrated the stresses
are non-uniform and depend on the stiffness of the pallet deck compo-
nents in their recent study, “Topographical Mapping of the Mechanical
Stresses on Wood Pallets during Use.” One key element of the develop-
ment of structural design technologies for unit loads will be predicting
the mechanical stresses imposed on the packaging by the pallet deck, as
a function of properties of the pallet deck and the properties of the pack-
aging placed on the pallet. It would be the first effort to visualize the
static stress distributions and the deformation of wood pallet
deckboards. The static stress distributions across pallet decks were
quantitatively characterized and a mathematical model was developed
using a finite element method (FEM) of the deformation of wood pallet
deckboards by compressive stresses imposed by package simulation
systems.

The major aim of this research is the development of a predictive
mathematical model, using finite element techniques. This initial model
will focus on predicting the effect of static compressive stresses which
occur between packaging on the pallet deck during unit load stack stor-
age. Such a model will assist pallet, unit load, and package designers se-
lect the most efficient combination of components for unit load design
when stack storage compressive stresses are limiting. This is a critical
step in the solution of the complex problem of the structural design of the
entire unit load. The objectives of this research are to:

• Quantitatively characterize the static stress distributions across pallet
decks when supporting packages: simulated with corrugated contain-
ers.

• Perform a numerical analysis and develop a mathematical model us-
ing a finite element method of the deformation of wood pallet
deckboards covered by compressive stresses imposed by packaging.

MATERIALS AND METHODS

Preparation of Pallet Samples

Pallet test sections consisted of one top and bottom deckboard seg-
ment (20″ × 3.5″, L × W) with deck thicknesses of 3/4″ and two-stringer
segments were tested (Refer to Figure 1). Instead of wood, Plexiglas®,
an acrylic base plastic material (major physical properties are presented
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in Table 1) was used as deck board material, since its mechanical proper-
ties were more consistent than wood. Oak was selected as a stringer ma-
terial. Three replicates were made of each of two joint methods. Each
specimen was tested twice, so that any data presented in this report is an
average of six measurements. Two joint methods between deckboards
and stringers were applied; “pin (free movement between the deck and
stringer)” and “semi-rigid (nailed joint between the deck and stringer)”.

Testing for Characterizing the Static Stress Distributions
and Measuring Deformation

A uniform compression load was applied to the pallet samples using
an MTS 10 Kip servo-hydraulic universal test machine. A strip of
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Figure 1. Example of pallet test section sample with Plexiglas® deckboard.

Table 1. Physical Properties of Plexiglas®.*

Test Method Properties Unit

Specific Gravity ASTM-D-792 1.19
Tensile Strength

Yield
Elongation
Modulus of Elasticity

ASTM-D-638

11,250
6.4

450,000

psi
%
psi

Flexural Strength
Rupture
Modulus of Elasticity ASTM-D-790

15,250
475,000

psi
psi

Compression Streng
Yield
Modulus of Elasticity ASTM-D-695

18,000
440,000

psi
psi

*Information was provided by SPARTECH POLYCAST Co.



Pressurex® film having a low-pressure sensitivity ranging from 2–20
psi was applied to the top deck component of each sample such that it
covered the entire top deck surface area. This range of film pressure sen-
sitivity was appropriate since warehouse stack storage of heavy unit
loads results in forces of approximately 2 to 6 psi. A layer of single wall
C-flute corrugated fiberboard (35–26C-35) was applied over the pres-
sure film to simulate the bottom of a corrugated box. The samples were
then tested in compression using a rigid steel tube applicator spanning
the length and width of the pallet section. Figure 2 is a photograph of the
test setup. Loading was halted after reaching a load consistent with
14–17 psi (approximately 1,000–1,200 lbs) for each pallet section sam-
ple. High pressures (compression) were used to generate measurable
contrast within the range of the film. The results from this test were re-
corded using digital photographs or scanners to document similarities
and differences in stress distributions between pallet sections.

In this study, the single wall C-flute corrugated fiberboard was ap-
plied not only as a simulation of the corrugated box packaging but also
as a sensing medium to indicate the static stress. It might be the first ef-
fort to apply this material to detect these static stresses.

The deformation of pallet deck board by compressive stresses was
measured. String Potentiometers (UniMeasure, Corvallis, OR. USA)
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Figure 2. Testing set-up for pallet sample compression.



were used to measure the deformation of pallet samples. From the left
end of the samples at location of 5″, 10″, and 15″ three string potentiom-
eters were installed and deformation of pallet was recorded automati-
cally.

Modeling

For modeling, a compression load of 14–17 psi (approximately
1000–1200 lbs load on each pallet section sample) was applied and an
average of 6 measurements of the maximum deformation was compared
with simulation results. A numerical approach using a finite element
method was used to model the deformation of wood pallet deckboards
by compressive stresses. The commercially available software package
ANSYS release 9.0 ED Version was used.

RESULTS AND DISCUSSION

Characterizing the Static Stress Distributions

Even though the corrugated fiberboard pad has some limitation such
as inconsistency in paperboard quality, it was found that there might be a
great possibility of using it as a sensing medium for detecting static
stress. In this study, a C-flute corrugated fiberboard pad was actually
used to detect and analyze the static stress and their distributions. Figure
3 is a typical result after compression. The thickness of each stripe, im-
pression by the flute of corrugated fiberboard pad, at each location along
a pallet deckboard were measured. The applied pressure at each location
along the deckboard is estimated using the standard calibration curve,
which was constructed separately. Though the original image data was
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Figure 3. Image left by medium of corrugated fiberboard on pressure sensitive film be-
tween the packaging and pallet deckboard.



very “noisy” because of limited resolution, the edges of each image
could be filtered and resolution improved [Figure 4 (a)].

Figure 4 shows an example of the application of the calibration curve.
Throughout the deckboard, there were mostly 11 stripes at a given loca-
tion so that 11 thickness values were available at any location along the
deckboard length. Figure 4 (b) presents a relationship between the thick-
ness of stripes in pixels and the location on the deckboard. A regression
with the 3rd order polynomial was used to analyze the relationship be-
tween image thickness and location.
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Figure 4. Thickness of stripe at any location on the deckboard; (a) Original image and fil-
tered edges, (b) 3rd order polynomial regression.



Figure 5 shows the results of compression testing analysis for the
pinned and semi-rigid joints. These results were used to model the defor-
mation of the deckboard supporting non-uniformly distributed loads.

Measurement of Deformation

Figure 6 is a plot of maximum deckboard deformation as a function of
compression loads applied. There is no relationship. It is estimated that
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Figure 5. Relationships between position along deckboard, deckboard stiffness, joint
stiffness, and stress applied to the deckboard; (a) Compression test result for pin joint, (b)
Compression test result for semi-rigid joint.



the corrugated fiberboard pad acted as a cushioning material between
the steel tube beam and Plexiglas deckboard substitute. The lack of rela-
tionship between applied loads and deformation were not unexpected
because the loads transferred through the corrugated fiberboard is
non-uniformly distributed. Table 2 summarizes the results of the defor-
mation tests and Figure 7 shows these results graphically. As expected,
the pallet section with “pin” joint showed larger deformation. Clearly
the joint method affects deckboard deformation under load.

Modeling Deformation by a Finite Element Method

The finite element method is a numerical procedure for solving physi-
cal problems governed by a differential equation or transient relation-
ships. It can be described as an adaptation of the calculus of variations,
and results in a system of simultaneous linear or nonlinear equations.
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Figure 6. Maximum deformation of the deckboards vs. compression loads.

Table 2. Deformation of deckboard pallet section.

Joint Method

Distance from the left end of the pallet section, in.

1.25* 5 10 15 18.75*

Pin 0 0.131 0.157 0.112 0
Semi-Rigid 0 0.102 0.137 0.099 0

*1.25″ and 18.75″ represent the inside edge of the stringer.



The number of equations is usually very large, so the method has practi-
cal value only with use of computer technology. The finite element
method has two characteristics that distinguish it from other numerical
procedures (Segerlind, 1984):

• The method utilizes an integral formulation to generate a system of al-
gebraic equations;

• The method uses continuous piecewise smooth functions for approxi-
mating the unknown quantity or quantities.

In this study, a commercially available software package, “ANSYS
Release 9.0 ED version” was used to model the deformation of the
deckboards of the pallet section samples.

Compression on the pallet section can be modeled as a simple, single
load step, structural static analysis of 2-dmensional solid rectangle. The
dimension of the pallet sample is 20″ × 3.5″with deckboard thickness of
3/4″. The deckboard of pallet section sample was made of Plexiglas®

with a Modulus of Elasticity (MOE) of 4.4 × 105 psi and poisson’s ratio
of 0.30. “Plane stress” was assumed since the deckboard of pallet system
is thin in the y direction.
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Figure 7. Graphical Presentation of Deformation of deckboard pallet section.

Figure 8. Front 2D view of the upper pallet deck, with element mesh.



A two dimensional simple beam, 20″ × 0.75″ was used to model the
pallet section deckboard. A 0.25″ × 0.25″ element was adequate to
model connection influence. An element mesh was applied to the simple
beam. Each square is an element and line crossing is a node in Figure 8.
The node numbers are automatically generated by the computer.

Pin Joint Connections

The connections were similarly modeled. In the case of the pin joint,
there should be no displacement constraints and the deckboard can
freely move vertically except at the inner edge of stringer (6PthP node
from both ends). Since each element has a size of 0.25″ and width of
stringer is 1.25″, a distance from the end of the deckboard to the inner
edge of the stringer is 1.25″ so that the 6PthP node from both ends should
have 0 displacement (1.25/0.25 = 5). A non-uniformly distributed load
can be determined from the regression equation in Figure 5(a) for the pin
joint sample. These stresses or load levels are in Table 3 as a function of
distance from the end of the deckboard.

The system is modeled and graphically presented in Figure 9. At the
6PthP nodes from both ends in Figure 9 for all degrees of freedom, dis-
placement should be 0 (Refer to the triangles in Figure 9). The simula-
tion result is graphically shown in Figure 10. The maximum deforma-
tion was 0.152, which agrees well with experimental results, 0.157.
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Figure 9. Modeling example for the pin joint system.

Figure 10. Simulation results of pin jointed pallet sample.
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Semi-Rigid Joint Connections

Two methods can be used for modeling the semi-rigid joint connec-
tions. First, non-uniformly distributed loads can be determined from the
regression equation in Figure 5 (b). These are shown in Table 4. The sys-
tem is modeled and graphically presented in Figure 11. Again at the 6PthP

nodes from both ends in Figure 11 for all degrees of freedom, the dis-
placement should be 0. Simulation results indicate that the maximum
deformation was 0.139, which agrees well with experimental results,
0.137.

The other method of simulating the connection stiffness is to apply a
constraint to the movement of the nail itself. Since an average distance
from the end of the deckboard and the location of nailing was approxi-
mately 0.5″ (node No. 4 from the left of the deckboard: See Figure 12),
the deformation at node No. 4 can be used for modeling a “semi-rigid”
system.

As the predicted deformation of the deckboard at node No. 4 for pin
joint (totally free movement) is 0.01299″ (refer to Table 5 and Figure 12)
and a theoretically rigid joint should have 0 displacement. It can be rea-
sonably assumed that displacement of the semi-rigid joint is simply the
median point between 0 and 0.01299″, which is 0.00650″.

At node No. 7 from Figure 12, for all degrees of freedom, displace-
ment should be 0, but this case node No. 4 should have a displacement
constraint of 0.0065″ in the Uy direction. The maximum deckboard de-
formation by the computer simulation was 0.122″, which is somewhat
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Figure 11. Modeling for the semi-rigid joint system of simulating the connection stiff-
ness.

Table 5. Deformation by nodes for pin joint system (free movement).

Node 1 3 4 5 6 7 8

Uy 0.02164 0.01732 0.01299 0.00864 0.00418 0.00000 −0.00512



underestimates the actual testing result of 0.137″. An appropriate value
should be determined from actual experimental measurement in the next
stage of this project. However, for this case about 75% of free move-
ment, or a constraint of 0.0098″, would be appropriate, and generates
0.139" of the estimated maximum deformation.

Table 6 shows the comparison of the maximum deformation between
modeling by ANSYS and the actual test results. As a sensing medium,
corrugated fiberboard worked reasonable well in this study; however,
more consistency and higher resolution is needed. A stronger pad such
as A-flute or 100% virgin pulp medium C-flute pad might be a better
choice.

CONCLUSION

Pallets maybe exposed to a wide variety of external forces. The distri-
bution of these forces over the pallet deckboard and between the pallet
deck and packaging are non-uniform.

Corrugated fiberboard pads, pressure sensitive film, a series of image
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Table 6. Comparison of maximum pallet deckboard deformation
between actual and simulation.

Joint Method Actual tests, in. Predicted by ANSYS, in.

Pin 0.157 0.152
Semi-Rigid 0.137 0.139

Figure 12. Enlargement of Figure 10 with node numbers—the left end of the deck.



processing techniques, and commercial finite element package were in-
troduced in this study to characterize the static stress distributions across
pallet decks quantitatively and the deformation of the deckboards nu-
merically. This research confirmed that the FEM numerical analysis and
the pressure sensitive films can be useful in helping pallet and packaging
designers improve the function and efficiency of unit load designs.

Recommendation for Further Research

• More study is needed using pressure sensitive film and corrugated fi-
berboard pads to quantify stress distributions on pallet deckboards as a
function of load and packaging characteristics, materials handling
equipment, and pallet deckboard stiffness.

• The finite element method is a powerful tool to model the deformation
of wood pallet deckboards under compressive stresses imposed by
packaging of different stiffness levels; however, models of the con-
nections between deckboards and stringers need further development.

• Finally, this study should be expanded to characterize the static stress
distributions and the deformation across pallet decks when supporting
various product and packaging shapes and stacking patterns in the unit
load systems.
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Antimicrobial Packaging: Inactivation
Kinetics and Release Modes

PAUL TAKHISTOV
Department of Food Science, Rutgers, The State University of New Jersey, 08901 USA

INTRODUCTION

RECENT developments in active packaging (AP) have created effec-
tive method for preventing bacterial infection [1]. The AP system is

designed with antimicrobial compounds to inactivate microbes and pro-
long the shelf-life of the packaged foods by extending the lag period of
the bacterial life cycle and retarding the growth of microorganisms.
Antimicrobial packaging is a key component of food safety; it con-
stantly changes with the current needs of the consumers and food manu-
facturers.

AP provides unique means for allowing controlled release of an
antimicrobial agent (AMA). The scope of antimicrobial packaging is
very broad and has significant potential to improve the overall food
safety system. To facilitate commercial applications of antimicrobial
packaging materials, research needs to focus beyond basic feasibility
testing and understand the release kinetics of antimicrobial agents from

*Author to whom correspondence should be addressed. Email: Takhistov@aesop.rutgers.edu

ABSTRACT: Antimicrobial packaging is a key component of food
safety. An antimicrobial agent can be added to a packaging material
during film formation, or applied to the food contact surface, which
determines different types of antimicrobial packaging materials and
antimicrobial release modes. In this work, different modes of anti-
microbial agent release have been studied theoretically. A model is
developed based on analyses of bacterial populations in response to
the addition of an antimicrobial agent as a function of the agent re-
lease mode. This model provides a direct connection between micro-
bial inhibition in the food system and the release rate of the
antimicrobial agent, and it can be used to design more effective con-
trolled-release packaging materials that will improve the microbiologi-
cal safety and quality of food products.
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polymer films and transmittal to the food surfaces. This data need to be
coupled with the information about the optimum dose of AMA and
methods of specific antimicrobial agents delivery. The main technical
challenge is to predict and control the optimal release rate and dose of
antimicrobial agent delivered from the active package.

Although a large number of published experimental works describe
the kinetics of the microbial inactivation due to the slow release of
AMA, there have been no theoretical models developed that can account
for the inhibition kinetics, allow predicting of the behavior of the micro-
bial population, distinguish the most appropriate antimicrobial agents
and estimate shelf-life of the food product.

THEORETICAL ANALYSIS OF BACTERIA
INACTIVATION KINETICS

Controlled Release Modes of an Antimicrobial Agent

An AMA can be added to a packaging material during film formation,
or applied to the food contact surface, which determines two major
classes of AP materials: releasing and non-releasing films. An
antimicrobial releasing film has AMA incorporated into the packaging
polymer film, and this agent can migrate to the food surface and inhibit
microbial growth. On the other hand, an antimicrobial non-releasing
film has an AMA immobilized on the food contact surface and is the site
where antimicrobial control occurs.

Generally, AMA’s can be delivered to food from AP or added in the
food formulation (as depicted in Figure 1). Both non-releasing film with
antimicrobial coating and AMA added to the food formulation can be
described as a step-like addition of antimicrobial to the bacterial culture.
In this paper, these modes of AMA delivery will be referred to as “in-
stant addition” modes. In AP materials with the continuous release of an
AMA, the AMA diffuses through the package film and becomes ab-
sorbed by the food in direct contact between the product and the film sur-
face. Depending on the properties of the packaging material, the AMA
release process can either be steady state or non-steady state. Finally, it
is possible for packaging to feature multimodal AMA delivery methods,
i.e. the combination of instant AMA addition and its continuous
release.
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AMA release can be characterized by the following kinetics:

dC

dt
Q tn = ( ) (1)

with an initial condition C Cn t n= =
0 0 . The release rate Q(t) of an AMA

from the AP material is defined as:

Q t
d

dt
M tn( ) ( )= (2)

where Mn(t) is the amount of AMA released from the packaging mate-
rial.

The microbial inhibition kinetics corresponding to the AMA delivery
scenarios described above can be represented by one of the following AP
schemes (see Figure 1):

• AMA is instantly added to a food product (from coating or in formula-
tion);

• antimicrobial agent is continuously added to the product over
time;
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Figure 1. Schematics of an AP system and the corresponding AMA delivery modes.



• the bacterial population is exposed to a combination of the first two
strategies;

• AMA is released from the packaging material with limited AMA load
capacity.

Model System

The following model can be applied to a variety of packaging materi-
als, AMA’s, and target microorganisms. Specifically, we will use Nisin
as the model AMA and Listeria monocytogenes as the representative mi-
croorganism. L. monocytogenes, Scott A is a widespread and virulent
foodborne pathogen of great concern that can adapt to, survive in, and
multiply in extreme environments. It can also survive long periods of
drying and freezing followed by thawing [2]. In humans, L.
monocytogenes causes epidemic and sporadic listeriosis. Listeria is one
of three major pathogens (including Salmonella and Toxoplasma) re-
sponsible for 1,500 food-related deaths in the USA each year [3].

Nisin (bacteriocin produced by Lactococcus lactis) has been shown to
be an excellent candidate for use in antimicrobial-releasing films. It has
been successfully incorporated into various edible films, polyolefin-
based films, and film coatings [4–9]. Nisin alone is effective against
gram-positive bacteria and is able to inhibit gram-negative bacteria with
the aid of a chelator such as EDTA [10].

Bacterial Kinetics

AP protects foods by inhibiting microbial growth in the food prod-
ucts. Initial bacterial contamination levels in food products are usually
very low [11], and can be described initially by exponential growth
kinetics:

dC

dt
Cc

c= µ (3)

The microbial population dynamics in the presence of an AMA re-
leased from an AP system and/or added to a formulation is the result of
two competitive processes: population growth and inactivation. One of
the most frequently used models for inactivation kinetics is the
well-known Chick-Watson first-order kinetic model [12]:
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dC

dt
K Cc

n n= − (4)

where: Cc—microorganism population at time t, Cc0—initial microor-
ganism population at t = 0; Cn = antimicrobial agent residual, Kn—reac-
tion rate.

Combining (3) and (4), one obtains an overall change of microbial
concentration in time:

dC

dt
C K Cc

c n n= −µ (5)

The concentration of AMA changes with time due to its release (Equa-
tion (1)) and to its reaction with the bacteria (adsorption on the cell wall
and/or penetration into the cells) that can be written as:

dC

dt

K
C F tn n

n n= − +
γ

( ) (6)

where γ is the antimicrobial agent efficacy factor, i.e. the amount of
AMA required to inactivate a certain number of bacteria.

The model approach described so far does not take into account the
diffusion/transport of AMA from the packaging material to the food sur-
face. Therefore, this model can be applied for packaged products where
the package is in direct contact with the food surface (e.g., RTE meats),
or with the thin liquid-filled headspace (hot dogs). The diffusion trans-
port of AMA agent would not influence bacterial inactivation kinetics
when diffusion time of AMA migration from the package to the food
surface (tdif) satisfies the following condition:

t dif <<
1

µ
(7)

where µ is the specific rate of bacteria growth.
Therefore, the critical distance between the package and a surface to

be decontaminated can be determined as following:

x
D

<<
µ

(8)

where D is the diffusion coefficient of AMA in the food product. Calcu-
lations performed for the L. monocytogenes/nisin system (bacterium
doubling time is 18 min [13], molecular weight of nisin is 3.5 kDa [14])

Antimicrobial Packaging: Inactivation Kinetics and Release Modes 167



indicate that the size of headspace should not exceed 100 µm to avoid
diffusion limitations for AMA transport. Additionally, AP is deemed to
be effective against bacterial contamination when the number of micro-
organisms during the product shelf life does not exceed its initial value:

C Cc t c→∞ ≤ 0 (9)

Listeria Monocytogenes Inhibition Kinetics at
Various Nisin Release Modes

Bacterial inactivation kinetic model describes the resulting process of
exponential bacterial growth and inhibition due to AMA addition with
different rates of nisin release and various initial concentrations.

Instant Addition of AMA

As mentioned earlier, AMA can be added to the food product at the
time of preparation as a part of the product formulation in order to suc-
cessfully inhibit bacterial contamination and to decrease the bacterial
population to zero. In this case, the spoilage bacteria are exposed to the
AMA and there are no other sources of AMA in the system. Therefore,
the initial conditions for the system , are the following:

C Q(t)n0 0= =const; (10)

where Cn0 is the initial concentration of AMA added to the food product
by formulation.

Now solving the system (5), (6), one can obtain an analytical solution
for the changes in the microbial population as a function of the inoculum
(spoilage) size, specific growth rate (µ), inactivation rate constant, and
time:

C
C K K C K C e

Kc
c n n n n n

K t

n

n

=
+ − +

+

⎡

⎣
⎢
⎢

⎤

⎦
⎥
⎥

− +
0 0 0( ) ( )γ µ

γ µ

γ µ

(11)

The concentration of AMA decreases in time according to first-order
kinetics:

C C en n
K tn= −

0
γ (12)
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where Cc0 is the initial concentration of bacteria, i.e. the size of inoculum
(level of bacterial contamination) from which the food product should
be protected. Figure 3 depicts experimentally obtained growth kinetics
of L. monocytogenes at various initial concentrations of nisin.

In comparison, Figure 3 represents the results of numeric calculations,
based on the developed model (11). The parameters used in the model
are the following: Cc0 = 105 cfu/mL, Kn =20, γ = 0.01. The bacterial kinet-
ics obtained from the calculations is similar to those observed experi-
mentally. Despite its simplicity, the model can qualitatively simulate the
bacterial population dynamics.

As we can see that both experimental data (Figure 2) and theoretical
model (Figure 3) show the same “overgrowth time”—the time when
bacterial population will reach initial (before-treatment) level. This pe-
riod of time will actually determine the shelf life of the food product.

Analysis of the solution (11) shows that it is possible to find a set of
system parameters where the bacterial population would diminish. The
expression in the square brackets in equation (11) consists of three
terms, the last of which becomes zero at large times. The level of bacte-
rial contamination becomes negligible only if the difference between the
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Figure 2. L. monocytogenes growth in the presence of instantly added nisin: Cn0 = 0,
750, 1000, 2000 IU/mL.



first two terms approaches zero. Solving the equation, one can deter-
mine the amount of AMA (Cn0) that is necessary to successfully prevent
bacterial spoilage with a characteristic growth rate and inactivation ki-
netics:

C K

K
Cn n

n
c

0
0γ µ+

≥ (13)

The inequality in equation (13) reflects the fact that bacteria with
higher growth rates require higher levels of AMA initially added to the
product. This AMA delivery strategy is the traditional approach for
maintaining food safety by modifying the product formulation.

Continuous Addition of AMA at a Constant Rate

The model’s representation of AP system includes the continuous ad-
dition of AMA’s into the product at a constant rate (Q) during its shelf
life. This delivery strategy is not used in actual packaging materials, but

170 P. TAKHISTOV

Figure 3. L. monocytogenes growth in the presence of instantly added nisin: experimen-
tal data (a) and numerical simulation results (b). Cn0 = 100, 750, 1000,1500 IU/mL.



has been experimentally investigated in [15]. The initial conditions for
this case are the following:

C Q t Qn0 0= = =; ( ) const (14)

The continuous addition of AMA significantly changes the inactiva-
tion process and bacterial population dynamics, as can be seen from the
solution of the system (equations (5) and (6)), with the initial conditions
(14):

C
Q

e
Q

K
e

C K K Q

Kc
t

n

K t c n n

n

n= −
+

+
+

+
− − +

γµ
µ
γ µ

µ γ µ) −
µ γ

µ γ µ( ) (

(
0

µ
µ

)

⎡

⎣
⎢

⎤

⎦
⎥e

t (15)

The population dynamics depends on bacterial kinetics and on the
antimicrobial flux Q (i.e. the material properties of the AP). The corre-
sponding change in the AMA concentration is:

C
Q

K
en

n

K tn= − −

γ
γ( )1 (16)

The results of numeric simulations of L. monocytogenes population
dynamics as a function of nisin release rate are depicted in Figure 4. It is
clear that the continuous addition of AMA is very effective method to in-
hibit/prevent bacterial population growth. Our results are in good quali-
tative agreement with the published data [15]. However, this method of
AMA delivery is better suited for more long-term applications, and less
effective for immediate inactivation of the bacteria.

The concentration of AMA is not a simple decay, but also depends on
the AMA flux. The analysis of the system parameters needed to uphold
microbial safety of the food product in this case results in an inequality
that shows that the continuous addition of the AMA will reduce the bac-
terial population to zero only for certain values of the AMA delivery
rate:

K Q

K
Cn

n
cµ γ µ( )+

≥ 0 (17)

Multimodal AMA Delivery

Chi-Zhang et al [15] have shown that microbial population dynamics
depends on the mode of antimicrobial agent delivery. The initial addition
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of an AMA is very effective in the early stages of bacterial population
development, and the continuous addition method works better for lon-
ger times, and seems more appropriate for products with an extended
shelf life. In addition, the authors mentioned the synergistic effect of
combining the instant (initial) addition and the continuous release
modes on L. monocytogenes inhibition. The initial conditions in this
case reflect changes in the mode of antimicrobial delivery:

C Q t Qn0 = = =const; const( ) ( ) (18)

The solution of the system is complex and allows more flexibility in
choosing strategies of bacterial population control:

C
Q

e
C K Q

K
ec

t n n

n

K tn= +
−

+
⎡

⎣
⎢

− − +

µγ
γ

γ γ µ
µ γ µ( )

( )
( )0

(19)

+
+ − +

+
⎤

⎦
⎥

µ γ µ µ
µ γ µ

µC K K Q C

K
ec n n n

n

t0 0( ) ( )

( )
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Figure 4. Calculated L. monocytogenes population dynamics as a function of nisin re-
lease rate.



The corresponding changes in the AMA concentration can be ex-
pressed as follows:

C
Q C K Q

K
en

n n

n

K tn=
+ − −( )0 γ

γ
γ (20)

Bacterial kinetics obtained as a result of this model is similar to those
depicted in Figure 3 and Figure 4. The combined release mode is more
flexible and allows more effective inhibition of the microorganisms. The
condition that allows successful suppression of growth and/or inactiva-
tion of bacteria can be expressed as:

K C Q

K
Cn n

n
c

( )

( )

µ
µ γ µ

0
0

+
+

≥ (21)

Time-Dependent Release Rate of AMA

Understanding the release dynamics of the AMA is key in the design
of antimicrobial-releasing films and packaging. Due to the finite thick-
ness of AP layers and its limited capacity, traditional AP materials can-
not release antimicrobials at a constant rate during the product shelf life
period. Upon initial contact with the food product, the AP has a very low
AMA release rate, because the polymer matrix is dry and the internal
pores of the material are blocked. During the first minutes/hours of con-
tact with the product, the AP material swells due to hydration, pores
open, and the AMA release rate increases to its maximum value. After
reaching its maximum value, the AMA release rate declines, as the
AMA content of the packaging gradually decreases due to the limited
amount of AMA that can be embedded into the polymer matrix.

Numerous published data on nisin-based control release films are pre-
sented in different ways and very difficult to compare. However, using
equation (2) it is possible to obtain normalized data for the nisin release
rate as a function of time for various materials. Data on nisin release dy-
namics collected from the literature are combined in Figure 5.

The bacterial population dynamics is described by the expression (5)
as discussed above. As follows from the data in Figure 5, time depend-
ence of AMA release rate can be adequately represented by an exponen-
tial function of time (Q(t) = Qe−λt) with the exponent factor (−λ) deter-
mined by transport properties of the packaging material. Now the
equation (6) with new time-dependent AMA release function from the
packaging material can be written as:
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dC

dt
K C Qen

n n
t= − + −λ (22)

where λ = f(Mn0, h, Dns, Dnl, d) is the measure of AP efficacy. It is the
function of diffusion coefficients of the AMA in the packaging material
(Dns) and food (Dnl), Mn0—the AP material storage capacity,
h—mass-transfer coefficient, and d—the thickness of the packaging
material.

The solution of the system (5) and (22) is the following:

a) Change of bacterial contamination with time:

C K K Qe C K Q ec n n
t

n n
Kn= + + + − −− + − +{ ( ) ( )[ ( ) ]( ) (γ µ µ λ γ λµ λ γ µ

0
)t

+ − + + − +( ){ ( )[ ( )]}}K K Q C K C Kn n n n c nγ λ µ λ γ µ0 0 (23)

×
− + +

e

K K

t

n n

µ

γ λ µ λ γ µ( )( )( )
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Figure 5. Time dependence of the nisin release rate from various active packaging mate-
rials: films containing 2% ( ) and 7% ( ) of glyoxal PVOH [16]; ( )—acrylic polymer film
[17]; ( )—acrylic polymer film with 5% nisin [18]; ( )—vinyl acetate-ethylene co-poly-
mer with 5% nisin [18].



b) Corresponding change of AMA concentration:

C Q e C K
e

Kn
K t

n n

K t

n

n
n

= − − −
−

− −
−

{ [ ] ( )}( )1 0
γ λ

γ
γ λ

γ λ
(24)

The microbial kinetics in this case is controlled not only by the bacte-
rial inactivation rate constant and growth kinetics, but also by the mate-
rial properties of the AP. Rearranging (23) one obtains condition for suc-
cessful protection of the food product in case of time-dependent AMA
release from the AP material:

K C Q

K
Cn n

n
c

[( ) ]

( )( )

µ λ
γ µ µ λ

+ +
+ +

≥0
0 (25)

The results of numerical simulation of Listeria monocytogenes inhibi-
tion by nisin released at various rates from an AP system are depicted in
Figure 6.
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Figure 6. L. monocytogenes population dynamics as a result of non-steady state nisin re-
lease.



The numerical modeling results are qualitatively in good agreement
with the data in reference [6], where the release of nisin from cellu-
lose-based films has been measured and the initial inhibition of L.
monocytogenes followed by bacteria growth was observed.

DISCUSSION

The optimal antimicrobial packaging system would have a broad
antimicrobial spectrum, exert strong antimicrobial activity at low con-
centrations, have no adverse effects on the food product and packaging
material, be cost effective, and satisfy FDA requirements [1]. The type
of food, target microorganism, and desired shelf life determine the ap-
propriate AMA and the method of delivery. The present model not only
describes the inactivation kinetics of the microbial population under dif-
ferent scenarios, but also allows one to choose the best AMA and the
most effective pathogen treatment.

Let us introduce a dimensionless process variable:

α
γ

µ
=

K n (26)

The ratio between kinetic constants of bacterial growth and inactiva-
tion determines the overall efficacy of the treatment process. Substitut-
ing (26) into expressions (13), (17), (21), (25) and rearranging them, one
obtained the new set of conditions for effective control of the bacterial
population:

α
α γ
α

α γ µ
α

α γ
α

α γ µ λ

1

1

1

1

1

1

1

1

0

0
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+
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⎞
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+
+

+

C

Q

C
Q

u

C
Q

n

n

n ( )

⎡
⎣⎢

⎤
⎦⎥

⎫

⎬

⎪
⎪
⎪
⎪⎪

⎭

⎪
⎪
⎪
⎪
⎪

≥ Cc0 (27)

Based on this system, it is possible to specify requirements for trans-
port properties and storage capacity of active packaging material for var-
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ious regimes of antimicrobial delivery. Obviously, all inequalities in (27)
can be rewritten in (27) the generalized form:

α
α γ

µ λ
+

≥
1

1
0 0f C Q Cn c( , , , ) (28)

where 1/γ is the AMA “economy” factor specific to the bacteria/AMA
pair, i.e. the amount of AMA needed to inactivate one bacterial CFU;
f(Cn0, Q, µ, λ) ≥ Cc0—the function determined by specific design of the
package, packaging material, and food product formulation; α/(α +
1)—the coefficient determined by the kinetics of bacteria reproduction
and inactivation.

α
α

µ

µ

µ

+
→

>

<

⎧

⎨

⎪
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⎩

⎪
⎪

1

1

1

2

0

for

for
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K

K

K

n

n

n

~ (29)

Hence, it is possible to choose an AMA candidate for the food prod-
uct, which makes the product development and package design pro-
cesses cost-effective and less time consuming.

The presented model can also be used to predict product shelf life,
which can be defined as the time required for bacterial population to
grow from its initial level to an unacceptable concentration. Substituting
Cc → Cc lim, where Cc lim is an acceptable level of bacterial contamination,
in (19) and using a Taylor series expansion, one obtains the estimated
value of the product shelf life as a function of bacterial growth kinetics
and AMA concentration:

t
C

C

C

cr
c

n

c

;
lim

1 0

0

− α
(30)

This model provides a direct connection between microbial inhibition
in the food system and the release rate of the AMA, and can be used to
design more effective controlled-release packaging materials that will
improve microbiological safety and quality of food products.
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CONCLUSION

In this work, the author attempts to develop analytical model of bacte-
rial population response to adding of an antimicrobial agent as a function
of the agent release mode. Although all calculations were performed us-
ing nisin as an AMA and L. monocytogenes as a model pathogenic mi-
croorganism, the model can be applied to various bacteria/AMA sys-
tems and used to predict bacterial population dynamics for active
packaging applications.
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Effect of -Irradiation on Mechanical
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INTRODUCTION

SUSTAINABLE packaging materials are receiving a lot of attention,
and polylactic acid (PLA) is emerging as a leading material in terms

of increasing production volumes [1]. Derived from renewable re-
sources such as corn, wood residues and other biomass, PLA is of cur-
rent interest not only because of the need to replace fossil fuel derived
polymers, but also because of its many useful characteristics [2]. How-
ever, PLA still has disadvantages such as low melting point, brittle-

*Author to whom correspondence should be addressed. Email: bwelt@ufl.edu

ABSTRACT: Effect of gamma irradiation on mechanical properties
and molecular weight of polylactic acid (PLA) cups was studied.
Shredded and cut samples from cups were exposed to 0, 72 and 172
kGy γ-irradiation. Stress and strain at break were measured on sam-
ples (50 mm × 10 mm × 0.15–0.20 mm) using an Instron 4301 with
crosshead speed of 30 mm/min. Viscosity and weight average molec-
ular weights were estimated using intrinsic viscosity at 30°C with chlo-
roform as solvent. Mark-Houwink constants of 0.0153/0.0131 ml/g
and 0.759/0.777 for k and a, respectively, were used to estimate
weight-average/viscosity-average molecular weight of irradiated
samples. Results showed reductions in both mechanical properties
and molecular weight over the range of doses studied. Stress at break
dropped by a factor of 7 and strain at break fell from 75% to 2%. Molec-
ular weight decreased by a factor of 7, suggesting predominance of
chain-scission due to irradiation with a scission yield value, Gs, of
2.18.
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ness, instability to environmental conditions and relatively low bio-
degradation rate. Since PLA is biodegradable under composting condi-
tions, PLA packaging materials are more sensitive to temperature and
relative humidity than traditional petroleum based thermoplastics [3,4].

While proponents tout PLA’s ability to degrade under composting
conditions, rates of biodegradation are relatively low compared to com-
monly composted organic feedstock. This disparity has the potential to
create significant build-up of PLA in commercial/municipal compost
process streams, potentially rendering PLA incompatible with such op-
erations. Therefore, there is justification to study complementary treat-
ments that may enhance biodegradation rates of PLA. Several studies
focused on effects of electron beam and gamma irradiation on laboratory
prepared L and D poly lactides, lactide copolymers and blends [5,6,7].
The objective of this work was to evaluate the potential of γ-irradiation
as a post-consumer, pre-composting process in order to rapidly reduce
molecular weight and structural integrity of commercially available
PLA products prior to composting.

MATERIALS AND METHODS

Materials

Thermoformed PLA drinking cups (Fabri-Kal, Inc., Kalamazoo, MI)
were obtained from TREEO Center at the University of Florida. Cup di-
mensions are shown in Figure 1. Cup walls were clear except for
preprinted artwork.
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Figure 1. PLA drinking cups drawing.



Irradiation

Shredded and cut PLA samples were irradiated together in a foil lined
paperboard canister (73 mm diameter × 180 mm height). The canister
was placed inside the irradiation chamber (FL Accelerator Services and
Technology, Gainesville, FL) where it was exposed to γ-rays from a Ce-
sium-137 source at a dose rate of 0.78 kGy/h. Samples were irradiated in
air in order to promote scission over crosslinking [6,8]. The canister was
removed from the irradiation chamber after 92 and 221 hours, and sam-
ples achieved absorbed doses of 72 kGy and 172 kGy respectively. Irra-
diated samples were kept in storage at 25°C for at least 4 days prior to
analysis.

Test Samples

For mechanical properties tests, rectangular sheets were prepared in
accordance to ASTM D882 [9]. A standard cutter intended for paper-
board was used. Specimen dimensions were 10 mm × 50 mm. Sample
thickness varied from 150 and 200 µm primarily due to imprecise
stretching that is typical of the thermoforming process.

For molecular weight analysis, no specific requirement was needed
for dimensions or shape of the PLA samples. PLA cups were shredded
into pieces that were about 4mm on edge in order to facilitate uniform ir-
radiation as well as dissolution in chloroform after treatment.

Mechanical Properties

A 4301-Series Instron was used to determine stress and strain at break
of treated (72 kGy and 172 kGy) and untreated (0 kGy) PLA rectangular
sheets at a temperature of 25°C. The equipment was set at a crosshead
speed of 30 mm/min, and the sample set in the machine direction with a
gage length of 30 mm. Several repetitions were performed in each tensile
test for assure a representative average value of these mechanical
properties.

Molecular Weight

The standard method of intrinsic viscosity was used to determine vis-
cosity-average molecular weight and weight-average molecular weight
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of PLA samples in accordance to ASTM D2857-95 [10]. Kinematic
viscosiy of PLA dilutions (0, 0.1, 0.2, 0.3, 0.4 and 0.5%(v/v)) were de-
termined at 30°C using chloroform as solvent and a calibrated capillary
viscosimeter (Cannon-Ubbelodhe Model N°25, Cannon Instrument
Company, Inc., State College, PA). These values were used to determine
reduced viscosities (µred) of dilutions and estimate intrinsic viscosities
([µ]) of each treated sample.Viscosity-average molecular weight (Mv)
and weight-average molecular weight (Mw) were estimated by the
Mark-Houwink (MH) equation (Equation 1).

[ ]µ = kM a (1)

Where constants k and a used for PLA in chloroform at 30°C were
0.0131ml/g and 0.777 for viscosity-average molecular weight (Mv), and
0.0153ml/g and 0.759 for weight-average molecular weight (Mw) [11].

Degree of Chain Scission

The degree of chain scission (Gs) defined as the number of radiolysis
events caused by the absorption of 100eV of radiation was calculated by
Equation 2 [6].
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Where Mn is the number-average molecular weight (g/mol) after irra-
diation, Mn,0 is the number-average molecular weight (g/mol) before ir-
radiation, D is the absorbed dose (kGy), and NA is Avogadro’s number
(6.023 × 1023). Mn was assumed to be equal to Mv since doses were below
the gel dose [12]. For a constant Gs value, a linearization of 1/Mn – 1/Mn,0

vs. D was done, and the slope of the line used in Equation 2.

RESULTS AND DISCUSSION

Mechanical Properties

PLA made from pure L-Lactide, also called poly(L-lactide), is
semi-crystalline. Incorporation or co-polymerization with isomers
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M-lactide or D-lactide decreases degree of crystallinity, causing poly-
mers to become more amorphous [13,14]. PLA resins can be tailor-made
for different fabrication processes, including injection molding, sheet
extrusion, blow molding, thermoforming, film forming, or fiber spin-
ning. Critical factors include degree of branching, D-isomer content,
and molecular weight distribution. For thermoforming, D-isomer con-
tent might be in the range of 4–8% [13]. Unirradiated PLA mechanical
properties have been studied by other authors and been compared to
those of oriented polystyrene (OPS) [15].

Rectangular PLA samples showed increasing brittleness with ab-
sorbed dose. At higher doses, samples were sensitive to even careful
handling. Results for stress and strain at break using the Instron 4301 are
shown in Figure 2.

Higher gamma irradiation doses reduced PLA mechanical properties
in a manner that is similar to traditional thermoplastic polymers includ-
ing polystyrene, polypropylene and polyurethane [16,17,18]. Other au-
thors studied effects of electron beam irradiation on lactides and found
similar trends [5,7]. Stress at break of PLA samples irradiated at 172
kGy dropped from 127 MPa to 18 MPa, a factor of about 7. For the same
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Figure 2. Tensile properties of PLA samples: � stress at break (MPa), � strain at break
(%).



samples, strain at break dropped from 75% to 2%. These numerical val-
ues represent a marked increase in brittleness of the irradiated PLA sam-
ples. This behavior suggests crystalline damage due to free radical at-
tack [5]. Poly(lactide)s mainly undergo chain-scissions at doses below
250 kGy. It has been shown, but not confirmed here, that crosslinking re-
actions increase as a function of the irradiation dose at doses higher than
250 kGy [19].

Molecular Weight

Viscosities of PLA dilutions in chloroform at 30°C increased with
polymer concentration (Figure 3) [20]. Higher irradiation doses reduced
sample dilution viscosity, confirming chain scission by irradiation
exposure.

Results for intrinsic viscosity, [µ], based on reduced viscosities are
shown in Figure 4. Intrinsic viscosity is defined as the reduced viscosity
projected to zero dilution. Linearity of plots of reduced viscosity
throughout the dilution range suggests that concentrations were ade-
quately higher than the dynamic contact concentration, and that solu-
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Figure 3. PLA dilution viscosities: 0 kGy, 72 kGy, 172 kGy.



tions obeyed the Huggins equation [21]. Hence, our dilutions were
above the extremely dilute regime, which satisfies the requirement of the
approach used to determine intrinsic viscosity.

Figure 5 shows weight-average (Mw) and viscosity-average (Mv) mo-
lecular weights for unirradiated and irradiated PLA samples. Since in-
trinsic viscosities are lower at higher absorbed doses, molecular weights
also conform to the Mark-Houwink equation. This result confirms that
chain scission was the predominant effect of tested irradiation treat-
ments. Weight-average molecular weight dropped 86% from 16.3 × 104

to 2.3 × 104. Number-average molecular weight dropped 85% from 15.1
× 104 to 2.2 × 104. These molecular weight reductions were more severe
than those found by other authors for poly(L-lactic) acid [6]. This differ-
ence may be explained by additional sensitivity of PLA polymer for
thermoforming, which also includes D-isomers.

Ratios of weight average to viscosity average molecular weight,
Mw/Mv, were 1.08, 1.05 and 1.03 for absorbed doses of 0, 72 and 172
kGy, respectively. These values suggest narrow molecular weight distri-
butions, which would tend to confirm that the origin of our PLA samples
was from a ring-opening polymerization process, which is claimed by
the PLA manufacturer [13].
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Figure 4. Reduced and intrinsic viscosities for irradiated PLA samples diluted in chloro-
form at 30°C. � 0 kGy, � 72 kGy, � 172 kGy.



Degree of Chain-Scission

The plot of 1/Mn – 1/Mn,0 vs. D is shown in Figure 6. The straight line
suggests that chain scission was random [22]. Chain scission yield, Gs,
was found to be 2.18, which is greater than values found by other re-
searchers for gamma irradiated poly (L-lactic) acid [6], poly
(lactide-co-glycolide) e-beam irradiated and poly (l-lactide) e-beam ir-
radiated [5,6].

CONCLUSION

Irradiation doses up to 172 kGy using Cesium 137 γ-rays affect me-
chanical properties and molecular weight of commercial polylactic acid.
Stress at break and strain at break dropped by factors of 7 and 37, respec-
tively, reflecting the clearly observable increase in brittleness. Molecu-
lar weight of polymer irradiated up to 172 kGy dropped in 86%. It was
demonstrated that chain scission is the predominant effect of the irradia-
tion process under the evaluated doses, achieving a chain scission yield
(Gs) of 2.18. Hence, irradiation process may prove to be an effective
pre-composting step to accelerate composting rates of PLA.
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Figure 5. Molecular weight of PLA samples: Mw, Mv.
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