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An Evaluation Method for Quantifying
Sustainability of Protective Cushioning
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Light Industry, Dalian Polytechnic University, Dalian 116034, China

2Transport Packaging Laboratory, Graduate School of Maritime Sciences,
Kobe University, Japan

1.0 INTRODUCTION

OVER the last few years, some leading organizations and companies
have worked to create evaluation tools to support decision-making

for promoting more sustainable packaging, such as the Packaging
Scorecard launched by Wal-Mart [1], the PIQET developed by Sustain-
able Packaging Alliance [2], to name a few. These tools apply perfor-
mance parameters in their models to evaluate environmental impacts
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ABSTRACT: Protective cushioning reduces damage for contained
contents throughout product supply chains. The packaging/product
system not only creates value but also brings positive benefits. Pro-
moting more sustainable protective cushioning is challenging. The re-
search aims at comparing sustainability of protective cushioning
within the product supply chain by a sustainable assessment (SA)
method with transparent analysis. The SA measures the performance
of the protective cushioning with regard to social, economic and envi-
ronmental aspects and produces quantitative results (in monetary
units), and then indicates the sustainability of the protective cushion-
ing using a sustainability indicator (SI). In the SA, a newly developed
indicator representing social performance of the protective cushion-
ing, named real value added (RVA), is based upon quality function de-
ployment (QFD) method; life-cycle impact assessment method based
on endpoint modeling (LIME) is mainly adopted for measuring envi-
ronmental impacts. Two new protective cushioning designs for a CD
receiver (for car use only) were assessed in this study. The optimum
selection for the cases is identified by calculating the SI, and the po-
tential improvements are indicated by quantifying the RVA, economic
benefits and environmental impacts of the protective cushioning. The
proposed SA approach can be used to assist in identifying practical
designs and guiding stakeholders in the packaging/product system.
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and economical benefits of packaging. But few initiatives incorporate
parameters reflecting social value, or social functionality, of the packag-
ing in their approach. Actually, social performance of the packaging ma-
terials, products and systems play an important role in advancing
sustainability throughout product supply chain. It has to be indentified
and presented in an evaluation tool for enhancing sustainability of the
packaging [3]. In view of this, we established the sustainable assessment
(SA) and tried to assess the sustainability attributes of protective cush-
ioning by the SA approach. In this study, we focused on (1) identifying
the sustainability attributes of the protective cushioning involving three
pillars of sustainability; (2) characterizing input-output flows of the pro-
tective cushioning in its lift cycle by viewpoint of the product supply
chain; and (3) quantitatively measuring the sustainability attributes and
presenting sustainability of the protective cushioning using a single
sustainability indicator (SI).

SA APPROACH

In this study, sustainable protective cushioning is considered within
the context of product supply chain. Based upon life-cycle thinking [4],
basic input-output logic regarding the protective cushioning itself is set
up for describing the value and impacts brought by the protective cush-
ioning, as diagramed in Figure 1. The processes contained by the dotted
line in Figure 1, is considered as the system boundary in this study. The
system under study commenced with raw material collection and ended
with protective cushioning disposal. Inputs and outputs of the system
throughout the system boundary are also indicated in Figure 1. Total in-
puts are regarded as physical consumptions and intangible
consumptions for obtaining the protective cushioning. Total outputs are
considered as positive outputs (creating value added for society) and
negative outputs (resulting in environmental damage) [5].

The total inputs and outputs of the protective cushioning are identified
and quantified on the basis of a monetary unit for communicating with
stakeholders in more direct way. Further, the SI is expressed through an
equation of more-is-better elements as opposed to less-is-better ele-
ments [6]. The total inputs are presented by direct costs of consumed in-
puts (DCC), as expressed in Equation (1). The value added (VA) pro-
duced by the positive outputs is presented by economic gains of the
protective cushioning in the product supply chain related to market, as
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expressed in Equation (2). The negative outputs resulting in environ-
mental damage are considered to be hidden costs of consumed inputs
(HCC). In this study, the HCC is calculated by life-cycle impact assess-
ment method based on endpoint modeling (LIME) [7,8]. Eco-indicator’
95 and Ecopoint models are also used for validating the results of
environmental damage [7].

DCC = Cmaterials + Cresource + Cenergy + Cother (1)

where

Cmaterials = costs of materials needed during the protective cushion-
ing production;

An Evaluation Method for Quantifying Sustainability 3

Figure 1. Input-output flows of protective cushioning within lift cycle and system bound-
ary in this study.



Cresources = costs of consumed natural resources during the protective
cushioning production;

Cenergy = costs of consumed energy during the protective cushion-
ing production;

Cother = costs of equipment depreciation, maintenance, salary and
taxes related to the protective cushioning design and pro-
duction.

VA = (SVcontained contents - Ccontained contents) ×
AC

C
protective cushioning

contained elements

(2)

where

SVcontained contents = sale value of contained contents using the protec-
tive cushioning;

Ccontained contents = costs of contained contents using the protective
cushioning;

ACprotective cushioning = allowed costs of the protective cushioning, it de-
pends on local regulations.

The VA is created by technical performance of the protective cush-
ioning within the framework of related social laws and regulations.
The VA calculation works on the premise that the technical indicators
of each protective cushioning meet requirements of customer well. But
differences in the social functionality of the available protective cush-
ioning still remain. In this study, an indicator named real value added
(RVA) is developed based on quality function deployment (QFD)
method [9] for further distinguishing the differences in the evaluation.
Quantitatively, the RVA presents the social performance of the protec-
tive cushioning.

According to sustainable packaging principles [10,11], the social
functionality of the protective cushioning incorporates safety, conve-
nience and health, and the related elements can be compared by a QFD
matrix, as shown in Table 1.

Customer requirements and their importance (demand-side parame-
ters) are derived from market survey. Relationship values between the
customer requirements and quality characteristics (supply-side parame-
ters) are commonly chosen from among 0, 1, 3, and 9. Relative impor-
tance of the quality characteristics is then calculated by Equation (3) [9].
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where

p = importance of customer requirements;
a = relationship value in a QFD matrix;
w = relative importance of quality characteristics;
i = customer requirements (i = 1, . . . , I);
j = quality characteristics ( j = 1, . . . , J).

In the evaluation, actual data for quality characteristics are modified
based on an improvement direction, given by Equation (4) [9]. This
modification makes it possible to equalize the desirable direction of the
quality characteristics. Then, improvement ratios of the modified actual
data are calculated by normalization on the basis of the maximum, given
by Equation (5) [9]. This normalization method makes it possible to
evaluate new functions. Finally, the improvement ratios are multiplied
by the relative importance of the quality characteristics derived from the
QFD matrix and the social functionality value of the protective
cushioning is calculated by their sum, given by Equation (6) [9].

If higher is desirable, MF Fj
n

j
n= ;

if lower is desirable, MF
F

j
n

j
n

=
1

(4)

RF
MF

MAX MF
j
n j

n

j
n

=
{ }

(5)

n = 1, . . . , N

V w RFn
j j

n

j

= ¥Â( ) (6)

where

F = data of quality characteristics;
MF = revised ratio of quality characteristics based on improvement

direction;
RF = ratio of quality characteristics;

V = social functionality value of the protective cushioning;
n = protective cushioning products (n = 1, . . . , N).

6 L. HUO and K. SAITO



A modified coefficient K is further set up in this study, given by Equa-
tion (7). We presumed that the VA [expressed as Equation (2)] is created
by the available protective cushioning with average social functionality
value. Therefore, the RVA created by certain protective cushioning is the
VA multiplied by the K, as expressed in Equation (8). Finally, the SI in-
corporating social, economical and environmental aspects is expressed
as Equation (9). The bigger the SI is, the better the sustainability of the
protective cushioning.

K V Vn n= / (7)

RVA K VA= ¥ (8)

SI
f RVA

f DCC HCC
=

( )

( , )
(9)

where

K = modified coefficient;
V = social functionality value of the protective cushioning;
V = average social functionality value of the protective cushion-

ing in evaluation;
n = protective cushioning products (n = 1, . . . , N);

VA = economic gains of the protective cushioning related to mar-
ket;

RVA = social performance of the protective cushioning;
DCC = total consumptions for obtaining the protective cushioning;
HCC = environmental damage brought by the protective cushioning.

The key steps of the SA were diagramed by Figure 2.

CASE STUDIES

Protective Cushioning for CD Receiver

In this study, various protective cushioning for a CD receiver (182 ×
180 × 50 mm, 1.35 kg, for car use only) were evaluated using the SA.
EPS protective cushioning for the CD receiver is traditional design. Cus-
tomer wants to replace it with corrugated board protection cushioning or
moulded pulp protective cushioning. We carried out the overall evalua-
tion for identifying optimum selection and potential improvements in

An Evaluation Method for Quantifying Sustainability 7



the new designs. The CD receiver and the new protective cushioning de-
signs were shown in Figure 3(a), (b) and (c). The new protective cush-
ioning products are able to standardize the cushioning design by some
structure factors and meet technical requirements of user. The three pro-
tective cushioning showed technical variations in Table 2. The old one
was also involved for comparing improvement degree on functionality
of the protective cushioning.

Analysis and Evaluation

For this study, the functional unit (FU) was defined as a set of cush-
ions for packaging the CD receiver ready for dispatch. The system
boundary on basis of the life cycle commenced with the raw material

8 L. HUO and K. SAITO

Figure 2. An overview of the SA approach.

Figure 3. CD receiver and two new protective cushioning designs.



collection and ended with the protective cushioning disposal, as shown
in Figure 1. The study did not include transportation of raw materials,
product distribution and disposal of the protective cushioning. As some
in-house data was not available, we applied comparable average data as-
suming a similar situation exists in this study.

By means of investigative and calculative actions, the input-output
flows of the evaluation targets within the system boundaries were quan-
tified based on the FU, and multidimensional life cycle inventories
(LCI) were created. The LCI of the input-output flows for the evaluation
targets in a monetary unit was shown in Table 3. The LCI of main emis-
sions to environment of the evaluation targets based on the FU and sub-
sequent characterization result were shown in Table 4 and Table 5.
JEMAI-LCA Pro with associated databases [7], which is developed in
accordance with the LIME model was used in the evaluation.

The environmental impacts of the protective cushioning were further
assessed by the LIME. The results of integrated environmental impact of
the protective cushioning (involving various life cycle stages) were pre-
sented in Figure 4 and Figure 5(a). The HCC of the corrugated board

An Evaluation Method for Quantifying Sustainability 9

Table 2. Technical Variations of the Three Protective Cushioning Designs.

Items
EPS Protective

Cushioning

Corrugated Board
Protective

Cushioning

Mould Pulp
Protective

Cushioning

Materials and
forming

Polystyrene, vesicant
(8%) and dispersant
(5%) By aluminum

mould tool used (2)

New pulp and used
paper

K180/SCP160/K180,
B/F (3)

Used cardboard and
newspaper By alumi-
num mould tool (4)

Weight (kg/set) 3.000E-02 (4) 1.52E-01(3) 2.15E-01(3)
Fragility (Gmax) 25 (4) 56 (3) 58 (3)
Packing Easy (3) By folding along

pressed marks. (2)
Easy (3)

Water absorption No (4) Yes (2) Yes (2)
Speckiness Very low (4) Low (3) Low (3)
Causticity No (4) No (4) No (4)
Mildew resistance Good (3) Moderate (2) Moderate (2)
Weather resisting
property

Good (3) Good (3) Good (3)

Flammability Yes (1) Yes (1) Yes (1)
Disposal Landfill or

incineration (0)
Recycle or landfill

(4)
Landfill (4)

Note: Scores in parenthesis (4 = very good; 3 = good; 2 = moderate; 1 = poor; 0 = very poor.) were
given by experts for making calculation.



protective cushioning and moulded pulp protective cushioning based on
the FU were 2.08 and 7.34 JPY respectively. The Eco-indicator’95 and
Ecopoint model also demonstrated a similar situation, as shown in
Figure 5(b) and (c).

Results and Discussion

The RVA, DCC and HCC representing total inputs and outputs of the
protective cushioning were compared through calculation, as shown in
Figure 6(a) and (b). The SI of the corrugated board protective cushion-

10 L. HUO and K. SAITO

Table 3. LCI of Input-output Flows Based on a Monetary Unit for the Two
New Protective Cushioning (a set of cushions for packaging a CD receiver).

Items (CNY)
Corrugated Board

Protective Cushioning
Mould Pulp Protective

Cushioning

SVcontained contents 9.000E+02 9.000E+02
Ccontained contents1 3.150E+02 3.150E+02
ACprotective cushioning2 9.450E+00 9.450E+00
Cprotective cushioning3 2.400E+00 2.000E+00
DCC4 1.800E+00 1.500E+00
VA 1.755E+01 1.755E+01
K 9.382E-01 1.036E+00
RVA 1.647E+01 1.818E+01
1,2,4Average of data was adopted (Ccontained contents is 35% of SVcontained contents; ACprotective cushioning
is 3% of Ccontained contents; DCC is 75% of Cprotective cushioning).
3Cprotective cushioning is practical price of the protective cushioning.

Table 4. LCI of Main Emissions to Environment for the Two New Protective
Cushioning (a set of cushions for packaging a CD receiver).

Main Emissions to
Environment (kg)

Corrugated Board
Protective Cushioning

Mould Pulp Protective
Cushioning

CO2 2.387E-01 8.327E-01
CH4 2.895E-07 1.475E-06
N2O 8.930E-06 8.798E-05
NOx 8.962E-04 1.780E-03
SO2 2.914E-04 3.459E-03
SOx 3.582E-04 1.232E-06
Dust 2.317E-05 2.786E-04
Hydrocarbons 7.960E-07 7.171E-06
COD 1.034E-05 1.462E-05
Industrial waste landfill 1.520E-01 2.150E-01
Sludge (landfill) 2.496E-01 3.440E-01



ing and moulded pulp protective cushioning were 8.46 and 9.03, in the
order given, as shown in Figure 6(c). The 2008 exchange rate was
adopted (100 JPY equivalent to 7 CNY) [12].

The results of the multidimensional analysis show that the moulded
pulp protective cushioning has advantage over the corrugated board pro-
tective cushioning in social performance because of more RVA created
with less DCC; whereas the integrated environmental impact generated
by the moulded pulp protective cushioning is more than three times of
that of the corrugated board protective cushioning because of more en-
ergy consumption and emissions to air during the forming stage in pro-
duction. The results of the LCI of main emissions to environment and

An Evaluation Method for Quantifying Sustainability 11

Table 5. Characterization of the Main Emissions to the Environment
for the Two New Protective Cushioning (a set of cushions for

packaging a CD receiver).

Impact Category

Indicator Results

Corrugated Board
Protective Cushioning

Mould Pulp Protective
Cushioning

Global Warming 2.414E-01 8.587E-01
Acidification 1.292E-03 4.735E-03
Eutrophication 9.928E-06 1.970E-05
Photochemical Oxidant 3.366E-07 3.033E-06
Solid Waste 5.605E-04 5.590E-04
Resource Consumption 3.369E-07 1.983E-06
Fossil Energy Resource
Consumption

1.576E+00 1.002E+01

Figure 4. Results of integrated environmental impact on various life cycle stages of pro-
tective cushioning.



subsequent characterization show that the main environmental burdens
of the two protective cushionings are due to atmospheric emissions,
COD and industrial waste landfill. They result in impacts upon global
warming, acidification, eutrophication, photochemical oxidant, and so
on.

The final results of the SA show that the moulded pulp protective
cushioning has advantage over the corrugated board protective cushion-
ing in overall benefits, although it consumes more total costs than that of
the corrugated board protective cushioning. The findings indicate that
moulded pulp protective cushioning design should be the first option for
capturing good overall benefits in the development of protective cush-
ioning for the CD receiver. But the moulded pulp protective cushioning
would be better for achieving sustainability if the forming stage in pro-

12 L. HUO and K. SAITO

Figure 5. Final results of integrated environmental impact of two protective cushioning.



duction could be improved. However, as the case study results rely
partly on assumptions in the data and subjective scores given by experts,
specific data should be generated for more accurate results.

CONCLUSIONS

A sustainable assessment approach, incorporating sustainable attrib-
utes in social, economic and environmental aspects, was utilized to eval-
uate protective cushioning designs for electronic products. Total inputs
and outputs representing the protective cushioning performance in so-
cial, economic and environmental perspectives were identified and ex-
pressed with monetary units. Moreover, the overall benefits of the pro-
tective cushioning were indicated by the SI. The SI is recognized easily
so that the trade-off analysis is transparent to stakeholders throughout
the packaging/product system. In particular, a newly developed RVA
was used to assess the social performance of the protective cushioning.
The findings showed the advantages and disadvantages in various as-

An Evaluation Method for Quantifying Sustainability 13

Figure 6. Final results of the SA of protective cushioning.



pects of each evaluated targets. They can offer guidance for both pack-
aging designers and packaging consumers. The proposed SA approach
can assist in identifying improvements to sustainability of the protective
cushioning.
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Bin Packing of Potted Plants for
Efficient Transportation

RENÉ SCHUMANN1,*, MATTHIAS POSTINA2 and JÜRGEN SAUER3

1Goethe University Frankfurt am Main, Robert-Mayer-Str. 10,
D-60325 Frankfurt, Germany

2OFFIS Institute for Information Technology, Escherweg 2,
D-26121 Oldenburg, Germany

3Carl von Ossietzky University Oldenburg, Ammerländer Heerstr.
114-118, D-26129 Oldenburg, Germany

1.0 INTRODUCTION

THE transportation of plants is expensive as they require careful treat-
ment due to their fragility. Furthermore a plant has a comparable

high volume in relation to its actual value. For shipment, potted plants
are normally loaded on transport trolleys (shown in Figure 1) and trans-
portation costs for a given order are calculated based on the number of
trolleys needed for shipment. In order to minimize transportation costs,
the efficient packing of trolleys is necessary. This becomes even more
important with the ongoing shift towards DIY stores and discounters
and their demand for smaller orders at shorter distribution intervals.

This paper discusses the potted plant packing problem, which is a spe-
cial 3D bin packing problem. It is a practical planning problem of one of
our customers. We start with an informal description of the problem and
switch to a formal presentation afterwards. In section 5 we present the

*Author to whom correspondence should be addressed. Email: reschu@informatik.uni-frankfurt.de
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ABSTRACT: The transportation of plants is expensive since plants
have a comparable high volume in relation to their value. Shipping
costs are directly dependent on the quality of the packing, so as a con-
sequence effective packing secures a competitive advantage for a
plant nursery. In this paper we present the potted plant packing prob-
lem—a problem from this domain—which is a special instance of a 3D
bin packing problem. A heuristic approach is demonstrated to solve
the problem on the basis of already existent algorithms. As these ini-
tially adopted algorithms were outperformed by human packers, fur-
ther improvements like stacking were introduced.



problem decomposition. First plants are placed in layers, which is a 2D
bin packing problem, where a number of small circles have to be placed
in one large rectangle. Then the filled layers have to be mounted into the
trolleys, which is a 1D bin packing problem. We present strategies to
solve these problems. For the layer packing, two different sub-problems
can be defined. The packing of equal circles into a rectangle, we call this
homogeneous packing, and the placement of unequal circles into a rect-
angle, which we call heterogeneous packing. A typical strategy applied
by human packers to optimize the plant density of a single layer is plant
stacking. The concept of stacking plants is adapted to increase the qual-
ity of packing plans. The aspect of stacking is shown in section 5. To our
knowledge, the detail of presentation is a new approach in the field of
packing problems. After the algorithms have been described, we present
first results in section 6. Finally we draw our conclusion and outline
further work.

2.0 INFORMAL PROBLEM DESCRIPTION

When solving the potted plant packing problem, the major task is
computing a valid packing instruction for a given order. An order con-
sists of any number of order items. Every order item relates to a specific
article and defines the ordered quantity.

16 R. SCHUMANN, M. POSTINA and J. SAUER

Figure 1. Trolley for plants.



Each article, a potted plant for instance, has various attributes like
height, width, depth, weight and type of packing-unit (e.g. a flowerpot).
Of course there are further attributes (price for example) which we ne-
glected here since they are not related to the packing problem. Some of
these attributes have to be computed, as the dimensions of a plant are
subject to change over time.

Each plant is packed into a packing-unit like a flowerpot or a tray.
Consequently a packing-unit can hold one or more plants of one article.
The shape of a packing-unit can either be rectangular or circular.

It is possible that parts of one order are supplied by external plant nurs-
eries. Such partial orders arrive pre-packed on so called cc-trolleys at the
central packing facility and typically remain untouched because repack-
aging would usually lead to a substantial additional effort.

Our main objective is the computation of a valid packing plan, based on
the order data, especially looking at the number of trolleys needed. Every
packing-plan consists of a number of trolley-packing-instructions, one for
each cc-trolley of an order. Such a trolley-packing-instruction itself con-
sists of a number of layer packing-instructions. They define the exact po-
sition of the layer (mounting height) along with detailed packing instruc-
tions for all packing-units on the layer. Each single layer consists of a set
of packing-units along with the exact position of every packing-unit on
the layer. To clarify the problem, a trolley is shown in Figure 1.

As is often the case in optimization problems a goal conflict arises. On
the one hand very effective placements have to be computed and on the
other hand the plants have to be handled with care and the packed trol-
leys should be stable. Techniques like stacking of plants turned out to be
very relevant for the quality of the computed plans but challenge aspects
of stability. Thus the generation of a valid, stable and realizable pack-
ing-instruction requires the observance of a number of constraints. Usu-
ally a differentiation is made between soft constraints (e.g. keeping or-
der items together on one layer or trolley) and hard constraints like the
fixed size of layers or the maximal allowed height of a loaded trolley.

3.0 TOWARDS A FORMAL REPRESENTATION
OF THE PACKING PROBLEM

3.1 Problem Characterization

A first step towards a formal description of the potted plant packing
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problem is a formal characterization of the problem. We follow the com-
monly used characterization of cutting and packing problems intro-
duced by Dyckhoff [1]. Dyckhoff advocates the use of some typical
characteristics to identify similar groups of cutting and packing prob-
lems. These characteristics are:

1. dimensionality (1, 2, 3, n)
2. kind of assignment (B, V)

• (B) All objects and a selection of items
• (V) A selection of objects and all items

3. assortment of large objects (O, I, D)
• (O) One object
• (I) Identical figures
• (D) Different figures

4. assortment of small items (F, M, R, C)
• (F) Few items (of different figures)
• (M) Many items of many different figures
• (R) Many items of relatively few different figures
• (C) Congruent figures

Detailed discussions about this notation are provided by Dyckhoff [1]
and Washer et al. [2]. A problem description of a cutting or packing
problem is a 4-tuple, describing the problem in respect to the mentioned
characteristics.

Following Dyckhoff’s description, the potted plant packing problem
belongs to the class 3/V/D/R. This notation encodes that,

• the problem has three relevant dimensions (length, width, height),
• all small objects (plants) have to be placed within a large object (trol-

ley),
• the large objects (trolleys) can have different dimensions (trolley with

or without add-on modules)
• and that there are many small objects of relatively few different figures.

This typology is widely used to describe the main characteristics of
cutting and packing problems. Currently an improved typology is dis-
cussed by Washer et al. [2]. According to Washer, a problem like the
plant packing problem can be seen as a special type of the Three Dimen-
sional Multiple Bin Size Bin Packing Problem. A current survey about
existing literature of packing and cutting problems can be found in
Washer et al. too.
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The major disadvantage of these notations is the lack of an overall
problem description. Such notations are not able to cover the problem
entirely. Additional constraints have to be added to express restrictions
like allowed plant alignment (plant upstanding, no bottom-up packing)
or stacking constraints (cf. section 5.5). Nevertheless, these notations
are widely used because they allow a classification of problems.

3.2 Problem Modeling

One general approach when describing planning problems is to use a
tuple of parameters, which are capable of describing the entire problem.
Scheduling problems for example are described in such a way by Keng
et al. [3] or Sauer [4]. The potted-plant packing problem can be de-
scribed as a 6-tuple consisting of

• Resources—Trolleys with height (H) determined by either the
truck-roof or by the trolleys’ highest mounting point for layers.

• Objects—These are the objects the algorithm is supposed to pack. We
actually do not focus on the plants themselves, but on an artificial en-
tity called packing-unit instead (a cylindrical virtual container with ra-
dius Rc, as shown in figure Figure 2). We use this simplification be-
cause a typical instance of the potted-plant packing problem can have
some 50.000 different plants. Using this abstraction by building plant
categories Catn (n Œ IN), we can significantly reduce the number of
different entities the algorithm has to respect.
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• Order—An order comprises of a set of order items, each declaring a
number of specific packing-units which have to be packed on trolleys.
Additionally the order details, the customer as well as the delivery and
packing time.

• Hard-constraints—like:
—stability of packed plants
—Safety-aspects for stacking plants, ensuring no plant is damaged by

stacking
—any single packing-unit has to be stored in its entirety on one layer
—a layer has to be mounted correctly into one trolley
—the overall trolley height is lesser than or equal to the allowed maxi-

mum
—any single layer can be mounted into one trolley only
—a packing-unit cannot be stored bottom up

• Soft constraints—such as:
—The packing-units of an order item are placed contiguously on lay-

ers.
• Objective function—The objective function h(O) is to minimize the

number of trolleys needed for packing all potted plants of an order
onto trolleys.

Trolleys are modeled as resources explicitly, because the typical as-
sumption of an infinite number of trolleys and layers available does not
hold. For example, a limited number of add-on modules exist for trolleys
which can be used to increase the height of trolleys.

An advantage of such a tuple modeling is that all relevant aspects of
the current problem can be captured in the model which now covers the
problem domain entirely. This is useful when designing a solution
method for the problem, even if this model does not impose a certain
solution method.

Note: In our object-oriented prototype, we modeled constraints as im-
plicit statements included in our algorithms. This hinders a generic con-
straint modeling but allows faster prototyping to stay in step with actual
practice.

4.0 RELATED WORK

As the potted plant packing problem is directly adopted from the cus-
tomer needs it is not possible to compare results with existing ap-
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proaches since they rely on benchmarks. Those benchmarks typically do
not include all constraints to be regarded here. However, it is possible to
partially decompose the potted plant packing problem into standard like
problems.

Work like [5–7] addresses the placement of equal circles in a rectan-
gle. This complex problem is the special case in our packing of trolley
layers. We decide to use the already known quite simple packing strate-
gies for packing equal circles because our plans are more realistic and
the results can easily be explained to our partners.

Albrecht et al. [8] present an approach on extending the packing of
equal circles. The circles are assumed to be flexible and thus can be de-
formed when they are squeezed. This is an interesting approach, as
plants were squeezed as well during the packing. But as already stated
the packing of equal circles is a special case in plant packing and thus the
existing approach had to be extended drastically.

Compared to sphere packing from the field of computational geome-
try where dense packing of identical objects is observed we are dealing
with different objects. Not even the shape of our objects is similar when
it comes to stacking. Nevertheless, we were inspired by Conway et al.
[9] when it comes to pattern identification for plant alignments.

An early problem statement containing the problem of placing differ-
ent sized circles into a rectangle was presented by George et al. [10]. The
presented packing problem is decomposed as well, and the sub-problem
of packing different size circles into a rectangle is addressed as well. Do-
main dependent stability criteria were already defined and thus special-
ized solutions were generated.

The problem of packing unequal circles into a rectangle is tackled by
Schöning et al. [11]. This problem corresponds to our 2D packing prob-
lem, but the presented solution has the restriction that the regarded bob-
bins can only be placed from one site to the other. This restriction was in-
troduced to be able to control a packing robot efficiently. Unfortunately
such a restriction is not useful for our problem. The main idea for their
packing algorithm was to simulate force of gravity that moves all circles
towards the bottom of one layer.

Dowsland et al. [12] are regarding the problem of cutting different cir-
cles from one rectangle. This problem has some similarities to the pack-
ing of trolley layers. The presented solutions works on local search algo-
rithms and uses the idea to group circles of equal size together in quite
regular placements.
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Huang et al. [13] also consider the problem of placing unequal circles
into a rectangle. The authors present a greedy heuristic to solve the prob-
lem. Their algorithms are inspired by human packing habits to a great
extend. For that reason we choose this algorithm in our actual imple-
mentation as it seems to be an efficient strategy and, moreover, it can be
easily explained to our partners (in contrast to a solution based on
metaheuristics like stated by Correia et al. [14]). Additionally it can be
noted that this algorithm could be further improved by measures as de-
scribed by Akeb and Li [15]. Actually these improvements are not im-
plemented in our prototype, so far. A slight difference to our problem is
that they try to minimize the used size of the rectangle enclosing all cir-
cles which is not the case in our application.

5.0 SOLVING THE POTTED PLANT
PACKING PROBLEM

In this section we present concepts and algorithms solving the potted
plant packing problem. The reuse of existing algorithms and partial so-
lutions was a crucial concern when designing the system. Whenever
possible we decomposed the problem into standardized sub-problems.
The whole problem can be described by

• identifying patterns (5.4.1 and 5.4.2),
• placing plants on one layer (5.4),
• additional stacking of plants in one layer (5.5) and
• Composing of layers to optimal height of trolleys (5.6).

Thus we present an approach consisting of

• complexity reduction by building plant categories (5.1),
• decomposition of the problem in layer packing and layer distribution

(5.2) and
• Presentation of algorithms for layer packing and stacking (Algorithm

1 and Algorithm 2).

Additionally it was intended not to compute all of the intermediate
data at runtime. Especially the computation of layers containing differ-
ent sized plants can be time consuming. For that reason layers are com-
puted offline and stored in a database.
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5.1 Reducing Complexity by Building Plant Categories

For the potted plant packing problem the search space is defined as the
number of possible valid packing instructions. This number is deter-
mined by the number of different plants. It should be obvious that the
search space size mainly affects the distribution of plants on layers. As
already stated in the problems formal representation in Dyckhoff’s nota-
tion, there are a large number of small objects with differing dimensions.
The entire article database of our customer has more than 50 000 entries
and more than 300 different articles, which can be contained in one or-
der. A diminution of the number of these potential packable items—and
thereby of the search space—is desirable. This should have a positive
impact on overall performance, simplify the problem, and make it more
tractable. To implement such a diminution, we decided to build catego-
ries of plants with similar dimensions. A category can be regarded as a
box or cylinder which is able to contain different plants with similar di-
mensions. The classification will go beyond the mere exclusion of irrel-
evant attributes. However, it will also be necessary to look for
similarities between different plants. The concept of categories is
sketched in Figure 2.

Building categories necessitates a design decision concerning the
number of different categories. Reducing the number of categories im-
plies decreasing precision, but also reduces the heterogeneity of figures
to pack. This can best be illustrated when looking at the two extremes:

1. There exists only one category, resulting in a maximization of wasted
space and a minimization of the number of categories.

2. Each group of plants with identical dimensions has its own category,
resulting in a minimization of wasted space and a maximization of the
number of categories.

As explained above, those extremes have a substantial impact on the
size of the search space for packing layers. To find the optimal number
of categories, we advocate the computation of the wasted space for a
given number of categories and analyze the gradient of the resulting
curve. The graph of such an analysis is shown in Figure 3.

5.2 Problem Decomposition

To be able to compute solutions faster and to reuse existing ap-
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proaches as far as possible we decided to decompose this 3-D bin pack-
ing problem into a 2-D bin packing and a 1-D bin packing problem. This
is possible because one can independently compute the layers, which is a
2-D bin packing problem. These layers have to be mounted into trolleys,
corresponding to a 1-D bin packing problem.

Nevertheless our overall goal is to minimize the number of trolleys.
Due to the aforementioned problem decomposition the number of
needed trolleys is computed within the distribution of layers to trolleys.
A critical aspect resulting from the problem decomposition is the design
of the objective function for the first planning step, the distribution of
plants to layers. It is not necessarily the minimization of layers, but as
detailed in the following the minimization of the summed height of all
layers. In consequence it is more promising to reduce the number of high
layers instead of the total number of layers.

But one can state, that each trolley can carry plants up to a fixed height
(H). This (H) is determined by the highest mounting point for layers or
the height of the truck, which transports the trolleys. So if a trolley can
carry n layers and h(Li) is the height of layer i, one can state that:

H h Li
i n

≥
£ £
Â ( )

1

The overall height of a layer (h(l)) is indicated by the height of the tall-
est plant (h(p)) placed thereon. This can be stated as

h l h p p elements l p p elements l h pi i j j i( ) ( ); ( ); : ( ), ( )= Œ " Œ ≥ h pi( )
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For the packing of layers the following objective function h(O) could
be used, which leads to a close to minimal number of trolleys.

h O h Ei
i n

( ) ( )≥
£ £
Â

1

5.3 Frame Algorithm for Packing

This section describes the basic planning process. First, all plants of
an order are sorted into queues, with a dedicated queue for all categories
having the same height. Queues themselves are sorted descending by the
heights of the corresponding categories. Then all plants of the first none
empty queue are added to the orders working set. If a packing pattern can
be applied to a part of the items in the working set, a corresponding layer
is introduced and those elements are removed from the working set. This
is repeated until all queues are empty and no further packing pattern can
be applied. If by that time the working set still contains further elements,
additional layers have to be computed by the online layer packing algo-
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rithm until all plants have been packed. Then all computed layers are
packed into trolleys. Trolleys and their dedicated layers are combined
which leads to packing instructions. This procedure is sketched in
pseudo-code in Algorithm 1.

As already stated the combined height of all layers has a strong influ-
ence on the packing instruction’s quality of the second planning step, as
the layer height, defined in the layer packing, is an important aspect for
mounting the layers into the trolleys. As a consequence it is desirable
that the summed height of all layers is minimal. To minimize h(O), all
plants within an order are sorted descending by their height. The se-
quence in which plants are added to the working set depends on this sort-
ing. Because of the order in which plants are then added (and thus
packed) to the working set, layers will generally contain plants of similar
height which minimizes the combined height of all layers.

5.4 Layer Packing

As already mentioned the reuse of computed layers is intended.
Therefore, packing patterns are introduced. A packing pattern encodes a
valid packing of packing-units of certain groups on a single layer. A
packing pattern can contain one or more groups of packing-units. Figure
4 shows an example of such a packing-pattern containing packing in-
structions on one kind of packing group per layer only.

Our approach is limited, since we only allow round pots and no rectan-
gular trays. So the packing of layers corresponds to a relatively common
packing problem; the problem of packing circles into a rectangle. In the
notation of Dyckhoff the problem can then be characterized as 2/V/I/R.
Meaning that:

• the problem has two relevant dimensions (length, width),
• all small objects (plants) have to be placed within the large objects

(layers),
• large objects are identical in size
• and there are many small objects with relatively few different dimen-

sions.

The height of a plant can be ignored when only considering its place-
ment as a circle in a rectangle. It has to be considered of course, as the di-
mension defining the layer’s overall height, which was mentioned
above.
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The problem of packing circles into a rectangle can be divided into
two sub-problems, namely the packing of circles of equal and unequal
sizes. These cases differ in their complexity and are discussed in two
separate sections.

5.4.1 Homogeneous Packing Patterns

The packing of equal circles into a rectangle is a standard geometrical
problem. Even though optimal packings are known for a growing num-
ber of circles (e.g. listed by Nurmela and Östergård [5]) this is a NP-hard
task. However, heuristics can be designed which compute solutions with
sufficient quality very fast. These heuristics are based on a regular place-
ment of circles. We implemented three regular placement strategies,
namely

• grid placement
• placement along the depth
• placement along the width

As one can see in Figure 4 the number of placements can vary depend-
ing on the strategy. So far we cannot predict which of these will offer the
best performance for a given circle and rectangle size. Since these
heuristics are very fast, we always compute all three alternatives and
then choose the best.
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5.4.2 Heterogeneous Packing Patterns

The placement of circles of differing sizes into a rectangle is more dif-
ficult. Only a few publications have dealt with this problem so far, for
example [10,11,13,14]. We decided to implement the maximum hole
degree algorithm (B1.0) presented by Huang et al. [13] because this al-
gorithm uses a constructive heuristic and thus has two advantages

• it computes deterministic solutions, which is important and
• the results can be explained to non technical staff with minor knowl-

edge in optimization.

Moreover the results presented by Huang et al. indicate that this heu-
ristic can compute competitive solutions. The clou of this algorithm is
the subsequent placement of circles into corners. Where a corner is
defined by

• two sides of the rectangle,
• rectangular side and a circle or
• two circles.

The first two circles are placed by a simple placement strategy. Then
for each circle not already placed in the rectangle, all possible corner
placements are computed. The circle being associated with the place-
ment having the minimal distance to another circle or side is then chosen
next. This is repeated until no more valid corners are found or all ele-
ments have been placed. A detailed description of the algorithm as well
as a complexity analysis can be found in Huang et al. [13]. An example
of a layer containing two different types of circles is shown in Figure 5.
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The original algorithm presented by Huang et al. [13] has the objec-
tive to minimize the size of the rectangle needed to place a fixed number
of circles. Of course this objective is not useful to solve the potted plant
packing problem, as the size of the layers is fixed. The task here is to
place as, many circles as possible into a rectangle of fixed size. Thereby
the number of circles is in general much higher than the capacity of one
layer. This leads to some adjustments of the core algorithm. The num-
bers of circles that have to be placed within one layer have to be given to
the B1.0 algorithm. If the number is too high, i.e. not all circles can be
placed within the layer, the algorithm fails. In the other case, space is
wasted on the layers. Thus the maximal numbers of circles from the
working set have to be estimated. Therefore we compute upper and
lower bounds, using the simple strategies for homogeneous layers men-
tioned above, and use a divide and conquer strategy to compute the
maximal numbers of circles that can be placed in one layer.

5.5 Stacking

If one compares computed solutions using the already described tech-
niques and packings generated by humans, one can state that humans
outperform computed solutions (see section 6). Contrary to programs,
human packers have an intuitive understanding of spatial optimization,
so stacking plants was observed as a typical human packing habit. To
imitate such stacking is consequently the first approach to improve the
packing algorithm. This section categorizes the plants stacking problem
as the stacking on homogeneous patterns and as the stacking on
heterogeneous patterns.

5.5.1 Stacking on Homogeneous Packing Patterns
The terms homogeneous and heterogeneous pattern are related to a

layer of a trolley which is already initially packed. Whenever a layer of a
trolley is homogeneously packed—which means only plants of the same
category with exactly the same pot and plant size were used to fill the ba-
sic layer—we say this layer follows a homogeneous pattern. Figure 4 has
already shown such homogeneous patterns. In order to support stacking,
we need to upgrade the planning algorithms and we have to regard
stacking in more detail.

Definition 1: We call a position a stackable place whenever a pot could

Bin Packing of Potted Plants for Efficient Transportation 29



be placed on the top of a minimum set of three neighbored pots having
the same height.

We chose this minimal set of three plants as bed for a stacked plant
since plants are fragile goods and falling over leads to a total loss of plant
value. So the configuration pictured in Figure 6 (a) would be an illegal
configuration according to our definition. For the same reason the stack-
ing procedure needs to take care of the underlying plants. Keeping this in
mind, we defined a taboo zone for each plant reflecting its actual shape.
These taboo zones have to be respected when looking for valid stackable
places. Since we focus on the packing of circular objects it is sufficient to
store the center and the radius to indicate a stackable place. Furthermore,
we need a statically defined minimal footprint to guarantee a sufficient
contact surface and also a maximal boundary to prevent damage from
the underlying plants. On the strength of stability, we also restrict the
stack height to a maximum of two per trolley layer. Basically this
reflects the packing habit of human packers.

Definition 2: We say a stackable place is valid for a certain pot category,
if the footprint of pots assigned to this category guarantees a sufficient
contact surface without violating the taboo zones of the underlying
plants.

The set of stackable places is easy to recognize when the basic layer
follows a homogeneous pattern. One needs to identify the size of the ra-
dius, the size of the taboo zone and the used placement strategy (cf. Fig-
ure 4). With this information one can calculate an offset along a direction
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vector pointing out of each underlying circle center. So finding the cen-
ter of the stackable places could be seen as a pattern/raster shift of the un-
derlying layer. Such a pattern shift is shown in Figure 7 where the center
of each stackable place is moved along the direction vector n.

5.5.2 Stacking on Heterogeneous Packing Patterns
In analogy to homogeneous pattern, we say a layer follows a heteroge-

neous pattern, when plants of different categories (with miscellaneous
pot diameters) and different pot heights were used to fill the basic layer
of a trolley. Figure 5 shows such a heterogeneous arrangement.

Obviously it is much harder to spot stackable places on the top of a
layer following a heterogeneous pattern. Since pot heights may vary one
needs to identify regions in the layer where at least three neighbored pots
have the same pot height. Furthermore these three pots need to be
grouped in a way that offers a valid stackable place—which is close
enough to allow stacking but wide enough to respect taboo zones of the
underlying plants. Moreover, one needs to calculate the centers of the
stackable places for each possible triangular constellation individually.
Such a center of a stackable place could be calculated as follows:

When regarding a troika of pots of the same height, the centers A, B
and C of these three circular objects form a triangle. We want to find a
point P having the same distance to each of A,B and C. Such P is the cen-
ter of the circumscribed circle of the triangle which is the intersection
point of the perpendicular bisectors of the sides. This is shown in Figure
8(a).
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Now, one needs to show that the identified stackable place having P as
center is a valid stackable place for a certain pot category according to
Definition 2. In order to do so, we will formalize Definition 2 based on
the sketch in Figure 8(b).

Given are the points A, B and C as centers of the three neighbored pots
Ca, Cb, Cc with known radii. All of these pots are planted and each taboo
zone is known and identified by a taboo radius. We already calculated
point P and define PA, PB and PC as straight lines—each going through
P and one of the centers A,B and C. Further we name the intersection
points of these lines with the taboo circles Oi and the intersection points
of these lines with the pot bounding circles Ii(iŒ a,b,c).

To reduce search space we introduced the concept of categories in sec-
tion 5.1. Still following this concept, each plant is classified as member
of a specific cylindrical category. Such a category could be seen as a vir-
tual box hosting plants with similar dimensions. The radius Rc of the cyl-
inder is taken to define a valid stackable place for a certain plant cate-
gory.

We say the stackable place having P as center is a valid stackable place
for a certain plant category Catn (n Œ IN) , if

R PO PO POc a b c£ min[ , , ]

and

R PI PI PIc a b c≥ max[ , , ]
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This calculation method is an early heuristic based on the position of
the centers of the regarded pot-troika. Since plant sizes vary over the sea-
sons and even differ between individual plants of the same generation
the taboo radii could never be measured exactly. If taboo zones where
known exactly one could find better methods for the finding of valid
stackable places.

We define the set of stackable places S. Valid stackable places are as-
signed to plant categories so that each category holds a subset Vn of S, Vn

Õ S (n Œ IN and n is corresponding to the index of the categories Catn).
The data structure SP is a hash holding the key value pairs of categories
and subsets Vn of S:
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We further have a second hash CS holding the key value pairs of cate-
gories Cn and corresponding plant sets Pln (n Œ IN) which are subsets of
all non placed plants:
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The stacking algorithm formalized in Algorithm 2 works as follows:
Given the hashes SP and CS, the algorithm starts to assign plants in as-
cending order with respect to their corresponding plant category (which
means highest dimension first, ordered by the height of the category) to
stackable places (assign(...)). During this processing, the hash SP—rep-
resenting valid stackable places per category—is updated permanently
(updateVx(...)). This leads to a shrinking set of valid stackable places.
Whenever a plant is assigned to a stackable place, such plant is deleted
from CS (removeElementFromPlj(...)). The algorithm stops the stacking
for a trolley layer, when the hash SP is empty or when all plants were
placed. Figure 9 shows a graphical representation of an exemplary cal-
culation.

5.6 Trolley Packing

The distribution of packed layers to trolleys is, from an abstract point
of view, a classical bin packing problem. But in fact the trolley packing
algorithm has to answer two key questions.

1. Which layers are mounted into which trolley?
2. Where is each layer placed within the trolley?

The first question concerning the distribution of layers onto trolleys is
a classical bin packing problem. This can be solved using standard algo-
rithms like next fit or best fit.

To be able to answer the second question, we have to compute each
layer’s correct mounting point. This has to be done while observing the
height and weight constraints of each layer as well as the trolley’s layout
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and the maximum height allowed during transport. Figure 10 taken from
our prototype illustrates the typical trolley layout. Layers are hooked
into mounting points, which are generally found at 5 cm intervals from a
base of 20 cm up to a height of 190 cm. The available height can be in-
creased through the use of add-on modules up to a total of 225 cm. The
placement of layers within a trolley follows a simple strategy:

The tallest layer is hooked into the topmost mounting point that still
ensures the adherence of all other constraints, especially the maximum
allowed height. All remaining layers are then sorted in ascending order
by their weight and inserted top to bottom into the trolley. This strategy
aims at two goals. It tries to

• maximize the usage of available space on the truck and
• bring the centre of gravity to the lowest point for stability reasons.

Due to the use of add-on modules the layout of a trolley might change,
this requires no change in the method of computation of the layer place-
ment however.

6.0 FIRST RESULTS

We have implemented a prototype (see Figure 10) to evaluate our ap-
proach. This prototype was developed for demonstration purposes and
to enable our partner to start own field tests.

In this section we compare the computed solutions with and without
stacking to solutions generated by humans. Even if we integrated stack-
ing into our solution we have to state, that humans still need fewer trol-
leys. But, as shown in Table 1 the quality of the solutions increases by
using stacking.

Analyzing the trolleys packed by humans it should be mentioned that
human packers take advantage of the fact that they are breaking rules the
planning strategy has to respect. For example plants were stacked up to
three levels per trolley layer or plants were stacked on the base of only
two plants instead of three. Furthermore, it was possible for human
packers to place more plants on one layer and to pack the plants more
densely by squeezing plants. Of course such constraint violation is not
thinkable for the algorithm. It is actually in discussion that the packing
rules should be applied for humans as well to avoid plant damages and of
course the model and algorithms are continuously improved to compute
more competitive solutions. Another important aspect for the better re-
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sults of human packers is that during the computation pessimistic data
for plant sizes is used. So in general real plants are smaller than in our
computational model. We are discussing the option to use mean values
and not maximum values for plant sizes with our partner, but to do so
additional data acquisition is necessary.

Scenario 1 comprises homogeneously and heterogeneously packed
layers. Scenario 2 is more difficult because no homogeneous layers ex-
ist. Due to the aforementioned model extension concerning the form of
pots, the homogeneously packed layers are equal either packed by hand
or computed. So the quality difference can be explained by different
packed heterogeneous layers and differences between the assumed and
real height of the layers. For this reason, the quality of the schedules in
scenario 1 is better than in scenario 2.

It is remarkable that in two scenarios (21 and 22) our approach includ-
ing stacking could produce better results than humans could. In both
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Figure 10. Screenshot showing a packed trolley..



cases the order contained only homogeneous plants of the same cate-
gory, so only pre-calculated packing patterns were used.

Table 1 shows 30 more test cases ran on our prototype. As one can see
stacking can improve the computed results drastically (on average from
71.6% down to 29.2%). Of course the usage of percent values is prob-
lematic, as the number of CC-trolleys is a discrete value. But the im-
provement by stacking is as significant in absolute as in relative
numbers.
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Table 1. Results of the Case Study of Effective Packing.

Scenario #CC Needed

Without Stacking With Stacking

#CCs Abs. d d in % #CCs Abs. d d in %

1 5 7 2 40% 6 2 20%
2 8 14 6 75% 10 2 25%
3 2 3 1 50% 3 1 50%
4 5 6 1 20% 5 0 0%
5 3 5 2 67% 3 0 0%
6 3 4 1 33% 4 1 33%
7 6 10 4 67% 8 2 33%
8 3 4 1 33% 3 0 0%
9 2 3 1 50% 3 1 50%
10 4 5 1 25% 4 0 0%
11 1 2 1 100% 1 0 0%
12 3 5 2 67% 5 2 67%
13 4 8 4 100% 5 1 25%
14 4 7 3 75% 4 0 0%
15 2 4 2 100% 2 0 0%
16 1 3 2 200% 2 1 100%
17 3 5 2 67% 4 1 33%
18 3 5 2 67% 4 1 33%
19 6 11 5 83% 8 2 33%
20 7 11 4 57% 8 1 14%
21 4 4 0 0% 3 -1 -25%
22 7 11 4 57% 6 -1 -14%
23 6 15 9 150% 8 2 33%
24 8 15 7 88% 10 2 25%
25 5 8 3 60% 7 2 40%
26 4 6 2 50% 5 1 25%
27 9 17 8 89% 12 3 33%
28 5 11 6 120% 9 4 80%
29 4 6 2 50% 5 1 25%
30 2 5 3 150% 5 3 150%
31 5 7 2 40% 6 1 20%
32 8 13 5 63% 10 2 25%

On Av. 71.6% On Av. 29.2%



7.0 SUMMARY AND FUTURE WORK

We present a practical packing problem in this article. As it is pro-
vided by our partner, we did not focus directly on solving already stan-
dardized benchmark problems, even if we decompose the problem into
standard problems. We base our solution method on state of the art pack-
ing techniques. We describe how these technologies are applied and ex-
tended for the given application. The problem is detailed and a charac-
terization and formalization is presented. For the solution, we
decompose the original problem into a 2D and a 1D bin packing prob-
lem. Especially the packing of layers, which corresponds to the standard
problem of placing circles into a rectangle is discussed. Techniques for
the packing of homogeneous layers—containing equal circles—and
heterogeneous layers—containing unequal circles—are distinguished.
When observing human packers it turned out that plant stacking reflects
a usual habit to increase compactness of the packing. Approaches de-
scribed in other articles do neither deal with packing of goods such as
plants nor do they regard stacking of plants or give any useful hints how
to solve such a problem. Thus we developed algorithms for stacking on
homogeneously and heterogeneously packed layers. All of the de-
scribed methods are implemented as a prototype and were evaluated by
using real world data. Although the results are not as good as plans cre-
ated and packed by humans, it could be shown that the adaption and inte-
gration of stacking into the program increases the quality of plans signif-
icantly. We discuss reasons for the different quality of humans and
computer generated plans and outline future improvements in terms of
higher data quality with non pessimistic assumptions within the input
data. The implemented prototype is in a practical evaluation phase, so it
can be expected that some tuning has to be done during the tests. It is
further assumed that more packing patterns need to be pre-calculated
and stored in the database to run the tool efficiently.

For the sake of simplicity we are dealing with plant categories rather
than individual plants. However, the categories are either boxes or cylin-
ders whereas a plant pot is usually tapered. i.e., contrary to cylinders the
top and bottom diameters of the pots are unequal. Further work lies with
detecting if such a simplification leads to proper results or if the data
model needs to be updated. First tests using such data models and limits
to homogeneous patterns indicate that computed solutions were on a par
with solutions generated by human packers in such cases.
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Again inspired by human packing habits, the parallel packing of trol-
ley layers is another field of further research. As described, the objective
function (minimization of the overall height of all trolleys) is already de-
signed globally but the algorithm works in layers. Using parallel pack-
ing one may assume better results, but with respect to complexity and the
corresponding runtime of the algorithms we would like to observe fur-
ther real life results of this approach first. The program based on the
planning algorithms is also used in a real time context: In order to be able
to calculate the associated shipping costs, the dispatcher needs to know
how many trolleys are necessary to fulfill an order, before the actual
packing process is undertaken.

Most of the plants relevant in our context are potted in round pots.
However, there are exceptions that will require further extensions or
new implementations of the packing algorithm to enable their handling
as well. A subset of this problem is the consideration of trays, which
have a rectangular shape and can hold a fixed number of plants. Current
publications mainly focuses on the packing of either rectangles or circles
into a larger rectangle (see Moffit and Pollack [16] for packing rectan-
gles and Huang et al. [13] for packing circles). The authors know of no
publication addressing an integrated approach for both, circles and rect-
angles. So far we assume that the dimensions of the packed plants are
static and inflexible. This is a simplification and in fact not true for live
plants as their dimensions change during the season. Further research in
this field could start with the work presented by Albrecht et al. [8] and
then try to evaluate whether a more realistic model (including dynamic
plant dimensions) would indeed improve quality of the computed
instructions.
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ABSTRACT: Among a variety of barrier solutions in the packaging in-
dustry, polymer clay nanocomposites (PCN) coatings are attractive
due to the potential to enhance barrier properties without modifying the
base polymer. PCN barrier coatings require exfoliated microstructures
of impermeable anisotropic fillers that can extend the tortuous path of
permeating gas molecules. The fundamental expression for gas per-
meation was demonstrated with a variety of models based on Neilson’s
detour theory to design better barrier properties of PCN. Based on the
physical detour path theory, a system using mixture of two particles with
different aspect ratios was suggested to obtain higher barrier proper-
ties than with either particle alone by extending tortuous paths. The pur-
pose of using two nanoparticle sizes was to attempt to achieve greater
filler packing density and thus, greater tortuous path lengths resulting in
greater barrier properties. In this study, a model of the proposed PC2N
system and an equation to estimate relative permeability (Rp) of PC2N
was developed. In order to investigate effects of PC2N coating on bar-
rier properties, PC2N solutions were prepared and applied to sub-
strates of known oxygen transmission rate. Significant barrier enhance-
ment was not observed at constant overall nanoparticle volume fraction
loadings regardless of particle mixtures used. As a result it was con-
cluded that the final Rp of PC2N was governed by total volume fraction
of filler rather than particle type and size for the particles used. It was
found that as volume fraction increased, particle orientation became
less important. Surprisingly, it was found that coated films using mix-
tures of nanoparticles (PC2N) offered superior optical clarity for a given
level of barrier over coatings using just one particle type alone (PCN).

*Author to whom correspondence should be addressed.



1.0 INTRODUCTION

MULTI-LAYERED structures devised by the United States military
for food packaging materials typical contain an aluminum foil

layer to extend shelf-life of foods. However, foils are prone to pinholes
which may cause some problems to achieve barrier functions. And the
packaging materials containing a foil layer cannot be microwavable.
Therefore, high-barrier material alternative to foil layers has to be con-
sidered.

Polymer clay nanocomposites (PCN) are attractive in packaging ap-
plications due primarily to enhanced barrier properties [1]. Improve-
ments to barrier properties with low concentrations of nano-scale clay
particles have been reported by many research groups [2,3]. Several
models have been suggested to predict gas barrier properties in polymers
and PCN materials. According to Nielsen’s model [4], barrier properties
of PCN can be changed by the microstructure of particle-polymer matrix
as well as the aspect ratio of particles. Nielsen proposed a detour path
model that the barrier property of a material can be adjusted by varying
detour path of gas molecules. Other barrier models based on Nielsen’s
model have been proposed to suggest a rational barrier design of
microstructure of composite materials by estimating the relative
permeabilities (Rp) of them.

Three particle-polymer microstructures are generally recognized that
are related to degree of dispersion of particles in polymer. These are re-
ferred to as non-intercalated, intercalated and exfoliated and may be
loosely interpreted as poorly dispersed with irregularly spaced aggre-
gates, dispersed with regularly spaced aggregates, and completely dis-
persed particles, respectively. Exfoliated structures provide superior gas
barrier properties when compared to the other two structures.

Incorporation of inorganic particles into polymers is difficult due to
high temperatures, high viscosities and polarity incompatibilities be-
tween particles and polymer. Therefore, commercial PCN materials
tend to involve proprietary processing technologies and command high
prices. Kwak et al. [5] explored the possibility of developing an aqueous
based PCN that could be applied as a coating or paint and then dried in
place to achieve a high barrier coating on inexpensive, commodity base
materials.

Development of candidate PCN coating solutions requires consider-
ation of particle-polymer compatibility, particle dimensions (aspect ra-
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tio) and coating adhesion onto base polymers. Properties of PCN materi-
als depend on particle properties including layer charge, water
adsorption capacity, cation exchange capacity (CEC), aspect ratio, vis-
cosity of the final composite system, and the arrangement of cation ex-
change ions in the intergallery region between negatively charged parti-
cle layers. Spacing between two clay platelets can be enlarged via cation
exchange. Once the intergallery region is opened, exfoliation of clay
platelets in the polymer matrix usually can be achieved with high shear
processing [6].

For any coating to be effective, higher roughness for physical inter-
locking between coated layer and surface of substrates or functional
groups to accommodate chemical effects are required[7]. Even if a PCN
coating were used within a multilayer film structure, good adhesion
would be required to achieve high barrier. Adhesion is enhanced
through increased surface area and increased concentrations of polar
functional groups on surfaces. Various techniques have been proposed
to modify the surface of polymeric materials such as corona discharge
[8], plasma [9,10] and chemical modification. Atmospheric plasma
treatment is becoming popular due relative treatment uniformity and the
ability to modify gas mixtures to suit applications. Plasma is created by
applying energy to a gas to produce excited species and ions. Polymer
film surfaces are activated by plasma treatment. Optimization of
conditions for effective plasma treatment was done previously by Kwak
et al. [11].

Therefore, the purpose of this work is to (1) apply a model to predict
relative permeability, Rp, of nano-composite incorporating two differ-
ent particles (Laponite JS and Cloisite NA+—referred to as PC2N), (2)
prepare PC2N solutions and apply to substrates of known oxygen trans-
mission rate in order to experimentally measure Rp, and (3) produce
multilayer barrier films using PC2N applications that provide promise as
a replacement for foil in high-barrier, multi-layer films.

DESIGN OF PC2N MODEL

Preparation of an effective PCN requires consideration of the
microstructure of clay platelets to achieve lower permeability. In gen-
eral, well-exfoliated microstructures in polymer matricies promises
lower permeability by expanding detour length of gas molecules. Typi-
cally, published research has shown one type of nano-particle is used to
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create PCNs with well exfoliated microstructures [12]. However, it is
believed that a mixture of two particles with different sizes and aspect
ratios may provide greater tortuous paths and therefore, greater barrier
properties than PCNs produced from just one particle variety. Hence,
PCN produced with two particle types is referred to as “PC2N.” Figure 1
shows the concept of enhancing particle packing density using two types
of nano-particles [5]. A structure as shown in Figure 1 should have the
same effect as increasing total volume fraction of particles, which would
enhance barrier properties of the PCN.

A model was developed to predict Rp of PCN consisting of two types
of clay particles having different aspect ratios. The Rp of the PC2N can be
calculated using the following Equation (1).
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Where, L1, L2 and H1 can be defined as lateral length including
edge-to-edge distance, (l1 + b1) and (l2 + b2) of clay 1 and 2 and vertical
length (h1 + w1) occupied by clay 1 per unit volume, respectively [5].
Where, effective volume which is occupied space by one clay particle
can be calculated using Equation (2) and (3).
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Figure 1. Schematic diagram showing a filled polymer with two different clay types (blue
rectangle represents clay 1 with the dimension of width of w1 and length of l1 and grey
scaled rectangle is clay 2 with the dimension of width of w2 and length of l2. The separa-
tions of each particle are denoted as b1 and b2 for lateral edge-to-edge distance and h1
and h2 for face-to-face distance between the same clay type platelets. The face-to-face
distance between two different type platelets is denoted as h12. Note that the solid arrow
line is the tortuous path for a gas molecule in PCN (P) and thick dot arrow line can be de-
scribed as the shortest path (d) through unfilled polymer (Po)).



Based on this model for PC2N systems, barrier property prediction
may be made.

Consideration of PC2N Barrier Property

Volume Fraction
When two different types of clays are dispersed in a polymer matrix,

the size effect of the two particles has to be known. High barrier proper-
ties may be achieved by designing the maximum detour length in the
microstructure of composite materials.

Effects of Relative Size of the Smaller Nanoparticle (clay2)
Figure 2 shows effects of relative size of clay 2 on Rp of PC2N. The rel-

ative size of clay 2 appears to offer no effect on decreasing permeability.
Figure 2 predicts constant Rp values at each volume fraction of clay 2.
Higher aspect ratio of clay 2 promises a longer tortuous path, but this re-
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Figure 2. Effects of relative size of clay 2 on relative permeability of PC2N: obtained by
Equation 1 (l1 = 100 nm, l2 = 0.1 ~ 10 nm, w1 = w2 = 1 nm, b1 = 10 nm, b2 = l2/10, h1 = 1
nm, h2 = 0.001 nm, f 1 = 0.1).



quires a lower quantity of clay 2. This equation was made based on the
assumption of effective volume. Once an occupied space of clay 2 is
fixed by the effective volume of clay 1, the detour path of gas molecules
always shows similar length regardless of aspect ratio, resulting in a
compensating effect. At higher aspect ratio of clay 2, the quantity of
these particles has to be diminished to be occupied the same effective
volume created by clay 1. Therefore, total distance, d’ in the system is
similar for all aspect ratio of clay 2. However, as clay 2 volume fraction
increases, Rp decreases due to increased number of platelets of clay 2 in
the same effective volume created by clay 1 particles. From this relation-
ship, it can be deduced that volume fraction of clay 2 is more a signifi-
cant factor than size of platelets at fixed volume fraction of clay 1; this
should result in a composite with better barrier properties.

Effects of d-Spacing of Larger Clay Particle (clay 1)
Another critical factor in the process of making PC2N is the choice of

alkyl ammonium ions. Ion exchange of cations (Na2+ or Ca2+) in the
intergallery region of natural clays by alkyl ammonium ions leads to ex-
pansion of this region as well as modification from hydrophilic to
organophilic, thus enabling diffusion of polymer chains. The number of
carbons in alkyl ammonium and the layer charge of the clay particle will
determine the arrangement of alkyl ammonium chains in the intergallery
region. Diffusion of polymer chains will be determined by shear forces
and molecular weight of polymer [6].

Therefore, d-spacing between clay platelets vary depending on pa-
rameters that can be controlled during processing. In the PC2N system,
d-spacing of clay 1 affects Rp as shown in Figure 3. The larger the
d-spacing of clay 1 at constant volume fractions of two clays, the higher
the Rp value will be. This phenomenon may be caused by a lower number
of clay 1 platelets per unit volume as increased d-spacing of clay 1 leads
to more sparse distribution of clay 1, corresponding to decreased
tortuosity. There would be no increase in added detour path, da, contrib-
uted by clay 2 particles in a fixed volume fraction of clay 2. Effects of in-
creased volume fraction of clay 2 on Rp has the same tendency as the one
shown in Figure 2. Detour length increased by insertion of clay 2 into the
intergallery region has constant value when the volume fraction of clay 2
is fixed. D-spacing can be increased by cation exchange and shear pro-
cessing, but it is also possible to increase d-spacing by insertion of clay 2
between clay platelets 1.
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Effects of Arrangements of Smaller (clay 2) Particles
Expected Rp values are based on the assumption that there are no local

changes in d-spacing of clay 2 (h2) as d-spacing of clay 1 (h1) generated
during the insertion process can result in a deviation from the general
barrier properties. However, the case that some increment of Dh can oc-
cur as shown in Figure 4, should be considered. This increase in d-spac-
ing would occur by insertion of exfoliated clay 2 in the polymer matrix
into the intergallery region with the aid of cation exchange reactions and
shear processes. Thus ¢h1 is required to be substituted for h1 to estimate Rp

of this material and ¢h1 can be defined as shown in Equation (4).

¢ = + - +h l w h h h1 2 2 2 122( ) (4)

Figure 5 illustrates how the arrangement of clay 2 particles affects
d-spacing of clay 1 corresponding to its Rp. When a constant number of
platelets of clay 2 at a fixed volume fraction are dispersed in the
intergallery of clay 1, more layers are formed, therefore reducing the
number of clay platelets in each layer. This means that although d-spac-
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Figure 3. Effects of d-spacing of clay 1 on relative permeability of PC2N: obtained by
Equation 1 (l1 = 100 nm, l2 = 5 nm, w1 = w2 = 1 nm, b1 = l1/10, b2 = l2/10, h1 = 1 ~ 100
nm, h2=0.001 nm, f1 = 0.1).



ing can be increased by creating more layers, the possibility that a
diffusant encounters a platelet when passing by a layer would be lower.
As a result, effects of increased tortuous path cannot exceed a critical Rp

by compensation effects of da of clays as d-spacing of clay 1 increases.
The initial dramatic decrease in Rp when ¢h1 approaches 0 suggest that da

plays a key role by forming a densely packed arrangement in the reduc-
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Figure 4. Schematic diagram showing effects of changes in d-spacing.

Figure 5. Effects of increased d-spacing of clay 1 on relative permeability of PC2N ob-
tained by Equation (1) (l1 = 100 nm, l2 = 5 nm, w1 = w2 = 1 nm, b1 = l1/10, b2 = l2/10, F1
= 0.1).



tion of permeability. Therefore, densification of platelets with higher
volume fraction may be the ideal approach to achieve a superior barrier
material. However, when the spacing between clay platelets including a
lateral distance is not sufficient for a diffusant to bypass, the diffusant
will detour the particle stack without any penetration between clay plate-
lets, resulting in higher Rp. In other words, the state of aggregation of
particles can have a significant effect on permeability, resulting in in-
creased Rp at higher volume fraction. Therefore, an understanding of the
aggregation is required for all types of nanocomposites materials since
this not only affects barrier properties, but also other physical properties.
In this work, the state of aggregation of clay 1 particles is investigated by
varying the width of clay 1 from 0 to 1000 nm in Equation (1).

Effects of State of Aggregation on Relative Permeability (Rp)
of PC2N system

As shown in Figure 6, a higher degree of aggregation results in higher
Rp because aggregates of particles that are not separated from the stacked
agglomerate lower N1, shorten the detour length and even reduce the
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Figure 6. Effects of the state of aggregation of clay 1 on relative permeability of PC2N: ob-
tained by Equation (1) (l1 = 100 nm, l2 = 5 nm, w2 = 1 nm, b1 = l1/10, b2 = l2/10, h1 = 1 nm,
h2 = 0.001 nm, F1 = 0.1).



possibility of successful insertion of clay 2. This figure also shows that
as volume fraction of clay 2 increases, the gap between Rp of initial point
at w1 of 1 nm and one obtained at w1 of 1000 nm is decreased. Increased
volume fraction of clay 2 will result in increased da due to insertion or
dispersion in polymer matrices comparing to lower volume fraction as
shown Figure 7. If the assumption that d-spacing of clay 1 is determined
only by a cation exchange reaction and shear forces, Rp will depend on
d-spacing of clay 1 at fixed ratio of clays. This dependence is shown in
Figure 8. As the volume fraction of clay 1 increases, Rp of all d-spacing
conditions will converge to 0 at the volume fraction of 0.9. The dense ar-
rangement of clay 1 results in lower Rp and therefore, there would be no
change in the effect of da caused by clay 2 once its volume fraction is set.

Orientation

Previous studies on barrier properties based on tortuosity or diffusion
detour theory have focused on the aspect ratio of clay platelets [13,14]
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Figure 7. Arrangement of clay 2 particles in PC2N system: (a) Insertion of high volume
fraction of clay 2 particles into intergallery regions of clay 1, (b) Dispersion of high volume
fraction of clay 2 in a polymer matrix, (c) Insertion of a low volume fraction and (d) Disper-
sion of a low volume fraction.



and volume fraction of filler [3,15,16]. Existing barrier models are based
on the one common assumption that all clay platelets are dispersed in an
orientation that is normal to the diffusant. However, the 3-dimensional
displacement of clay platelets in the actual exfoliated PC2N system will
cause some deviation from theoretical permeability. Bharadwaj re-
ported the effect of orientation of clay platelets on Rp of PCN [15]. Based
on this work, effects of orientation of clay platelets on Rp of PC2N can be
estimated as shown in Figure 9. This figure shows that low relative per-
meability (Rp) is achieved when orientation parameter (s) approaches 1.
Low Rp can be obtained by increasing aspect ratio of clay platelets as de-
scribed in Figure 9.

Bharadwaj et al. [15] developed the following equation that considers
orientation in predicting Rp.
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Figure 8. Effects of the volume fraction of clay 1 on relative permeability of PC2N obtained
by Equation (1) (l1 = 100 nm, l2 = 5 nm, w1 = w2 = 1 nm, b1= l1/10, b2 = l2/10, h2 = 0.001
nm, F2 = 0.1, F2 = 0.01 ~ 1).



Equation 6 was derived from Equation (5), for use with PC2N.
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Figures 10, 11, and 12 are plotted by Equations (5) and (6). All Rp val-
ues were calculated using actual size data of Cloisite Na+, and Laponite
JS. Both clays have similar tendency that Rp is increased as orientation
angle (q), which represents the angle between the direction of preferred
orientation and the sheet normal unit vectors increases. However,
Cloisite Na+ has slightly lower Rp due to its larger aspect ratio.

Effects of orientation of polymer chains on barrier properties of a
polymer was examined by Somlai et al. [17]. The relationship between
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Figure 9. Effects of particle orientation on relative permeability in exfoliated
nanocomposites.
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Figure 11. Effects of orientation angle (degree) and volume fraction (F) on relative per-
meability of Cloisite Na+.

Figure 10. Effects of orientation angle (degree) and volume fraction (F) on relative per-
meability of Laponite JS.



orientation of polymer chains and permeability is not well reported in
their work.

It is well known that processes that oriented polymer films tend to en-
hance strength and barrier properties. It is believed that greater molecu-
lar alignment causes an increase in crystallinity and therefore, barrier
properties. When orientation is performed on polymer films with clay
nanoparticles it is likely that the particle alignment is enhanced as well.
In this study, an assumption that all clay platelets are aligned perpendic-
ular to the diffusion direction of gas molecules was made to simplify the
barrier equation of PC2N. Therefore, the effects of other possicble
varriables on barrier properties of PC2N was concerned theoretically as
suggested above and the barrier properties in the actual PC2N coating
system was investigated

MATERIALS AND METHODS

Materials

PCN and PC2N solutions were made with a synthetic layered silicate,
Laponite JS and a natural montmorillonites, Cloisite Na+ (Southern Clay
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Figure 12. Effects of orientation angle (degree) and volume fraction (F) on relative per-
meability of mixture composed of Laponite JS and Cloisite Na+.



Products, Louisville, KY). PVOH was supplied by Scientific Polymer
Product, Inc. The specific informations of materials used for the prepa-
ration of composite films are listed in Table 1.

Organic ammonium chloride (OAC), [2-(Acryloyloxy)ethyl]-
trimethyl ammonium chloride was used for intergallery modification. A
multi-layered film consisting of oriented polypropylene (OPP) and lin-
ear low-density polyethylene (LLDPE) (Master Packaging Inc., Tampa,
FL) was used as a substrate for coating.

Preparation of PCN and PC2N Solutions

Two PCN solutions containing Laponite JS or Cloisite Na+ respec-
tively were prepared using the same method. At first, OAC buffer solu-
tion which amount is compare to 1 wt% of clay was added into a corre-
sponding amount of deionized water at 40°C and pH 10 were premixed
for 2–3 minutes with a magnetic stirrer. Each clay powder was added
each beaker gradually to prevent aggregation. Prepared clay solutions
were placed at room temperature for about 1 day to allow for cation-ex-
change in order to increase inter-particle distances. 8 wt% polymer stock
solutions were prepared by dissolving PVOH in deionized water at 80°C
and stirring with magnetic stirrer for 6–8 hours. Prepared PVOH stock
solution was added to clay solutions and mixed for 1 hour with a mag-
netic stirrer and then mixed with a high shear mixer (KadyMill-L, Kady®

International, Scarborough, ME) for 10 minutes. Prepared PCN solu-
tions were placed in a hood at ambient temperature for 3–10 hours de-
pending on viscosity in order to allow entrained air bubbles to dissipate.

To prepare a PC2N solution, 8 wt% polymer stock solution was pre-
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Table 1. Specific Information of Material used for PCN and
PC2N Composite Films.

Box Style

Polymer matrix Inorganic filler

LMW1 PVOH Laponite JS Cloisite Na+

MW2 3,000 Density (g/cm3) 0.95 2.86
Viscosity (CP)3 3~4 cp Aspect ratio 25 75~150

d-spacing4 (nm) 0.001 1.17
1Low molecular weight;
2Number-average molecular weight;
34% aqueous solution at 20∞C;
4d(001)



pared by dissolving PVOH in deionized water at 80°C and stirring with
magnetic stirrer. Each clay solution was prepared in the same manner
described in the preparation of PCN solution and placed at room temper-
ature for the cation exchange reactions. Laponite JS solution was added
to polymer stock solution with agitation. Vigorous agitation with a me-
chanical stirrer for 10 minutes was conducted to prepare an exfoliated
Laponite JS in a PVOH matrix.

Prepared PCN solutions consisting of PVOH and Laponite JS are
added to Cloisite Na+ clay solutions. Further, strong shear force with a
mechanical stirrer was required for the final insertion process. This pro-
cess was done by inserting PVOH mixed with relatively smaller
Laponite JS particles into the intergallery region of Cloisite Na+. To in-
vestigate effects of the ratio between Cloisite Na+ and Laponite JS in the
PC2N system on OTR (cc/m2/day) values, 10:0, 7:3, 5:5, 3:7, and 0:10 of
ratios were used.

Preparation of Coated Samples

Atmospheric pressure plasma (APP) treatments were performed us-
ing a Dyne-A-Myte VCP (Enercon Industries Co., Menomonee Falls,
WI). Air and nitrogen gas (about 50/50) were used to create plasma. The
ranges of flow rate of nitrogen gas, working distance, times of treatment,
and the speed of conveyer belt are 10–25 (l/min), 5–25 (mm), 2–4 times,
and 5cm/s-10cm/s respectively. Modified surfaces of substrate films
were coated using coating rods with PCN solution. Coated samples were
dried for 24 hours at 40°C in a vacuum oven to abstract micro bubbles.

OTR Measurements

Oxygen transmission rates of substrate, PVOH, PCN, and PC2N sam-
ples were measured at 0 RH% and 23°C in accordance with the proce-
dure described in ASTM D3985-0546 and ASTM F1927-9847 using a
Model OX-TRAN 2/20MH (Mocon Corporation, Minneapolis, MN).
Permeation cell area was 50 cm2.

Results and Discussions

Figure 13 shows effects of coating layers on OTR. OTR values of
PVOH (P), PVOH with Laponite JS (PL), PVOH with Cloisite Na+ and
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Laponite JS (PCL) coated samples were measured. OTR of
PVOH-coated sample has about 10% of OPP/LLDPE substrate film.

Generally, increasing crystallinity of homo-polymers tends to de-
crease gas diffusion rates and therefore OTR as well. Practical limits to
degree of crystallinity limit this benefit. Addition of nano particles simu-
lates additional crystallinity, thus reducing OTR beyond what is possi-
ble by the polymer alone (Figure 13). In this work, PCL-coated sample
showed the lowest OTR, with PL-coated samples showing slightly
higher OTR than PCL-coated samples.

These results showed that a mixture of different sized particles
(PCL-coated samples) offered only a slight improvement over one type
of particle (PL-coated samples). This is likely due to the fixed filler vol-
ume of 8% filler by weight used to prepare all samples. Perhaps a greater
benefit could be seen if particle packing density is shown to increase
with the mixture of particles.

Effects of different aspect ratios in PC2N systems on OTR are identi-
fied by varying the ratio of Cloisite Na+ to Laponite JS (Figure 14).
There was no significant difference in OTR values based on weight per-
cent (wt %). However, when the volume of Laponite is compared to that
of Cloisite in terms of their densities, Laponite can occupy more space in
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Figure 13. Relative Permeability of Samples; P (8 wt% of PVOH), PL (8 wt% of PVOH and
Laponite JS), PCL (8 wt% of PVOH, 4 wt% of Cloisite Na+ and Laponite JS).



the system than Cloisite for the same weight of clay used. This is con-
trary to results predicted from the model.

Figure 15 shows that lower OTR resulted from increasing clay weight
percent. This tendency was confirmed by our previous work that exam-
ined Laponite JS as shown in Figure 16 [11]. Figure 16 shows OTR as a
function of clay concentration loaded in the final dried PL film. The low-
est OTR value was shown at 50 wt% of clay in the final dried film and, in
the range of 20 to 40 wt% of clay concentration, there was no significant
difference in OTR values. This plot also shows a dramatic increase in
OTR values starting at 50 wt% of clay concentration which was likely
due to particle aggregation and film stability as clay concentration
increased.

In this study, enhanced barrier properties were shown to follow in-
creased total effective volume of filler particles that were exfoliated in a
PC2N system. Also increasing total volume fraction of filler within a
practical range is a relatively simple way to improve barrier property by
about one order of magnitude for relatively high transmitting films such
as OPP/LLDPE. Although PC2N system did not show significant differ-
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Figure 14. Oxygen Transmission Rate versus Ratio of Cloisite Na+ to Laponite JS.
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Figure 15. Oxygen Transmission Rate vs. PVOH with Cloisite Na+ film according to
Cloisite Na+ wt%.

Figure 16. Oxygen Transmission Rate vs. PVOH with Laponite JS film according to
Laponite JS wt%.



ences in barrier properties, PC2N composite films (mixture of particles)
appeared to offer better optical clarity than Poly Vinyl Alcohol / Cloisite
Na+ (PC) films with comparable OTR.

CONCLUSIONS

Initially, it was believed that a mixture of two particles with different
aspect ratios may provide greater packing densities, longer tortuous
paths and therefore, enhanced barrier properties than PCNs produced
from just one particle variety. To investigate the effect of using a mixture
of two particle types on barrier properties quantitatively, a model was
developed. Several expectations were suggested based on the model.
First, the relative size of the smaller particle (clay 2) has no effect. Sec-
ond, the larger the d-spacing of the larger particle (clay 1) at constant
volume fractions of both clays, the higher the Rp value is obtained.
Third, when a constant number of platelets of the smaller particle (clay
2) at a fixed volume fraction are dispersed in increased intergallery of
clay 1, more layers are formed, therefore reducing the number of clay
platelets in each layer. Therefore, although d-spacing can be increased
by creating more layers, the possibility that a diffusant encounters a
platelet when passing by a layer is decreased. As a result, effects of in-
creased tortuous path cannot exceed a critical Rp. Forth, a higher degree
of aggregation results in higher Rp because aggregates of particles that
are not separated from the stacked agglomerate tend to lower the number
of effective particles (N1), shorten the detour length and even reduce the
possibility of successful insertion of clay 2. Finally, Rp of PC2N was
governed by total volume fraction rather than by the specific relative ra-
tios between clay 1 and 2. The variance in Rp with degree of particle ori-
entation was explored. Most models are based on the assumption that all
clay platelets are dispersed in an orientation that is normal to the
diffusant. The discrepancy from theoretical barrier models can have sig-
nificant effect on Rp, especially for the PCN materials containing the
filler with higher aspect ratio. To estimate the effect of the orientation of
platelets on Rp, the orientation parameter (s) and related Rp equation re-
ported by Bharadwaj et al. [15], were used for PC2N system and it was
found that as particle volume fraction increased, importance of platelet
orientation decreased.

Initially, effects of different coating layers (P, PL, and PCL) on OTR
showed that addition of nano particles reduces OTR beyond what is pos-
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sible by the homopolymer. Secondly, even though no significant differ-
ence in OTR values among all ratios for mixing two clays was obtained,
the similar tendency that the clay having higher aspect ratio result in
slightly lower OTR values was discovered. In conclusion, enhanced bar-
rier properties were shown to follow increased total effective volume of
filler particles that are exfoliated in polymer matrix and this tendency
confirmed theoretical expectations for PC2N. Although PC2N system
did not show significant enhancement in barrier properties, PC2N com-
posite films with a moderate barrier property appeared to offer greater
optical clarity than comparable PCN with just one, larger nanoparticle.
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