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ABSTRACT: There has been described a brief analytical overview 
of the market of granular materials, devices and ways of packaging 
thereof in Russia. A family of lever-hinged capturing devices has been 
developed for automation of the filling process of folded containers 
such as open sacks. Some researches and calculations confirming 
the working capacity of these systems have been made. A scheme 
and 3-dimensional computerized model of a transfer machine line 
for packaging granular materials in folded containers has been sug-
gested.
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R E S E A R C H

1.0 INTRODUCTION

GRANULAR MATERIALS have been widely adopted in food (sugar, 
flour, dry milk, cereals, nuts, legumes, etc.), chemical (mineral and 

organic fertilizers, pesticides, ice-melting products, powders, granulat-
ed blends, etc.) industries, in construction (sand, rubble, cement, bloat-
ing clay, hydration (bonding) substances, etc.), agriculture (grains, oil 
cultures, animal fodders, etc.), and also in daily life of man. At present, 
granular material dosing, packaging, and transportation processes take 
one of the leading places. Yearly, all kinds of transport carry more than 
5 billion tons of finished granular loads in Russia. More than a half of 
them are carried in closed means of transport or special shipping con-
tainers (sacks, drums, containers, etc.). The share of folded container 
loads (sacks, “big baggies”, and plastic package) is 40 per cent of all 
container-carried granular materials.
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An important stage in the transportation-technological schemes of 
supplying granular materials from the producer to the final consumer 
is a process of bagging and packaging thereof in different container 
types. By preparing the bagging production, it is necessary to remem-
ber that granular materials are often heavily dust-producing, sometimes 
explosive or toxic. Presence of such products at bagging operations is 
dangerous for health, labour-intensive, tiring, and accidental for man. 
Therefore, they try to completely or partially automate these operations. 
The solution for the problem of automatic bagging for open sacks of 
different materials (e.g., jute fabric, polypropylene) is made difficult by 
complexity of capturing and manipulating containers, whose material 
conducts air, as well as necessity to stitch a sack gusset right after fill-
ing. Therefore, the bagging process into such containers goes with hand 
labour application.

2. THEORETICAL INVESTIGATION

The authors suggest using lever-hinged capturing devices (LHCD) 
to solve the problem of automatic opening and holding sacks. A family 
of such devices [1–3] has been developed, which contain capturing ele-
ments in the form of fingers and a drive for moving thereof in the form 
of one or several pneumatic cylinders.

To automatically capture a sack, which is in a pile, it is necessary 
to perform preliminary opening thereof, e.g., using vacuum and pneu-
matic swirling claws by hefting the gusset of the top sack. Whereby, 
the lower part of its gusset swags and opens the internal chamber. The 
equation of a sack gusset swagging curve is calculated by variational 
calculation methods in the form of a swagging problem solution for a 
thread freely appended from two sides [3], and it is given by:

y C ch x C
C

= ⋅
−

−1
2

1
λ

where ch(z) is a hyperbolic cosine of the function, C1 and C2 are arbi-
trary constants of integration, and λ is an indefinite multiplier, which 
values are determined from the initial and boundary conditions. 

Thus, for a case when the sack is slightly opened and held by two 
vacuum claws located at one height, the system of the equations for 
determination of values of C1, C2 and λ is given by:

(1)
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where sh(z) is hyperbolic sine of the function, B is width of the sack, a 
is distance between external edges of vacuum claws. 

By solving the system of the Equations (2) it is possible to define val-
ues of λ, C1 and C2. Thus, if you take a standard size sack according to 
GOST [4]: the sack length L is 104(±1) cm, the sack width B is 56(±1) 
cm, we obtain: λ = 43.3; C1 = 31.7; C2 = 26.4.

Then, the equation of a swagging curve for the lower part of a sack 
gusset is given by:

y ch x= ⋅
−

−31 7 26 4
31 7

43 3. .
.

.  (cm)

A slightly open sack gusset allows the LHCD fingers enter inside. 
Then, capturing and transportation of a sack to the loading spout is per-
formed with the help of expansion of the device outermost side fingers. 
Being under the loading spout, the sack opens, the base thereof being 
on the conveyor belt and the gusset held by means of arching forces 
T, which act from LHCD fingers. These efforts T must not exceed the 
maximum permissible (breaking) force of the sack fabric Tmax (defined 
from reference data or GOSTs for sacks and fabrics for sacks of differ-
ent fabric types). In the meantime, they must be sufficient for holding 
a sack by bagging, i.e. exceed Tmin—the minimum essential effort for 
holding a sack, which is defined by formula [5]:

T K B
L Bmin

.
=

−
0 86

2

4ρ

where ρ is packed density of the material, L is length of the sack cor-
respondingly, and K is the factor of safety, K = 1.3 – 1.5.

Thus, for the above mentioned standard polypropylene sack under 
GOST [4], breaking force Tmax is 294 N. Packed density for sugar ρ 
depends on humidity and dispersion structure thereof, and it is defined 

(2)

(3)
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by GOST [6]. To calculate, let’s take maximum allowed packed density 
for sugar ρ equal to 900 kg/m3. By inserting all the values chosen into 
formula (3), we find the minimum essential efforts for holding the sack:

Tmin
. . .

. .
=

⋅ ⋅ ⋅
⋅ −

=
0 86 1 4 900 0 56

2 1 04 0 56
70

4
 N

Then the efforts needed to hold the necessary polypropylene sack by 
bagging it with sugar shall be chosen within 70 N to 294 N. These efforts 
in LHCD constructions must be created by compression springs [1] or 
through air pressure in the head ends of the power mini-cylinders [2].

3. COMPUTER MODELING

The researches and calculations done have allowed to suggest a 
transfer machine line scheme for packaging granular materials into 
sacks [Patent 2469928 RF, MPK B 65 B 7/02 (2006.01). A Device for 
Automatic Opening, Holding and Closing of Sacks/ A. M. Makarov, 
L. A. Rabinovich, Y. P. Serdobintsev—No. 2011122137; applied on 
31.05.2011; issued on 20.12.2012; VSTU].

Via student version of 3D computer graphics software for making 3D 
animations, models and images Autodesk 3ds Max 2012, a 3-dimen-
sional computer transfer machine line model has been obtained (Figure 
1), which contains capturing mechanism, 1, with fingers mounted on 

Figure 1. 3-dimensional computer transfer machine line model for packaging granular 
materials.
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the pneumatic cylinder of drive, 2, hinged-mounted on frame, 3, with a 
possibility to turn via pneumatic cylinder, 4.

Sack pile, 5, is on lifting table, 6. Vacuum claws, 7, are connected 
with tubes to the air-system and mounted with possibility of vertical 
axial movement. Conveyor belt, 8, is located under loading spout, 9, 
connected with batcher, 10. Loading spout, 9, is made with a possibility 
of linear vertical movement.

An automatic sack bagging process with granular material has been 
modeled on the basis of a 3-dimensional computer transfer machine 
line model. Some fragments of a video received in the course of the line 
operation process modeling are represented in Figure 2.

In its initial condition, sack pile, 5, is laid horizontally on lifting ta-
ble, 6, vacuum claws, 7, are over the unstitched sack gussets, capturing 
mechanism, 1, and pneumatic cylinder, 2, are located horizontally, and 
loading spout, 9, is up.

Figure 2. Computer modeling of the granular material packaging process into folded 
containers such as sacks. 
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At the beginning of a regular cycle, vacuum claws, 7, are pressed to 
the surface of the gusset of sack, S, which is on the pile top. Moving 
vacuum claws, 7, to their initial position results in separation of upper 
sack, S, from the pile, whereby the lower part of the gusset thereof 
swags under the effect of its own weight while opening the internal 
chamber of the sack [Figure 2(a)]. Pneumatic cylinder, 2, with captur-
ing mechanism 1 turns and the LHCD fingers enter inside sack S gusset. 
The extension of pneumatic cylinder, 11, rods draws the outermost side 
hinges with capturing mechanism, 1, fingers. Simultaneously, vacuum 
claws, 7, are disconnected from the vacuum system, thereby sack, S, 
is captured and held on the LHCD fingers [Figure 2(b)]. Holding sack, 
S, is performed by means of frictional interaction forces of the finger 
surface of capturing mechanism, 1, with the sides of sack, S, gusset, 
as well as by means of damping properties of air in the head ends of 
pneumatic cylinders, 11.

Then capturing mechanism, 1, returns to its initial position and by 
way of retracting the rod of pneumatic cylinder, 2, opens sack, S, gus-
set by locating its hinges with fingers along the perimeter of the open 
sack gusset what ensures holding thereof [Figure 2(c)]. Whereby, sack 
S base is on the conveyor belt, 8, directly under the LHCD fingers and 
loading spout, 9, which goes inside sack, S, gusset down to the lev-
el of capturing mechanism, 1. Filling of a product portion previously 
weighed by batcher, 10, starts [Figure 2(d)]. Upon completion, loading 
spout, 9, goes up to its initial upper position, capturing mechanism, 1, 
closes the sack gusset by retracting the rod of pneumatic cylinder, 2, 
and preparing the sack for stitching with special stitching machine, 12, 
which is nominally shown in Figure 2(e). Whereby, sack, S, is freed 
from capturing mechanism, 1, fingers, and being on conveyor belt, 8, 
it is transferred to the shipping point or storage location [Figure 2(f)]. 
Here, the sack filling cycle finishes.

CONCLUSIONS

The automatic transfer line suggested can be used in different in-
dustries for packaging granular materials in open folded containers of 
different types and sizes. Whereby, LHCD [2] construction allows to 
capture and open sacks of not only one standard size, but also ones of 
close dimensions, i.e. perform filling of different size containers with-
out additional equipment readjustment.

Using the automatic transfer line suggested allows to completely free 
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the man-power from heavy, tiring work, take them out of the operating 
area and not to apply manual labor in processes of filling granular prod-
ucts in folded containers such as sacks of different materials any more.
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ABSTRACT: A box blank is a flat piece of corrugated fiberboard, 
which has been cut, slotted and scored. To convert it into a box, its two 
ends must be fastened together with tape, staples or adhesives such 
as water soluble glues. The location at which the two ends meet is 
known as the manufacturer’s joint. While taped and stapled joints are 
used for specific applications, glued joints have been reported to be 
the most preferred. This paper reports the observations for the effect 
of glue patterns and their respective volumes on the strength of cor-
rugated fiberboard boxes as related to both the vertical and horizontal 
stresses. By testing tensile strips for tensile strength (horizontal) and 
corrugated boxes for compression strength (vertical), this research 
analyzed the results from different patterns along the manufacturer’s 
edge. These patterns were applied using various nozzle diameters 
to take glue volume into account. Key results indicate that in verti-
cal strength, glue pattern and volume made no significant difference 
i.e. the low volumes were just as strong as the high volumes with no 
significant difference between patterns. As related to the horizontal 
strength, every pattern was significantly different yet all patterns dem-
onstrated significantly increased strength with larger volumes of glue. 
From this study it was determined that depending on the product, a 
user should use a specific amount of glue to control costs and produc-
tivity. If the product is rigid and will not cause the package to bulge, 
then horizontal strength is not a key factor and a lower volume of glue 
is viable. If the product will cause the package to bulge, then horizon-
tal strength is a key factor and a high volume of glue is required.

*Author to whom correspondence should be addressed. Email: ksaha@calpoly.edu
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1. INTRODUCTION

CORRUGATED FIBERBOARD is a paper-based material consisting 
of a fluted containerboard sheet and at least one flat linerboard. 

It is widely used in the manufacture of corrugated boxes and shipping 
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containers. Throughout the journey of a containerboard from the paper 
mills to box plants, which include the corrugated box plants and sheet 
plants, close quality control is provided to material properties such as 
basis weight, caliper, burst strength, water absorption, porosity to air 
and smoothness. Variations in material properties can affect the strength 
and performance of corrugated boxes. 

Boxes from the corrugated fiberboard sheets can be formed in the 
same plant as the corrugator or alternatively, sheets of corrugated fi-
berboard can be shipped to a sheet plant for conversion into boxes. At 
both these facilities the corrugated board is creased or scored to provide 
controlled bending of the board. Slots are typically cut to provide flaps 
for boxes. The Regular Slotted Container (RSC, FEFCO 0201) is the 
most common style of corrugated box used in the industry [1]. All flaps 
for this style of construction are the same length and the outer (major) 
flaps meet at the center of the box. Figure 1 illustrates a box blank for a 
RSC style box as well as the folding and finishing process for creating 
a knocked down box. 

Figure 1. Regular Slotted Container Blank and Finishing Process.
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At the conversion plants, the two ends of the box blank are fastened 
together with tape, staples or adhesives (glue) for conversion to a box. 
The location at which these two ends meet is known as the manufac-
turer’s joint. It may be noted that not all corrugated containers, such as 
bliss boxes, have manufacturer’s joints. Figure 2 illustrates the common 
type of manufacturer’s joints used by the industry. The glued and sta-
pled joints may be assembled with the manufacturer’s joint, whether on 
the inside or outside of the box, depending on factors such as continuity 
of graphics on the box, cube utilization while unitizing the containers 
and undisrupted internal space to avoid scuffing damage to the product. 

The side panel thickness and paper basis weight commonly deter-
mine the kind of fastening technique used for manufacturer’s joints. 
Adhesive joints are also referred to as “glued” joints in this paper. Glue 
and tape joints are most commonly used for most single wall construc-
tions whereas, staples are frequently used for double and triple wall 
constructions. 

Glued joints provide higher strength and rate of productivity, are bet-
ter for rough handling, typically provide higher tensile strengths, do 
not interfere with printing when placed on the inside and offer lesser 
likelihood of scratching the product and personal injuries. They are the 
most economical method but can be messy in the manufacturing envi-
ronment. They are also sensitive to temperature and humidity.

There are several regulations related to corrugated products such 
as those set by carriers (rail and truck), U.S. government (DOT, FDA, 
USDA, and EPA) and the Council of State Governments which pro-
vide guidelines regarding corrugated container construction [1,2]. More 
clearly defined specifications which can be considered as industry stan-
dards for corrugated materials are provided by the Fiber Box Associa-
tion (FBA) or the Association of Independent Corrugators (AICC), and 

Figure 2. Common Manufacturer’s Joint Assembly Techniques.
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machinery and fabrication equipment guidelines and standards can 
be obtained from the Packaging Machinery Manufacturers Institute 
(PMMI) [3,4,5]. Although the tolerances provided by FBA and PMMI 
are voluntary, most corrugated manufacturing companies and many 
corrugated users consider these as specifications to be used when manu-
facturing or specifying most corrugated packaging.

The carrier rules provide the following guidelines for manufacturer’s 
joints [1]:

Single and Double Wall Fiberboard Constructions: Boxes must have 
manufacturer’s joints formed by lapping the sides of the box forming 
the joint not less than 3.18 cm, where the 3.18 cm is the actual over-
lapping or mating area (Figure 1). With regards to glued joints, these 
guidelines recommend gluing the entire area of contact with a water-
resistant adhesive. 

Corrugated shippers are designed to overcome the distribution envi-
ronment hazards so that the products they carry reach the consumers, 
intact and ready for use. The transportation and warehousing hazards 
faced commonly by corrugated shippers include compression, shock, vi-
bration, temperature, creep and humidity among others. Most material 
(containerboard) and corrugated package testing procedures are provided 
by the Technical Association of the Pulp and Paper Industry (TAPPI) and 
American Society for Testing and Materials (ASTM) [6,7,8,9].

When a shipping container is dropped during handling or compressed 
during stacking, its manufacturer’s joint is subjected to stresses along 
with all other edges. The TAPPI Test Method T 813 om-04 (Tensile Test 
for the Manufacturer’s Joint of Fiberboard Shipping Containers, Test 
Method) helps determine the strength of the manufacturer’s joint of 
commercially made corrugated and solid fiberboard shipping contain-
ers and is applicable to taped, stitched, or glued joints which may also 
be used to evaluate laboratory fabricated joints similar to commercially 
made joints [6]. ASTM D 642 (Standard Test Method for Determin-
ing Compressive Resistance of Shipping Containers, Components, and 
Unit Loads) is commonly used for measuring the ability of the contain-
er to resist external compressive loads applied to its faces, to diagonally 
opposite edges, or to corners [8]. 

A study conducted in 1970 evaluated the amount of manufacturer’s 
joint adhesive coverage of the glue flap required for satisfactory cor-
rugated box performance and compared the performance of hot melt 
adhesives with that of regular aqueous adhesives used in the fabrica-
tion of manufacturer’s joints for corrugated boxes. The laboratory tests 
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performed towards these goals indicated equivalent glued joint tensile, 
joint Bathurst, box drop and box compression test values for the ap-
proximately 91 kgf, B-flute boxes fabricated with glued manufacturer’s 
joints which varied between approximately 60–100% glue tab adhesive 
coverage. From the testing performed, the study also concluded that 
boxes fabricated with manufacturer’s joints adhered with three or four 
beads of hot melt adhesive were equivalent in strength to boxes fabri-
cated with regular aqueous adhesive glued manufacturer’s joints.

A different study published in 1990, looked at the internal bond 
strength of the linerboard when glue was applied using an extruder ap-
plicator and flexo folder-gluers. Proper use of the extruder applicators 
was concluded to achieve full coverage of the glue lap and the adhesive 
viscosity and the amount of glue applied was recommended to be such 
that when the joint was made, the adhesive would spread out to give the 
95% coverage specified. As related to flexo folder-gluers, if ply sepa-
ration was a problem, the adhesive should be modified to give greater 
coverage and not deeper penetration.

Another recent study explored the compression and tensile strengths 
of RSC style corrugated boxes based on adhesive coverage, three dif-
ferent types of tapes (acrylic, paper and reinforced paper) and applica-
tion angle of staples towards fastening on the manufacturer’s joint. The 
results of this study suggested an overall higher tensile strength for glue 
than the other fastening techniques evaluated with no significant differ-
ence for peak force or deflection at peak force for all glued, stapled or 
taped treatments.

At present there is no data available to demonstrate the effect of vari-
ations in glue patterns as well as the glue bead diameter as related to the 
compression or the tensile strengths of corrugated boxes. 

The objective of this study was to evaluate the tensile and compres-
sion strengths of corrugated fiberboard boxes as related to varying glue 
patterns and glue bead diameters.

2.0. MATERIALS AND METHODS

2.1. Glue Gun, Patterns and Nozzles

Champ 3™ Bulk Hot Melt Glue Gun (Glue Machinery Corp., Bal-
timore, Maryland, USA) with five nozzle attachments, 1 mm, 1.9 mm, 
2.5 mm, 3 mm and 6 mm, were used. Four glue patterns, dots, line, 
slashes and sine were used in conjunctions with each nozzle (Figure 3). 
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2.2. Corrugated Fiberboard Box

RSCs (FEFCO 0201) with inner dimensions of 39.85 cm × 29.69 
cm × 13.97 cm were used in this study. C-flute corrugated fiberboard 
was used with a basis weight of 20/15/20 kg/ 92.9 sq.m. (44/34/44 lb/ 
1000 sq.ft.), a bursting strength of 125 N/cm2, and an edge crush test 
(ECT) of 79 N/cm. The manufacturer’s edge dimensions are provided 
in Figure 3. All corrugated box samples used for this study were created 
using ArtiosCAD software and the Premium Line 1930 model of the 
Kongsberg table (Esko Graphics, Ludlow, Massachusetts, USA).

2.3. Manufacturer Joint Tensile Testing

TAPPI test standard T 813 om-04 (Tensile Test for the Manufactur-
er’s Joint of Fiberboard Shipping Containers, Test Method) was used 

Figure 3. Gluing Patterns Used in the Study.

Figure 4. Tensile Test Specimen Location.
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to compare the performance of various fastening methods for manu-
facturer’s joints. This test gives an indication of the ability of the joint 
to withstand rough handling without failure, to the extent that failure 
is related to the tensile strength of the joint itself [6]. The initial jaw 
separation for the tensile tester was set at 180 ± 5 mm and the rate of 
separation used was 25 ± 5 mm/min. A Testometric tensile tester Model 
M350-5kN (Testometric Materials Testing Machines Company, Lan-
cashire, United Kingdom) was used for all tests. Five glued specimens 
for each variable were tested after pre-conditioning for 24 hours at 50% 
relative humidity and 23°C.

Tensile test strips were prepared in accordance to TAPPI T 813 om-
04 (Figure 5). The length of all samples was 200 mm and a width of 25 
± 0.5 mm was used.

2.4. Box Compression Strength Testing

The ASTM D 642 (Standard Test Method for Determining Com-
pressive Resistance of Shipping Containers, Components, and Unit 
Loads) was used to test the compression strength [8]. The procedure 
is commonly used for measuring the ability of the container to re-
sist external compressive loads applied to its faces, to diagonally op-
posite edges, or to corners. This test method is also used to compare 
the characteristics of a given design of container with a standard, or to 
compare the characteristics of containers differing in construction. This 
test method is related to TAPPI T 804 om-02 [7]. The tests were con-
ducted using a fixed platen arrangement on a Lansmont compression 
tester Model 152-30K (Lansmont Corporation, Monterey, CA, USA), 
with a platen speed of 1.3 cm/minute and a pre-load of 22.68 kgf for 
zero-deflection in accordance with the standard. Five box samples for 
each variable were tested after pre-conditioning for 24 hours at 50% 
relative humidity and 23°C.

Figure 5. Tensile Test Samples for Glued Joints.
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3.0. RESULTS AND DISCUSSION

For this research study the same grade of corrugated fiberboard, and 
glue type was used to construct boxes of a specific dimension as men-
tioned in section 2.2. The experimental treatments considered for this 
study were the nozzle diameters, and glue patterns, considered inde-
pendent variables. To compare the performance of the various manu-
facturers joint prepared with different nozzle types and glue pattern, the 
compression strength of the box and the tensile strength of the glued 
joints specimens (Figure 5).

For the 5 different nozzle diameter and glue pattern the amount of 
glue (grams) varied considerably Figure 6. Corrugated boxes are used 
to convey a majority of finished goods, perishable and non-perishable, 
to retail outlets. A small percentage of decrease in glue volume can re-
sult in decreased costs and weight as well as faster throughput.

3.1. Tensile Strength of Glued Specimen and Compression 
Strength of Boxes 

The results of the tensile strength of glued specimen (Figure 4) and 
compression strength of box are shown in Table 2. The statistical soft-
ware package Minitab was used to perform an analysis of variance for 
the tensile strength and compression strength for the different nozzle 
diameters and glue pattern. Although compression strength testing pro-
vided both deflection and peak force, it was observed that the deflection 
data for the different treatments had a p value of > 0.05 compared to 
the compression strength data where the p-value < 0.05. Therefore this 
study focused on the ability of the containers to withstand compressive 
forces as effect of glue pattern and nozzle diameter. Since, the objective 
of this study was determine the effect of glue pattern and nozzle diam-

Table 1. Amount of Glue Used for Four Different Glue Patterns Using 
Four Nozzle Diameters.

Glue Pattern

Glue Mass (g) for Nozzle Diameter

1.0 mm 1.9 mm 2.5 mm 3.0 mm 6.0 mm

Dots 0.17 ± 0.12 0.33 ± 0.33 0.40 ± 0.40 1.03 ± 0.15 1.60 ± 0.00
Sine 0.3 ± 0.00 0.63 ± 0.63 0.67 ± 0.67 1.00 ± 0.10 1.43 ± 0.12
Line 0.5 ± 0.50 0.63 ± 0.63 0.73 ± 0.73 1.17 ± 0.06 1.37 ± 0.06
Slashes 0.33 ± 0.33 0.80 ± 0.80 1.00 ± 0.80 1.40 ± 0.20 1.93 ± 0.12
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eter on the shear strength of the manufacturers joint the peak force re-
quired to disengage the glued area of a tensile strip was recorded rather 
than the force at break.

3.1.1. Box Compression Strength 

For the compression strength analysis, the effect of glue pattern and 
nozzle diameter on peak force was the parameter of interest, and the 
interaction of glue pattern and nozzle diameter were considered as the 
predictors. The interaction of glue pattern and diameter was not found 
to be statistically significant (p-value = 0.220), thus, providing no evi-
dence that the association between average peak force and nozzle diam-
eter changed significantly for different glue patterns. Nozzle diameter 
was not a significant factor (p-value = 0.406) whereas the glue pattern 
was indicated to have some effect on the compression strength of the 
box (p-value = 0.071). It can be inferred that the compression strength 

Table 2. Tensile and Compression Strength Results.

Nozzle (mm) Pattern
Peak Tensile Force  

(N x 102)
Peak Compression Force 

(N x 103)

1.0 mm

Dots 0.408 ± 0.127 2.85 ± 1.27
Sine 0.961 ± 0.402 3.14 ± 1.21
Line 2.34 ± 0.365 2.34 ± 0.133

Slashes 1.41 ± 0.485 2.34 ± 0.139

1.9 mm

Dots 0.707 ± 0.209 2.39 ± 0.133
Sine 2.88 ± 0.826 2.53 ± 0.133
Line 2.85 ± 0.741 2.40 ± 0.175

Slashes 2.17 ± 0.328 2.52 ± 0.245

2.5 mm

Dots 1.36 ± 0.573 2.60 ± 0.323
Sine 2.64 ± 0.331 2.45 ± 0.290
Line 2.51 ± 0.980 2.26 ± 0.145

Slashes 2.01 ± 0.753 2.39 ± 0.188

3.0 mm

Dots 2.53 ± 0.402 2.77 ± 0.186
Sine 3.12 ± 0.484 2.37 ± 0.0904
Line 3.49 ± 1.56 2.35 ± 0.244

Slashes 2.49 ± 0.738 2.48 ± 0.0773

6.0 mm

Dots 3.24 ± 1.15 2.82 ± 0.166
Sine 3.36 ± 0.670 2.26 ± 0.0752
Line 3.93 ± 0.754 2.45 ± 0.0979

Slashes 3.20 ± 0.755 2.74 ± 0.312
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of a box may not be compromised by changing the type of glue pattern 
or nozzle diameter to secure the manufacturers joint. Since a particular 
combination of glue pattern and nozzle diameter did not have a signifi-
cant effect on peak force, it gives the box manufacturer the flexibility 
to reduce the amount of glue used by implementing a glue pattern and 
a nozzle type without sacrificing on the box compression strength. As 
indicated in Table 1 the glue pattern dots with a 1.0 mm nozzle diam-
eter used 0.17 grams of glue compared to 0.30 grams for sine with a 
1.0 mm nozzle diameter. This is twice the volume of glue without any 
significant increase in compression strength (Table 2). Therefore it can 
be suggested to select the glue pattern with the lowest volume in order 
to save material and reduce cost of manufacturing.

3.1.2. Tensile Strength of Glued Specimen 

For the tensile strength analysis, the effect of glue pattern and nozzle 
diameter on peak force was the parameter of interest, and the interac-
tion of glue pattern and nozzle diameter were considered as the predic-
tors. It was observed that the tensile strength of the glued specimen 
was different from those of the compression strength results. Using an 
overall significance level of 0.05, the data provide evidence of a statisti-
cally significant effect of glue pattern and nozzle diameter (p-value < 
0.001). As part of the post hoc analyses, we performed Tukey’s pairwise 
comparisons. At an overall 95% confidence level, it was found that line, 

Figure 6. Glue pattern and Nozzle interaction effect on Tensile Peak Force.
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sine, and slash glue patterns yield significantly higher peak tensile force 
compared to dots. Similarly the line glue pattern has significantly high-
er tensile peak force than slashes (Figure 6). Also, it was observed that 
the mean tensile peak force is affected significantly by the glue pattern 
and nozzle diameter (Figure 7). The tensile strip samples prepared with 
a nozzle diameter of 1.0 mm had significantly lower tensile peak force 
compared to 3.0 mm and 6.0 mm. The best option that demonstrates the 
highest performance for tensile testing would be the line pattern with 
a 6.0 mm nozzle (Figure 6). However, the tensile peak force for speci-
men glues with a 3.0 mm nozzle and the sine pattern was similar to a 
line pattern and 6.0 mm nozzle (p > 0.05), suggesting material savings 
without sacrificing box performance (Figure 6). 

The method used to make the tensile strips may have had an effect on 
these results. By gluing together the two rectangles as shown in Figures 
4 and 5 and cutting out the strips, some strips may have had a dispro-
portionate amount of glue. For example, the dots were applied at 1 inch 
increment which led to an area without any glue dots. Therefore, when 
the test strips were cut it was possible that only a portion of the dot pat-
tern was present within the tensile test specimen. This could explain 
the low performance of the dot pattern. The results could have been 
different if there was a complete dot of glue within the glued area of the 
specimen. However in order to eliminate bias in the glue application 
method, the experimental design required that the specimens were cut 
from the boxes at random from the manufacturer’s joint. 

Figure 7. Main Effects for Tensile Peak Force.
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3.2. Effect of Glue Pattern and Nozzle Diameter on  
Box Performance

Based on the statistical analyses of both the testing procedures the 
tensile testing (manufacturer joint) and the box compression strength, 
two different solutions can be provided for the best performing glue 
pattern with a specific nozzle diameter for a particular type of product. 
While comparing the compression strength of the boxes (Table 2) pro-
vides an estimate of a box’s stacking strength, the tensile strength of the 
test specimens (Table 2) from the manufacturer joint provides the box’s 
resistance to shear forces caused by bulging. Therefore there could be 
two solutions dependent on the needs of product-package system. If the 
product is a rigid structure that will not induce bulging from the inside 
and push the box outwards, then tensile strength of manufacturer joint 
specimen will not be a relevant measure of box performance, rather in 
this case the compression strength of the box would be better tool to 
evaluate box performance for stacking strength. Based on this reason-
ing it can suggest that the manufacturer joint of a box can be glued with 
a 1.0 mm nozzle with a dot pattern. Whereas if the product were to push 
outwards, then taking tensile strength into account will be necessary 
as opposed to the box compression strength, this would suggest con-
structing a manufacturer joint with the line pattern and 6.0 mm nozzle 
diameter. However a situation where the product-package system de-
mands high compressive resistance as well as bulge resistance then the 
manufacturer joint can be glued with a line pattern and 6.0mm nozzle 
diameter. Since, there is no significant difference between the compres-
sion strength of boxes constructed with 3.0 mm and 6.0 mm nozzle, the 
manufacturer may select 3.0 mm nozzle to reduce the amount of glue, 
thus reducing material cost but bearing in mind that there could be some 
loss in bulge strength without any loss in compression strength.

4.0. CONCLUSIONS

The hypothesis that glue pattern could affect the strength of corru-
gated containers had never been studied previously. One hundred boxes 
were tested along with one hundred tensile strips to determine if indeed, 
glue pattern and amount made any significant difference in vertical 
compression strength and bulging of a corrugated container. Statistical 
analysis indicated that the p-value was greater than 0.05 for compres-
sion strength analysis therefore it can be inferred that regardless of glue 
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pattern or nozzle diameter less than 3.0 mm (thus volume) compres-
sion strength of a box will not be affected. Whereas after analyzing the 
tensile strength data, the p-value were 0.00, suggesting that the glue 
pattern and nozzle diameter had a significant effect on the tensile peak 
force of manufacturer’s joint of a box. Upon further, statistical analysis, 
it was determined that in general the more glue used resulted in higher 
tensile strength with increasing nozzle diameter for all the glue patterns. 
Also, irrespective of the nozzle diameter the line pattern indicated to be 
the best option to construct a manufacturer joint which could sustain 
high bulging forces. Thus it can be suggested that a manufacturer joint 
glued with line pattern with a 6.0 mm nozzle will have the highest resis-
tance against bulging forces. However, the box manufacturer should be 
aware that if there are minimal bulging forces exerted by the product on 
the manufacturer joint, it would be possible to use a low volume of glue 
with 1.0 mm and dot pattern to save material and reduce cost. 
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ABSTRACT: Manufacturers can compete based on a variety of fac-
tors ranging from plant and equipment to intellectual property. Pack-
aging producers may be tempted to rely on their capital or technologi-
cal assets for competitive advantage, when in fact they may be better 
off making greater investments in their knowledge resources. Previ-
ous research has shown that knowledge resources associated with a 
firm influence both its performance and competitiveness. However, 
the extent to which these knowledge resources promote or hinder firm 
performance can differ by industry context and much of this research 
has been conducted with fast-paced industries. Understanding how 
specific types of knowledge resources relate to performance in a giv-
en industry can be valuable to business practitioners operating within 
that industry and we therefore conducted a project to examine these 
relationships in a key segment of the packaging industry. We utilized 
a survey of managers in the transport packaging segment to measure 
both the knowledge resources available to firms, as well as the value 
provided by those resources in terms of firm performance. Results 
suggest that firms having high levels of knowledge resources perform 
better than those lacking such resources.
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1. INTRODUCTION

SUBSTANTIAL research has been conducted on various performance-
related aspects of the packaging world. Focal areas have ranged 

from performance of materials [23] to optimizing packaging-related 
processes and operations [9] to logistics and the supply chain [30,18], 
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yet few works have been published which examine the performance 
of companies involved in the packaging industry. Exceptions include 
research utilizing packaging firms as examples in performance-related 
works (e.g., environmental performance, [20]), and research investigat-
ing manufacturing performance of packaging producers [19]. 

We believe that greater emphasis should be placed on investigations 
of firm performance in this important industry. Understanding the fac-
tors that can increase a firm’s performance or profitability has been an 
area of considerable emphasis for management science scholars. A goal 
with this type of research would be to identify such factors and then 
make suggestions regarding areas that business leaders should change 
within a specific organization or sector of the overall industry. 

One popular management theory is that individual firms can be dis-
tinguished by their own unique collection of resources and capabilities, 
and that these resources have a direct impact on performance. If this 
is true then some firms should be able to gain competitive advantage 
through proper leveraging of their specific collection of resources and, 
ultimately, earn returns greater than their competitors [10]. Examples 
of resources may include employees, access to capital, machinery and 
equipment, intellectual property, etc. 

Our research therefore sought to investigate the potential existence 
of a knowledge-to-performance relationship in a packaging indus-
try setting. Specifically, this project attempted to identify firm-related 
knowledge resources that may be correlated with performance in North 
American transport packaging producers. As we discuss below, knowl-
edge resources are an acknowledged source of competitive advantage 
in a variety of contexts and should therefore be a variable of interest for 
packaging practitioners and researchers. 

Our research focused on knowledge-based resources internal to the 
firm, specifically market and technological expertise. Wiklund and 
Shepherd [33] argue that knowledge associated with markets and tech-
nology can increase a firm’s ability to discover and exploit new oppor-
tunities and hence lead to better performance. Our research builds on 
past works with firms in various industries, such as film studios [17], 
law firms [11] and textile manufacturers [24] that have shown a positive 
relationship between knowledge resources and firm performance. 

No known previous work has examined this particular factor as 
a potential influencer of performance in a sample of packaging pro-
ducers. Another justification for this work is that understanding the 
value of different types of knowledge can be beneficial in strategic 



Knowledge Resources and Firm Performance 227

decisions involving the acquisition and allocation of resources. Fur-
thermore, understanding how a firm’s knowledge resources influence 
its competitiveness can help facilitate managerial decisions related to, for 
example, the recruitment, retention, and training of employees [28].

2.0. BACKGROUND

Firms competing in the same industry will often face very similar 
environmental conditions. This, however, does not imply that each firm 
has available the same resources on which strategic decisions, in re-
sponse to those conditions, can be made. Nor does the availability of 
similar resources mean that each firm is capable of responding with 
similar efficacy. The observation that seemingly very similar firms can 
differ substantially in terms of both strategies and performance has led 
to an immense and growing body of research that seeks to better under-
stand and identify those factors most influential to firm-level outcomes.

One promising line of investigation by management scientists is that 
the knowledge held within firms can serve as a unique resource and 
have a direct impact on organizational outcomes. Put more succinct-
ly, there is increasing evidence that firm-specific knowledge can be a 
highly valuable source of competitive advantage [32]. Support for this 
relationship has been shown in a variety of specific instances, including 
how within-firm knowledge that is related to markets and technology 
can increase a firm’s ability to discover and exploit new opportunities 
[33]. However, much of the past work in this area has been done on 
growing or high-tech industries in which the effects of knowledge on 
firm-level outcomes may differ from those in a more mature industry 
setting such as transport packaging. 

2.1. Value of Knowledge Resources

Two of the most promising types of firm knowledge being inves-
tigated today are market and technology based knowledge, and they 
formed the basis for our investigation. According to Burgers and col-
leagues, “technological knowledge refers to knowledge associated with 
products, technologies and/or processes,” whereas “market knowledge 
refers to knowledge associated with targeting customer sets, entering 
markets, distribution channels, marketing approaches and business 
models” ([2], p. 56).

There are multiple ways that market and technology based knowl-
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edge can have value for a company. These can range from facilitating 
the innovation process [33,2] to allowing a firm to quickly exploit an 
identified opportunity or rapidly respond to competitors’ advancements 
[3,33]. For example, a pallet manufacturing company having expertise 
in information technology may utilize that knowledge to provide logis-
tical services for its customers. A firm having technological expertise 
may more easily discover and adopt new production processes, thus 
leading to gains in efficiency. This same knowledge could also allow 
for the creation of new products through the utilization of new materi-
als, and as a result allow new options for raw materials [25,26]. For a 
packaging producer, knowledge of alternative materials such as bio-
plastics could allow it to increase the variety of products offered and 
make it less vulnerable to the markets of any single raw material.

2.2. North American Pallet Industry 

The pallet industry serves as an appropriate venue for our study not 
only because of its importance as a critical component of most supply 
chains [21], but also due to recent trends and developments. Although 
the pallet manufacturing industry may seem relatively stable, it has ex-
perienced important changes that are worth mentioning. Major trends 
of the past few decades include: a growing preference for block pallets 
among large retailers, new regulations for packaging materials involved 
in international trade (e.g., ISPM [15]), the growth of pallet reuse and 
recycling [1], and the rise in power of large pallet pooling organizations 
[29]. Moreover, parts of the supply chain are increasingly demanding 
that their transport packaging providers make technology-based solu-
tions (e.g., RFID capabilities) available as part of the unit load solution. 

Considering these ongoing developments, knowledge of markets 
and technology may become increasingly valuable resources on which 
successful industry firms will depend. Such specialized knowledge can 
increase early awareness of new trends or changes in the industry, po-
tentially resulting in a source of competitive advantage [33]. In addi-
tion to this, the knowledge resources available to a firm may dictate 
the strategy it pursues in response to these market and technological 
changes [2].

3.0. RESEARCH METHOD

The research instrument used to collect data for this study was a 
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survey questionnaire administered electronically via the internet. To 
increase validity and ensure contextual suitability, a panel comprising 
both management scholars and industry experts was asked to review the 
survey and provide feedback. Working with a statistician in the social 
sciences, we tested the intended survey instrument to ascertain the qual-
ity of the data it collected, and to ensure that the instrument was condu-
cive to data processing and analysis [8,14]. Following these reviews, a 
series of small pilot tests were run in which the electronic version of the 
survey was completed online by multiple people to ensure the website 
functioned properly. 

An initial email was sent by the president of the National Wooden 
Pallet and Container Association (NWPCA) in January 2012 to known 
upper-level managers of 1,192 firms, including both NWPCA members 
and non-members with pallet-related operations. The association’s list 
had been filtered such that only company contacts that included a name 
(and associated email address) of an upper-level manager (e.g., owner, 
president, vice president, etc.) were included in the survey. The sur-
vey’s instructions stated that only the person receiving the correspon-
dence should complete the survey.

The email provided a brief description of the study and included a link 
to an online questionnaire to be completed by the recipient. A follow-
up email was sent by the NWPCA 10 days later as a reminder and the 
researchers subsequently sent personalized emails to nonrespondents 
in the following two weeks as a final request for their participation [7]. 

3.1. Measures Used

Measuring firm performance and its antecedents can be a challenge 
for researchers given the wide variety of firm operations, economic con-
ditions, managerial goals, etc. For example, performance is commonly 
viewed as a multidimensional concept [15], and so the relationship be-
tween performance and other variables may depend upon the indicators 
used to assess performance, including both financial and non-financial 
measures. This research therefore used performance and knowledge 
measures commonly validated in entrepreneurship and management 
research.

3.1.1. Dependent Variable

Performance was our dependent variable and was assessed using 
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both financial and non-financial measures as described by Wiklund and 
Shepherd [33]. Respondents were asked to compare their firm’s per-
formance over the past three years to that of their most relevant com-
petitors for five different dimensions of performance: sales, number of 
employees, profitability, product/service quality and customer satisfac-
tion (α = .80). Five-point Likert scales ranging from “much weaker” to 
“much stronger” were used. All five dimensions were equally weighted 
and used to calculate an aggregate score representing an overall mea-
surement of each firm’s performance (i.e., the performance construct). 

3.1.2. Independent Variables

As discussed, results from previous studies have supported the exis-
tence of a relationship between a firm’s performance and the knowledge 
resources it has available [33]. For this study, we used a modified ver-
sion of Wiklund and Shepherd’s [33] scale to assess firm knowledge by 
asking respondents to compare their firm’s knowledge position on 11 
individual items relative to other companies within their industry (α = 
0.91). The items, measured on a five-point Likert scale similar to that 
used for performance, addressed knowledge related to marketing, tech-
nology and company management. In addition to the individual item 
measures, each firm was also given a combined aggregate score repre-
senting their overall bundle of knowledge resources. Only those firms 
whose respondent completed all 11 items were given the combined ag-
gregate score. This aggregate score equally weighted each measure and 
was used to represent the firm’s overall bundle of knowledge resources.

3.1.3. Additional Variables

Our survey collected additional data relating to firm size, revenue 
and age. These were tested for use as control variables. 

4.0. RESULTS

4.1.  Respondent Profile

The identified population of interest for this study consisted of firms 
headquartered in North America whose primary source of revenue came 
from the production of new wood pallets or the recycling, repair and/or 
remanufacturing of wood pallets. We received 183 usable surveys; after 
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removing those from firms headquartered outside of North America, or 
whose primary source of revenue came from non-pallet manufacturing 
activities such as wholesaling, leasing, logistics and primary wood pro-
cessing, the usable sample consisted of 133 responses. This represented 
an effective response rate of 11.2 percent. 

Even though these data were not meant to reflect the entire industry, 
we utilized common statistical tests to look for potential limitations due 
to nonresponse bias. We evaluated the mean responses of survey mea-
sures for those managers who completed the survey prior to the stated 
deadline and those who completed the survey after the deadline had 
passed. The perceptions of late respondents are assumed to be more 
similar to those of non-respondents than those of early respondents 
[12], and so significant correlations between item measures and the sur-
vey completion date would point to the existence of nonresponse bias 
[4]. Using t-tests, we compared the mean responses of these two groups 
for multiple variables, including number of employees, firm age, total 
revenue in 2011, total performance score and total knowledge score. 
The results of these tests indicated that early respondents did not differ 
significantly from late respondents for any of the chosen variables (p < 
0.001), thereby mitigating concerns of potential nonresponse bias [27].

Of the respondent firms, 120 were headquartered in the United 
States, nine in Canada and four in Mexico. Sixty-five percent of the 133 
identified their primary source of revenue as being from the production 
of new wood pallets; the remaining 35 percent were from the recycling, 
repair and/or remanufacturing of wood pallets. The mean age of respon-
dent firms was 34 years. All but five respondent firms had less than 250 
employees, with nearly 60 percent having fewer than 50 employees. 
Finally, the total revenue for about 45 percent of respondent firms in 
2011 was less than $5 million; 43 percent had revenues between $5 mil-
lion and $25 million while nine percent had revenues greater than $25 
million. Five firms did not respond to the revenue item.

Questions pertaining to business activities, product offerings and 
methods of waste utilization were included in the survey. These re-
sults suggest that the average pallet producer is diversified, pursuing 
a variety of revenue-producing activities. For example, in addition to 
their primary source of revenue, 66 percent of firms responded as be-
ing involved in at least two other business activities such as brokering/
wholesaling, third party logistics and pallet recovery/disposal (Table 1). 
Pallet remanufacturers were significantly more likely to be involved in 
third party logistical services than were new pallet producers (p < 0.01).
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Regarding the types of pallets respondent firms regularly sell, nearly 
all marked stringer, 62 percent marked block, 29 percent marked ply-
wood, 24 percent marked panel deck, 12 percent marked non-wood 
(plastic, steel, etc.) and six percent marked wood composite/corrugated 
(Table 2). Nearly 40 percent of respondent firms regularly sell at least 
three different pallet types.

4.2. Knowledge and Performance

We divided the sample into two groups based on the overall perfor-
mance scores of the firms; this split sample allowed us to investigate 
the relationship between knowledge resources and firm performance. 
We first calculated the mean performance score of the entire sample (x 

Table 1. Summary of Business Activities Involved In,  
by Industry Group.

Business Activity New RRRa Total

Producing new wood pallets 87 (65.4%) 37 (27.8%) 124 (93.2%)
Brokering/Wholesaling 34 (25.6%) 21 (15.8%) 55 (41.4%)
Pallet recovery/disposal 46 (346.%) 38 (28.6%) 84 (63.2%)
Third party logistics 8 (6.0% 12 (9.0%) 20 (15.0%)
Pallet leasing/rental systems 2 (1.5%) 5 (3.8%) 7 (5.3%)
Recycling, repairing and/or remanufacturing 
wood pallets

50 (37.6%) 46 (34.6%) 96 (72.2%)

Primary wood processing (sawmill) 16 (12.0%) 6 (4.5%) 22 (16.5%)
Other 16 (12.0%) 5 (3.8%) 21 (15.8%)

aRecovery, repair and/or remanufacturing
Note: Row and column totals will not sum to 100% due to calculation methods (i.e., 124 = 93.2% of 
the total sample of 133)

Table 2. Summary of Pallet Types Regularly Sold by Industry Group. 

Pallet Type New RRRa Total

Stringer 85 (63.9%) 46 (34.6%) 131 (98.5%)
Block 57 (42.9%) 26 (19.5%) 83 (62.4%)
Panel deck 28 (21.1%) 4 (3.0%) 32 (24.1%)
Plywood 32 (24.1%) 7 (5.3%) 39 (29.3%)
Wood composite, corrugated 7 (5.3%) 1 (0.8%) 8 (6.0%)
Non-wood (plastic, steel, etc.) 7 (5.3%) 9 (6.8%) 16 (12.0%)
Other 3 (2.3%) 0 (0.0%) 3 (2.3%)

aRecovery, repair and/or remanufacturing
Note: Row and column totals will not sum to 100% due to calculation methods.
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= 3.76). We then compared the overall performance score of each firm, 
calculated as an aggregate measure of the five equally weighted perfor-
mance items, to the mean performance score of the entire sample. Firms 
whose overall performance scores were greater than the mean perfor-
mance score of the entire sample were categorized as high performers, 
whereas those whose overall scores were lower than the sample mean 
were categorized as low performers.1 The mean scores of the high per-
formance group and low performance group were (x = 4.25) and (x = 
3.35), respectively. The size of the high performance group was (n = 
59), whereas the low performance group was (n = 69). Five respondent 
firms failed to complete all the performance items and thus were not 
included in either performance group.

To differentiate the knowledge resources of high performing firms 
from those of low performing firms, analysis of variance procedures 
comparing the performance groups were carried out on each individual 
knowledge item. These procedures were also carried out on the total 
knowledge score, which was calculated as an aggregate measure of all 
11 equally weighted knowledge items. We only included those respon-
dent firms that completed all 11 knowledge items when calculating this 
measure. Descriptive statistics for each knowledge item and the total 
knowledge score for both performance groups are given in Table 3. 

Our data illustrate that the high performers differ significantly from 
the low performers in terms of the overall bundle of knowledge resourc-
es they have available to them (p < 0.000). Furthermore, this difference 
remains significant for each of the 11 individual knowledge measures, 
albeit not all at the same level.

5.0. DISCUSSION AND CONCLUSIONS

This exploratory project was undertaken to help industry leaders bet-
ter understand the value of knowledge resources as they relate to firm 
performance. Finding the answer to why one firm is performing bet-
ter, or worse, than its competition should be one of the most important 
quests of company leadership. A primary objective of this research was 
to identify those types of knowledge resources that may be related to 
firm performance in the North American transport packaging industry. 
We sought to determine if firms in the industry could benefit from the 
development or acquisition of specialized knowledge related to mar-

1Tests comparing the lowest 1/3 and highest 1/3 of performers showed statistically similar results and therefore 
are not included here.
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kets, technology and management. While the research design prevents 
us from concluding causality, we can suggest that, in our sample, firms 
which performed at higher levels than their competitors simultaneously 
had greater knowledge resources.

Results from this study offer further evidence to support previous re-
search [33,28,27] highlighting the link between a firm’s knowledge re-
sources and its performance. Although of a relatively simplistic research 
design, the results shown here provide support for the existence of such 
a relationship. We do, however, acknowledge that other factors are likely 
involved in this relationship [28]. For the reasons mentioned above, it 

Table 3. Descriptive Statistics and ANOVA Results Between 
Performance Groups.

Knowledge Measure
Perf. 

Group n Mean
Std.  

Deviation F Sig.

Expertise regarding company 
management

Low 68 3.72 0.878
35.191 0.000High 56 4.52 0.539

Staff with a positive commitment 
to the company’s development

Low 67 3.76 0.872
24.223 0.000High 58 4.45 0.654

Expertise regarding development 
of products or services

Low 69 3.59 0.828
14.959 0.000High 57 4.16 0.797

Staff educated in giving superior 
customer service

Low 68 3.93 0.852
11.842 0.001High 56 4.41 0.682

Technical expertise in pallet 
design

Low 68 3.74 0.924
8.050 0.005High 56 4.18 0.789

Staff who like to contribute with 
ideas for new products/services

Low 67 3.51 0.766
7.764 0.006High 57 3.91 0.851

Working knowledge of informa-
tion systems technology

Low 65 3.18 0.864
24.475 0.000High 57 3.95 0.833

Staff capable of effectively mar-
keting your products/services

Low 68 3.25 0.904
21.374 0.000High 57 3.98 0.855

Technical expertise in manufac-
turing systems

Low 67 3.51 0.959
4.425 0.037High 58 3.84 0.812

Proficiency in procuring and 
sourcing materials

Low 69 3.61 0.861
6.357 0.013High 56 3.98 0.774

Expertise in marketing
Low 67 3.16 0.846

13.837 0.000High 54 3.76 0.910

Total Knowledge Scorea
Low 60 3.5530 0.59538

29.472 0.000High 49 4.1373 0.51060
aIncludes only those respondents who answered all 11 knowledge items.
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is likely that firm knowledge enhances opportunity identification abili-
ties, thereby facilitating innovative processes and ultimately encouraging 
greater performance. Studying this or other similarly complex relation-
ships, however, was outside the realm of this research.

Due to the statistically significant difference between high and low 
performers on each individual knowledge item, we did not identify any 
single type of knowledge that can be deemed irrelevant or detrimental 
in its relationship to performance. Nonetheless, the results may justify 
further consideration of some particular items. For instance, measures 
of manufacturing systems and pallet design expertise, although still sig-
nificant at (p < 0.05) and (p < 0.01) respectively, were among those 
that differed least between high and low performers. This relatively low 
variance may indicate such firm knowledge is less than vital to firm 
performance, or that nearly all of these producers utilized NWPCA’s 
Pallet Design System (PDS) and hence it is not a differentiating factor. 

Expertise regarding company management had the highest mean 
score among all knowledge items for the top half of performers (x 
= 4.52), while having only the fourth highest mean score among all 
knowledge items for the lower half of performers (x = 3.72). As a result, 
it was also among those knowledge items that differed most between 
the two groups (p < 0.000). This may have important implications for 
many industry firms, suggesting managerial knowledge is one of the 
most valuable assets. 

The mean scores of the item pertaining to expertise in marketing may 
reflect a similar situation within the industry. Although showing signifi-
cant variance (p < 0.000), the mean scores were the lowest among all 
knowledge items for both the high performance group (x = 3.76) and 
low performance group (x = 3.16). Again, firms may not feel the need 
to invest in this specialized knowledge, feeling comfortable pursuing 
a “business as usual” marketing strategy. Such a strategy may seem 
sufficient for the lower performers if they perceive their products as 
commodities, having few aspects on which they can differentiate their 
products from those of their competitors. 

5.1. Limitations

Although utilization of an online questionnaire is advantageous in 
many aspects, the potential of methodological bias common in self-
administered surveys could present limitations in the research findings. 
Our use of an online questionnaire, self-reported data and subjective 
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measures all create potential for error. To minimize this potential, we 
used measurement scales having been previously validated in the litera-
ture. We also followed generally accepted methods for data collection 
and analysis procedures.

While self-reported data may offer greater flexibility in terms of 
measuring various organizational characteristics, “such measures may 
be subject to bias because of social desirability, memory decay, and/or 
common method variance” ([22], p. 765). However, previous research 
has suggested that subjective measures, such as those assessing firm 
performance, can accurately reflect objective measures, and so enhance 
validity [6].

Our research design also prevents us from determining causality in the 
relationship between knowledge resources and performance. Although 
our findings are in agreement with previous studies, we acknowledge 
that untested factors are also likely related to firm performance. The 
limited size of the sample population also prevents us from generalizing 
to the entire industry; we would remind readers that the purpose of this 
project was not to characterize the state of the entire pallet industry. As 
the study was exploratory in nature, we hope our findings may encour-
age others to investigate the relationship between knowledge resources 
and performance in other sectors of the packaging industry.

5.2. Conclusions

As packaging continues to play a more critical role in the market-
ing, safety, and logistics of products [5,16,31], and as environmental 
concerns related to packaging become even greater [13], it would seem 
relevant to learn as much as possible about various performance-related 
aspects of the firms that actually make packaging products. 

Previous research has shown that knowledge resources associated 
with markets and technology positively relate to firm performance [33]. 
Knowledge of this kind may prove valuable because it can support and 
enhance the innovative processes of a firm. In addition, understanding 
the needs of both current and potential customers may facilitate the 
identification of opportunities. 

Results from this study reinforce the previous findings and suggest 
that transport packaging firms having greater knowledge resources 
perform better than their competitors. Industry executives may opt to 
acquire specialized knowledge through recruitment activities, develop 
knowledge resources through training programs, or invest resources 
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elsewhere depending on their strategic objectives [28]. Alternatively, 
firms may choose to develop new methods for managing their current 
knowledge resources in an effort to utilize them more effectively. The 
results of this study, along with those of previous research, suggest that 
industry practitioners should take seriously the value associated with 
their firm’s knowledge resources.
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ABSTRACT: Flexible packages, a new attraction in the market for 
shelf-stable canned foods, are more susceptible to damage during ther-
mal processing for sterilization. In order to maintain package integrity, it 
is important to keep the pressure differential across the package walls 
at a minimum. The purpose of this study was to confirm a hypothesis 
that the disagreement between measured and predicted pressures dur-
ing retort come up time reported in a previous study was caused by 
the positioning of the temperature sensor (bottom of the module), while 
pressure buildup was driven by temperature in the headspace at the 
top of the module. In this study, experiments were carried out to pre-
dict internal pressure in the headspace of a rigid pressure-tight module 
that withstood variations in temperatures and pressures. A stainless 
steel module was custom-made with a reseal-able lid, provisions for 
thermocouples, an inlet valve from which to pull vacuum, and a dial 
gauge to measure headspace pressure. The module was instrumented 
so as to measure and record the temperature profile at two different 
locations, one near the top and one near the bottom of the module, 
while undergoing thermal processing in a retort. For each set of experi-
ments, three food systems were used to fill the module; pure distilled 
water, 5% saline solution and 10% sucrose solution. A mathematical 
model was used to predict the headspace pressure profile in response 
to two experimentally measured temperature profiles at top and bottom 
of the module. Results from these studies were compared with results 
from earlier work to account for the error between experimental and 
predicted headspace pressure profiles found in that work. They showed 
that differences between predicted pressures from top and bottom tem-
peratures in this study, and differences between measured and pre-
dicted pressures found in the previous work followed similar patterns 
and were of the same order of magnitude. These findings supported 
the hypothesis that disagreement between measured and predicted 
pressures found in the previous work was likely due to the reason that 
the temperatures used to predict pressures were measured at the bot-
tom of the module, while the measured pressure was generated in re-
sponse to head space temperature at the top of the module.
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PRACTICAL APPLICATION

MODELS for internal headspace pressure will lead to better control 
and knowledge of overpressures required to minimize differential 

pressure during thermal processing. Thus, modeling headspace pres-
sure will avoid damage to the flexible packaging and maintain the qual-
ity and safety of food. 

1. INTRODUCTION 

The technology of packaging food in cans, jars and other rigid con-
tainers has now expanded to encompass shelf stable foods in flexible 
packages. Flexible packages offer advantages of lower storage space 
and lighter weight when compared to rigid glass or metal containers. 
They may be in the form of flexible bags and pouches or semi-rigid 
trays and bowls. An important attribute of flexible packaging is its 
ability to form thinner, lighter, more compact packages [1]. Products 
in flexible packages require less heating time to achieve commercial 
sterility, and thus retain better quality with lower processing cost [2].
While being processed under high temperature and high pressure condi-
tions in a retort, flexible packages may suffer damage to walls and seals 
from excessive pressure internal pressure, requiring careful control of 
overriding air pressure during retort processing. 

1.1. Background 

During thermal processing in the retort, internal pressure is built-up 
in the headspace of sealed packages. This internal pressure is caused 
by internal water vapor and entrapped gases expanding in response to 
increasing temperature. At high temperatures, the solubility of gases in 
the solution decreases, and they are released into the headspace of the 
package. The entrapped gases in the headspace consist primarily of the 
released gases and residual air. This internal pressure may be greater 
than the saturation pressure of the steam in the retort. If the internal 
pressure is greater than retort pressure, the package may swell or burst, 
and if it is lesser, the package will indent or collapse. The increasing 
internal pressure in a flexible package must be continuously counter-
balanced by providing external pressure. This external pressure can be 
provided by the introduction of compressed air along with saturated 
steam in the retort. 
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In order to keep the pressure differential across the package at a min-
imum, internal pressures must be known or estimated. In most cases, a 
trial and error approach is followed to determine optimum overriding 
air pressures. Mathematical modeling of internal headspace pressure 
could reduce this element of uncertainty as well as time and cost, thus, 
becoming a useful tool to predict optimal overriding air pressures dur-
ing thermal processing. The quest for such models has been the subject 
of much previous work described below. 

1.2. Previous Work 

Pascal et al. addressed the effects of pressure differential on seal 
strength and sensitivity of package wall to changes in headspace vol-
ume, but did not make any attempt to mathematically predict internal 
headspace pressure in response to temperature [3]. Ghai et al. (2011) 
presented a good review of the literature on attempts to mathematically 
predict internal headspace pressures [4]. This review served as back-
ground for his attempt to develop a mathematical model for predicting 
internal pressure in the headspace of a rigid pressure-tight module dur-
ing thermal processing. His model predicted internal headspace pres-
sure in response to the internal temperature of the product during retort 
processing under specified initial and boundary conditions. His model 
was based on the equation of the International Association for Proper-
ties of Water and Steam (IAPWS) to estimate vapor pressure of water 
and was coupled with the Ideal Gas Law for distilled water, along with 
Raoult’s Law for saline and sucrose solutions. Results from his work 
revealed some disagreement between predicted and measured pressures 
during retort come-up time as can be seen in Figure 1 for distilled wa-
ter.  Results for saline solution (5%) and sucrose solution (10%) were 
similar. 

1.3. Rationale and Objective 

Our hypothesis was that the disagreement between the measured and 
predicted pressures during retort come up time by Ghai et al. (2011) 
was caused by positioning of the temperature sensor at the bottom of 
the module, while pressure buildup was driven by temperature in the 
headspace at the top of the module. Therefore in the work reported here, 
temperature was measured and recorded at two different locations (top 
and bottom) inside a stainless steel module of the same size and de-
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sign as that used by Ghai et al. (2011) during thermal processing in a 
still-cook pilot plant retort. The objective of this work was to compare 
the difference in pressure profiles predicted from the top and bottom 
temperature profiles with differences between predicted and measured 
profiles reported by Ghai et al. (2011). 

2. PROCEDURE 

2.1. Fabrication and Design of Module 

A pressure-tight cylindrical module was fabricated in the Agricultural 
and Biological Engineering Department machine shop at the University 
of Florida. The material of construction was food-grade stainless steel 
to avoid chemical reactions with the contents at elevated temperatures. 
The module was made to be pressure-tight to a safety factor of 3. The 
module consisted of two separate pieces, a cylindrical body and a sepa-
rate circular lid piece as shown in Figure 2. The cylindrical body had 
an inner diameter of 7.1 cm, a height of 10.9 cm and a wall thickness 
of 0.4 cm, enclosing a volume of 430 ml. It also contained two holes 
in the side wall, one near the top and the other near the bottom to ac-
commodate thermocouples. Two K-type thermocouples were inserted 
horizontally through the holes in the body of the module to reach the 

Figure 1. Comparison of measured and predicted internal pressure profiles for distilled 
water by Ghai et al. (2011).
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center line and permanently sealed. One of these was 0.6 cm from the 
top of the body and the other was 1.0 cm from the bottom, leaving the 
two thermocouples 8.6 cm apart. The cylinder 

bottom also had a flange to accommodate bolts on the lid for a pres-
sure-tight seal. The lid was fabricated to fit over the body with an O-
ring gasket, and had two holes in the center to accommodate a dial 
gauge to measure internal pressure and an inlet valve through which 
to draw vacuum. An Ashcroft® pressure gauge was installed to easily 
check for the pressure-tight nature of the lid. The vacuum inlet had a 
stainless steel ball valve leading to a connection with a tube from the 
vacuum pump to pull vacuum into the module. The module was first 
tested on the bench-top to ensure proper functionality and no leakage.  

2.2. Experimental Set-Up 

The next task was to measure and record internal temperatures dur-
ing triplicate pilot plant retort runs for each of the three aqueous solu-
tions: pure distilled water, saline solution (5%) and sucrose solution 
(10%). The experimental set-up consisted of the pressure-tight mod-
ule, vacuum pump steam retort, and data acquisition system (Figure 3). 
The volume of solution in each run was 410 ml, maintaining a constant 
headspace of 8mm. Vacuum was drawn with a 1/3 horse power Emer-

Figure 2. Stainless steel module used to record temperatures at top and bottom during 
retort processing.
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son® vacuum pump to 15 inches Hg (~0.5 atm or 50.8 kPa). The module 
was placed inside a pilot scale still cook steam retort in the Food Sci-
ence and Human Nutrition Department Pilot Plant at the University of 
Florida. The retort was equipped with a mercury-in-glass (MIG) ther-
mometer and a pressure gauge to enable external monitoring of tem-
peratures and pressures. A total of three lead cables passed through the 
packing gland on the retort, two for thermocouples inside the module 
and a free thermocouple outside the module within the retort for record-
ing retort temperature. Thermocouple lead wires were connected to an 
Omega® 56 data acquisition system (DAQ) which, in turn, was con-
nected to a computer containing the necessary software to capture and 
record temperature data in real-time. 

2.3. Design and Execution of Experiments 

Prior to conducting experimental runs, the three thermocouples were 
calibrated within the steam retort while operating at process tempera-
ture, and adjusted to agree with the MIG. Thermal processing tests were 
run for 10 minutes at 121°C (250°F). Three replicate runs were carried 
out on each aqueous solution, with initial conditions for each system as 
follows: 

Distilled water was used first, being the simplest food system, and as 
the baseline for experimental runs. In a clean beaker, about 500 ml dis-
tilled water was brought to boil to evaporate dissolved gases. The water 

Figure 3. Experimental set-up for retort processing experiments with data acquisitions 
system.
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was allowed to cool down and 410ml was collected in a beaker. Exact 
volume, weight and initial temperature of the water were measured and 
recorded before filling the module. 

Table salt from a local supermarket was used for making the saline 
solution. Distilled water was boiled to evaporate dissolved gases and 
cooled. The required amount water was poured into a beaker and the 
calculated amount of salt was added to it and dissolved. Exact volume, 
weight and initial temperature of the solution were measured and re-
corded before filling the module. 

Powdered sugar from a local supermarket was used for making the 
sucrose solution in a similar manner as described above for the saline 
solution. 

Internal pressure profiles were predicted in response to the recorded 
temperature profiles using the mathematical model developed by Ghai 
et al. (2011) for each of the three above aqueous solutions.  

3. MATHEMATICAL MODELS  

3.1. Model for Distilled Water 

The internal pressure of plain distilled water could be predicted from 
the sum of pressures exerted by vapor and non-condensable gases. The 
vapor pressure of pure water as a function of temperature was calculat-
ed using the expression taken from the International Association for the 
Properties of Water and Steam (IAPWS) adopted in 1995.Pressures ex-
erted by the non-condensable gases were predicted by the Ideal Gas Law. 

3.2. Model for 5%Saline and 10% Sucrose Solutions  

The mathematical model for predicting the internal pressure of sa-
line and sucrose solutions was the same as that for distilled water, but 
expanded to include the application of Raoult’s Law to the IAPWS’ 
expression. A detailed description of how the model was developed can 
be found in Ghai et al. (2011). 

4. RESULTS 

Temperature profiles measured at the top and bottom of the mod-
ule are shown in Figure 4, along with the retort temperature profile. 
These profiles reveal a measurable difference between top and bottom 
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temperatures during come-up time. For example, at four minutes into 
the come-up time, the bottom temperature was 103°C, while the top 
temperature was 118°C. This difference results from natural convection 
currents in the liquid product generated by the lowering of density with 
higher temperatures at the boundary surface during come-up time, and 
is a phenomena well known in the field of thermal processing.  

Figure 4. Measured temperature profiles at top and bottom of pressure-tight module dur-
ing retort process for distilled water by Paluri.

Figure 5. Predicted pressure profiles in response to top and bottom temperature profiles 
along with top and bottom temperature profiles for distilled water by Paluri.
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Model-predicted pressure profiles in response to the top and bottom 
temperature profiles, along with the temperature profiles, themselves, 
are shown in Figure 5. Note there is also a remarkable difference in pre-
dicted pressures during come-up time. At four minutes into the come-
up time the predicted pressure in response to the bottom temperature 
was 232 kPa, while that in response 

to the top temperature was 336 kPa. These differences are similar in 
order of magnitude to the differences between measured and predicted 
pressures reported by Ghai et al. (2011) shown in Figure 6. In that work, 
pressures were predicted in response to temperatures measured by a 
wireless data logger resting at the bottom of the module, while mea-
sured pressures were being generated in response to head space tem-
perature at the top of the module. Measured pressure rose to 174 kPa at 
four minutes, while the predicted pressure rose to only 147 kPa. Differ-
ences in absolute values of pressure between those reported by Ghai et 
al. (2011) and those reported in this work resulted from differences in 
initial levels of vacuum (34.5 kPa vs. 50.8 kPa used in this study), as 
well as different retort operating conditions. 

Predicted pressure profiles in response to top and bottom tempera-
tures measured by Paluri in this work are compared with predicted and 
measured pressure profiles by Ghai et al. (2011) in Figure 7.  Patterns 
of differences between values of predicted pressures from top and bot-
tom temperatures measured by Paluri (Delta Paluri), and differences 

Figure 6. Predicted and experimentally measured pressure profiles during come-up time 
for distilled water by Ghai et al. (2011).
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between measured and predicted pressures by Ghai et al. (2011) (Delta 
Ghai) are shown in  Figure 8. These delta pressure profiles show a simi-
lar trend in their patterns. Differences in actual values can again be at-
tributed to the fact that retort operating and process conditions used by 
Ghai et al. (2011) differed from those used in this study. Results from 
experiments with saline solution (5%) and sucrose solution (10%) were 
similar to those of distilled water. 

Figure 7. Predicted pressure profiles from top and bottom temperatures by Paluri with 
predicted and measured pressure profiles by Ghai et al. (2011) for distilled water.

Figure 8. Comparison of differences in pressure profiles predicted from top and bottom 
temperatures measured by Paluri (Delta Paluri) with differences between predicted and 
measured pressure profiles reported by Ghai et al. (2011) (Delta Ghai) for distilled water.
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5. CONCLUSIONS 

Results from this work showed that patterns of differences between 
pressures predicted in response to top and bottom temperatures mea-
sured by Paluri were similar to those between measured and predicted 
pressures reported by Ghai et al. (2011). These findings would suggest 

that the lack of agreement between measured and predicted pres-
sures shown by Ghai et al. (2011) was likely due to the reason that the 
temperatures used to predict pressures were measured at the bottom of 
the module, while measured pressures were generated in response to 
headspace temperature at the top of the module. 
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Table 5. Comparison of state-of-the-art 
matrix resins with VPSP/BMI copolymers.

Resin System
Core Temp. 
(DSC peak)

Char Yield, 
%

Epoxy (MY720) 235 30
C379: H795 = 14 285 53


