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Abstract. The packaging is responsible for the production of a great amount of
waste in the world. Every product comes with different levels of packaging to pro-
tect the product during shipping, store the content in the warehouse, and show the
product to customers in retail shops. Therefore, the designer of packaging is more
and more involved in a responsible analysis while defining the package configu-
rations for a product. This paper proposes an approach to support the packaging
configurations considering life cycle data, analytical structural analysis, and para-
metric cost modeling. Rules, formulas, and specific standards are formalized into
a Knowledge Base. As a case study, themethodological approach has been applied
to design the packaging of a household appliance. The results show the possibil-
ity to reduce the cost and environmental impacts of packaging by a responsible
approach.
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1 Introduction

The main function of the packaging is to protect the product during the different trans-
portation phases. Packaging should have characteristics that add convenience in distribu-
tion, handling, stacking, using, reusing, recycling, and ease of disposal [1]. Globalization
andworldwidemarket have been increasing the need for good transportation between the
different actors in the production chain, producers, customers, and end-users [2]. In the
pre-and post-consumer logistics activities, the packaging is considering one of the prin-
cipal sources of consumption and environmental impact [3]. In the traditional packaging,
the main materials employed are corrugated paper board [4], card, wood, and plastics
such as polyurethane (EPU), polyethylene (EPE), polypropylene (EPP), and expanded
polystyrene (EPS) [5]. Paper and corrugated boards are among the most widely used
materials in the packaging [6, 7]. Corrugated board boxes are used to protect prod-
ucts against damage that may arise from handling, transportation, storage, hazards, and
environmental conditions [8]. For the interior parts packaging, considering the need to
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have lightweight, easy manufacturability, and cushioning properties that guarantee good
energy absorption, the EPS is the most used material [9]. The packaging configurations
with corrugated board boxes and interiors in EPS are widely applied in hi-tech products
to reduce damage related during the transportation phase as vibration and impacts [10].
In the scientific literature, there are various studies that investigate non-fossil-origin
materials to find alternative solutions to EPS. In Europe, the design of packaging must
consider the directives provided by the European Commission (EC). These EC direc-
tives have the target of achieving a market where all plastic placed is either reusable
or recyclable in a cost-effective manner by 2030 [11]. Even if a lot of plastics used
in the packaging of consumer goods are recyclable, an approach based on responsible
design is suitable to achieve a higher reduction of environmental impacts [12]. In the
literature, responsible design activities for packaging are most focused on the selection
and testing of environmental-friendly materials. In this context, a specific normative
has been also provided in Europe for testing the packaging recoverable through com-
posting and biodegradation [7]. As discussed by Tencati et al. [3], it is important to
adopt solutions that aim at improving the packaging design by minimizing the rela-
tive environmental impacts with a life cycle perspective. Several scholars adopt the Life
Cycle Assessment (LCA) method to support the Design for the Environment activities.
However, these LCA-based approaches do not propose design support in the sizing and
configuration of new packaging solutions. To overcome the highlighted limits, the paper
proposes an approach to configure the scheme of packaging evaluating cost, environmen-
tal impacts, and structural behavior during the conceptual phase. The outcome method
is a tool to support the engineer in the responsible design of the packaging. The remain-
der of the paper describes the research approach in Sect. 2. A test case with results is
reported in Sect. 3 to validate the proposed approach. Finally, Sect. 4 shows discussions
and conclusions.

2 Materials and Method

The definition of the early packaging configuration implies the definition of the primary
product protection, the cushioning selection, the pallet for the logistics scheme, etc. After
this level of analysis, the second step regards the analytical analysis of three important
characteristics such as structural behavior, cost, and environmental impacts.

The approach aims at optimizing the main analytical parameters related to the objec-
tives that maximize the structural performance and the reduction of cost and environ-
mental impacts Fig. 1. The next design phase regards the validation of the packaging
study. After that, there is the phase of the details design called Modeling. Here the pack-
aging is modeled using a 3D CAD tool before realizing the prototype for the final test
phase.
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Fig. 1. The proposed design approach.

2.1 Structural Study

The structural analysis regards the study of the external cardboard box and the interior
parts with cushioning properties. The cardboard box [13] has been verified considering
the analytical calculation of the Box Compression Test (BCT), which has been defined
by the McKee test [14]. The BCT test includes the calculation of Edge Crush Test
(ECT), which is a test method used to measure the cross-direction crushing of a sample
of corrugated board. The simplified form of the McKee formula (1) is most used by
practitioners.

BCT = 5.877 × ECT × P (1)

BCT is specific test for the corrugated board to obtain data and information on the
ability of a board configuration to resist crushing. The ECT resistance (2) is expressed
in kilonewtons per meter, and it is calculated by the following equation where F is the
maximum force (measured in newtons).

R = 0.001 × F (2)

The interior parts of the packaging increase the level of product protection during the
transportation and handling phases. EPS parts are very common cushioning materials in
packaging. The design of a cushioning part is related to the fragility rating, represented
by the Fragility factor. The Fragility factor (G) is evaluated by analyzing the deformation
energy related to a drop. Equation 3 describes how the Fragility factor is defined. While
the terms a and g represent the deformation and gravity accelerations (m/s2), the terms
h and d represent the drop height and the deformation value (mm).

G = a/g = h/d (3)
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In the literature, medium electronic appliances are considered moderately fragile
with an average Fragility factor of about 80–120 G’s. In this study, 115 G’s has been
considered as a Fragility factor for cooker hoods. As a check, the ultimate tensile stress of
the cushioning material (σmax, MPa) has been compared in (4) with the maximum stress
achieved after a drop considering the Fragility factor of the product. The stress calculated
in (4) considers the total mass of the packaging (m, kg), the gravity acceleration (g, m/s2),
the contact area (A, m2), and the Fragility factor (G).

σmax ≥ (m × g) × G/ a (4)

After this verification, the Fragility factor has been used for sizing the minimum
thickness of the cushioning material. The minimum thickness (s, m) has been evaluated
by the maximum deformation after a drop. This value is calculated considering Eq. (5).

s = (h/G) × C (5)

This equation derives from Eq. (3), but it includes the buffer factor (C) which has
been added to considers the compressibility of the cushioning material. The buffer factor
is a value between 2.5 and 3.5 for EPS packaging. In this study, the buffer factor is 3.5
and the drop height is 0,8 m.

3 Test Case

To investigate the packaging redesigning process and shows the advantages of proposed
methodology, hood family (vertical hoods, specifically, a series of hoods with the same
external shape) were selected. The starting scheme of hood packaging is described in
Fig. 2. The external part of packaging is a corrugated board. The internal parts consist
of four lateral heads (2), one package base (1) in EPS, one corrugated board U-bar for
the chimney protection (5).

Fig. 2. Starting packaging used for a standard vertical cooker hood.

Test case study includes three different models. The first model, called Case A, is the
reference and current packaging. Case B and Case C have been analyzed to demonstrate
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the advantages of the proposed methodology. These two cases regard the redesigning
of the EPS base to measure the advantages (if any). Since each cooker hood belongs to
a product family, each packaging structure has been analyzed for two deferment sizes:
60 cm and 90 cm, the length of the product. Figure 3 describes the geometry of the EPS
base used in the packaging model called Case A. This model is the reference packaging
already described in Fig. 2. The main components of this packaging consist of an EPS
base (Fig. 3), four cardboard lateral heads (Fig. 2), and an external cardboard box.

Fig. 3. The EPS base analyzed in Case A for the sizes 60 cm (on the left) and 90 cm (on the right).

Figure 4 shows the EPS base redesigned for the modelCase B. Even if the maximum
dimensions on the base plan XY are the same, the vertical geometry related to the Case
B model is different. The objective of this redesign is to eliminate the employment
of the four lateral heads made in cardboard. This EPS base also shows a simplified
geometry that reduces undercuts improving the positioning and fixing of the product.
The advantages of this EPS model are the reduction of cardboard material and the use
of the same sizing for the external box.

Fig. 4. The EPS base analyzed in Case B for the sizes 60 cm (on the left) and 90 cm (on the right).

The 60-cm base achieves a weight of 336 g (before it was 272 g). The 90-cm base
achieves a weight of 516 g (before it was 396 g). This third case (Case C) shows a
complete redesign of the packaging base, substituted with a molded pulp solution to
optimize environmental impacts and cost. One of the advantages of this solution is the
elimination of EPS parts, about 40% of the total cost. On the other hand, molded pulp is
a recycled material and comes from the waste of paper, carton boards, etc. This recycled
material also shows properties such as high recyclability and several times, acceptable
mechanical properties, and the possibility to be molded in different shapes (Fig. 5).
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Fig. 5. The redesigned packaging base in molded pulp (Case C) for the 60-cm size.

3.1 Results

For the structural behavior, according toUNIEN ISO4180:2010 and ISTA (International
Safe Transit Association), three different tests have been performed on physical proto-
types. These tests are stacking/compression (evaluated by BCT), fall test, and vibration
test (UNI EN ISO 2233:2001). Table 1 shows the results of these packaging tests. The
value of BCTwas obtained according to standard FEFCON° 50. This value indicates the
maximum vertical load expressed in kilograms for cardboard. The Fall test has been car-
ried out according to ISO 2248:1985 standard. Each model passed the fall and vibration
test. Moreover, the achieved BCT value was similar for each model. The BCT values are
close because the box dimension is the same and only a little difference in the cardboard
composition has been applied in each model.

Table 1. Result of the structural tests applied to each packaging model.

Model BCT Fall Vibration

A 370 kg Ok ok

B 368 kg ok ok

C 367 kg ok ok

A life cycle approach has been used to evaluate the environmental impacts and
estimate the packaging cost. The functional unit used in the LCA study is “to protect the
product”. In particular, the analyzed protection of cooker hoods is complied with EN
and ISO standard. Considering the aim of the study, the system boundaries include the
production of rawmaterial, all transport of material and components, and the process for
the realization of the packaging component [15]. The end of life has not been considered.

The primary data has been collected throughmeasurements and surveyswith experts,
the secondary data has been retrieved from the literature and LCA databases such as
Ecoinvent. Table 2 reports the flows related to the different packaging models. Each
model has a similar external cardboard box but a different interior base. The method
ReCiPe 2016 mid-point - Hierarchist (H) version has been chosen and used to assess the
environmental impacts. The assessment (Fig. 6) shows the greater impact contribution
of the starting packaging model over the redesign models (B and C) in all categories.
Moreover, Case C shows a reduction of environmental impacts. The average reduction
is about 10% in each category.
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Table 2. Component list for each packaging model with the description of the flows.

Category Flow A Quantity A Cost € A Flow Quantity B Cost € B Flow C Quantity C Cost € C

External Corrugated 
board

2950 g Corrugated 
board

2950 g Corrugated 
board

2950 g

box Printing ink 0.48 g Printing ink 0.48 g Printing ink 0.48 g

Water 2.32E-03 l Water 2.32E-03 l Water 2.32E-03 l

Printer slotter 0.02 kWh Printer slotter 0.02 kWh Printer slotter 0.02 kWh

Cut and fold 
machine 1.95E-02 kWh

Cut and fold 
machine 1.95E-02 kWh

Cut and fold 
machine 1.65E-02 kWh

AGV handling 2.24E-04 kWh AGV handling 2.24E-04 kWh AGV handling 1.38E-04 kWh

Press and 
wrapping

3.00E-04 kWh Press and 
wrapping

3.00E-04 kWh Press and 
wrapping

1.98E-04 kWh

Kraft paper 395 g Kraft paper 395 g Kraft paper 395 g
Cut and pre-

creasing
1.71E-02 kWh Cut and pre-

creasing
1.71E-02 kWh Cut and pre-

creasing
1.71E-02 kWh

Corrugated 
board

644 g Corrugated 
board

/ Corrugated 
board

/

Cut and pre-
creasing

3.25E-02 kWh Cut and pre-
creasing

/ Cut and pre-
creasing

/

Package base
Expandable 
Polystyrene 

(EPS)
396 g 0.89

Expandable 
Polystyrene 

(EPS)
516 g 0.96 Molded pulp 786 g 0.67

Paper clips Steel 15 g 0.02 Steel 15 g 0.02 Steel 15 g 0.02

Total cost 2,72 2,54 2,25

 4 lateral heads 0.25 /

0.92

0.64

/

0.92 0.92

U-bar 0.64 0.64

The redesign of the packaging base described in Case B and C reduces the use of EPS
materials and avoids the employment of the four lateral heads. Moreover, the proposed
solutions also achieve the same mechanical performance as the reference model (Case
A). These solutions show a cost reduction of 6,7% for Case B and 17% for Case C
(Table 2).

Fig. 6. The comparison of the three model of packaging in terms of ReCiPe characterization.
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4 Conclusion

This paper proposed a study, development, and application of amethodological approach
to support the sustainable design of packaging for household appliances. The aim of this
approach is to fill the distance between the eco-design guidelines and the packaging
requirements. The final objective is to reduce the environmental impacts by introducing
a new design method, new shape, new material.

This paper compares three packaging solutions for cooker hoods in terms of envi-
ronmental impacts, cost, and structural behavior. While structural testing has been per-
formed on physical prototypes, LCA and LCC studies have been carried out using life
cycle tools. Before the physical prototyping, the BCT values have been estimated using
an analytical approach. Focusing on the proposed test case, two solutions of packaging
have been proposed. These solutions achieve the same level of the structural behavior of
the reference model (Case A); however, Case B and C show some advantages in terms
of environmental impacts and cost reduction. The results described in this paper may
be used by appliances manufacturers to improve performances and design solutions of
their different packaging.
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