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Abstract

The global packaging industry has evolved toward more sustainable and efficient solutions,
particularly in logistics and goods transportation. Wooden pallets remain dominant in freight
handling due to their structural simplicity, low cost, and compatibility with various transport
systems. However, industry trends demand optimization of these structures for sustainability,
cost-effectiveness, and adaptability to custom sizes. This is particularly relevant for companies
like NEFAB Portugal, which provide industrial packaging solutions for sectors such as
automotive and telecommunications. As the demand for customized pallet sizes grows, there
is an increasing need to analyse the mechanical performance of large dimensions pallets
created by joining wooden beams. Actually, the use of adhesives and mechanical joints in pallet
construction raises key questions regarding strength, cost, and durability under real-world
loading conditions, which emphasis the need for structural verification.

The primary aim of this dissertation is to study and compare seven different joint geometries
for wooden beams used in pallet structures. These configurations were tested experimentally
and simulated using Finite Element Analysis (FEA) to identify the best performing design. The
research involved material characterization, manufacturing of joint specimens, static
mechanical testing, and validation through numerical models. The joints were also assessed
based on fabrication complexity, environmental sustainability, and cost-effectiveness. This
comprehensive study supports NEFAB Portugal in optimizing future pallet designs, contributing
to a more sustainable and efficient packaging strategy.

The results show that specific joint geometries, particularly those combining adhesives with
mechanical reinforcements, provide superior load-bearing capacity and cost efficiency
compared to conventional methods.

KEYWORDS: Pallet, Wood joint, Sustainability, Finite Element Analysis, Packaging solutions,
Adhesives.
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Resumo

A industria global de embalagens evoluiu para solugdes mais sustentdveis e eficientes,
particularmente na logistica e no transporte de mercadorias. As paletes de madeira continuam
a dominar o manuseamento de mercadorias devido a sua simplicidade estrutural, baixo custo
e compatibilidade com vdrios sistemas de transporte. No entanto, as tendéncias da industria
exigem a otimizacdo destas estruturas para que sejam sustentaveis, rentdveis e adaptdveis a
tamanhos personalizados. Isto é particularmente relevante para empresas como a NEFAB
Portugal, que fornecem solu¢des de embalagem industrial para sectores como o automével e
as telecomunicacdes. A medida que a procura de paletes de tamanhos personalizados aumenta,
ha uma necessidade crescente de analisar o desempenho mecanico das paletes de grandes
dimensdes criadas através da unido de vigas de madeira. De facto, a utilizacdo de adesivos e
juntas mecanicas na construcdao de paletes levanta questdes fundamentais relativamente a
resisténcia, custo e durabilidade em condi¢Ges de carga reais, o que reforca a necessidade da
sua verificagdo estrutural.

O principal objetivo desta dissertacdo é estudar e comparar sete geometrias diferentes de
juntas para vigas de madeira utilizadas em estruturas de paletes. Estas configuracdes foram
testadas experimentalmente e simuladas através do Método de Elementos Finitos (MEF) para
identificar o design com melhor desempenho. A investigacdo envolveu a caraterizacdao de
materiais, o fabrico de amostras de juntas, ensaios mecanicos estaticos e validacdo através de
modelos numéricos. As juntas foram também avaliadas com base na complexidade de fabrico,
na sustentabilidade ambiental e na relagdo custo-eficicia. Este estudo abrangente apoia a
NEFAB Portugal na otimizacdo de futuros designs de paletes, contribuindo para uma estratégia
de embalagem mais sustentdvel e eficiente.

Os resultados mostram que geometrias especificas da junta, particularmente as que combinam
adesivos com reforcos mecanicos, proporcionam uma capacidade de carga superior e uma
eficiéncia de custos superior aos métodos convencionais.

PALAVRAS-CHAVE: Palete, Junta de madeira, Sustentabilidade, Método de elementos finitos,
Solugdes de embalagem, Adesivos.
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1. Introduction

1.1. Contextualization

The packaging industry plays a crucial role in global trade, ensuring the protection, preservation,
and efficient transportation of goods. As trade volumes continue to grow, the sector is
constantly adopting innovative materials and technologies to enhance product safety,
streamline supply chains, minimise environmental impact, and reduce costs. The evolution of
packaging solutions has been marked by a transition from rudimentary cardboard boxes to
advanced smart packaging, which has enhanced the ability to trace goods while aligning with
sustainability objectives. Nevertheless, it is important to note that packaging alone is not
sufficient to ensure efficient logistics functions. The transportation and storage of packaged
goods rely heavily on pallets, which serve as standardised platforms for efficient handling across
warehouses, shipping containers, and trucks. The construction of these pallets, which may be
made from wood, plastic, or composites, optimises space, prevents product damage, and
facilitates smooth logistics operations, making them essential component of the supply chain.

It is imperative for the packaging industry to ensure a balance between efficiency and
environmental responsibility, aiming to ensure the safe transportation of goods while
minimising ecological impact. Given that pallets represent the predominant averages of global
freight transportation, it is imperative to address the issue of pallet wooden beams exceeding
standard market dimensions. A potential solution to accommodate larger shipments is to join
wooden beams to create extended pallet structures. However, due to the significant amount of
possible joint geometries, a detailed analysis of the most used ones in the industry is conducted.

This study focuses on six specific joining geometries, analysing their cost-effectiveness and
efficiency to determine the optimal solution. The internship was conducted at NEFAB Portugal,
a member of the NEFAB Group, which manages projects in various industries, including
automotive and telecommunications. The present study is part of a research project that aims
to provide NEFAB Portugal with an optimal solution for the studied palette but also giving a
valuable database for future applications in wooden pallet construction.

1.2. Objectives

The primary objective of the present study is to assess the optimal solution for a specific pallet
provided by NEFAB Portugal, as well as to provide a database of the most common joint
geometries. The following tasks were performed to conduct this study:
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e Literature research;

e Problem definition;

e Definition of geometries with the NEFAB’s engineers;
e Experimentally joint evaluation;

e Static FEA analysis of the joints;

e Comparison of the joints;

e Cost and sustainable analysis;

e Definition of the optimal solution.

1.3. Methodology

The study began with a comprehensive literature review, aiming to provide a better
understanding of the development of the study. This task involved researching the packaging
industry, environmental challenges, and potential solutions. The review was based on a range
of sources, including scientific articles, company websites, and books, with the aim of ensuring
a comprehensive and up-to-date analysis. Sources were selected based on their publication
date, relevance, and citation frequency.

The core study was initiated with the definition of the encountered problem and then the
definition of the geometries to be analysed. The most common joining configurations were
selected, and additional innovative geometries were derived from them. Following the
definition of the geometries, the study proceeded along two parallel paths: experimental
testing and FEA.

For the experimental phase, specimens were produced at the NEFAB office to ensure that the
joints closely resembled those used in real pallet production, rather than idealised laboratory-
made joints with reduced imperfections. Next, a series of tests were conducted, and a
comparative analysis was performed on the performance of all joints. Concurrently, FEA
simulations were conducted to complement the experimental results. Since the materials used
are essentially wood based, an inverse method was employed to determine their properties.
This approach ensures greater consistency between the experimental and numerical results.

Finally, a cost and sustainable analysis was performed to assess the most cost-effective and
sustainable joint configuration, integrating data from both the experimental and FEA analyses.

1.4. Thesis structure

The thesis is composed of four main sections, which are the following:

The Introduction section presents the contextualization of the work, the objectives of the work,
the methodology used during the study, and the thesis structure.
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The Literature review section introduces the theoretical foundations necessary for the
development of this thesis. The study begins with an overview of the global packaging industry,
followed by a detailed discussion on sustainable approaches in the sector, both globally and
within Portugal. The review also explores a broad range of concepts related to product
development, including design methodologies, material selection, computer-aided design
(CAD), and joining methods. A more in-depth examination of sustainability in pallet design is
finally presented, covering relevant methodologies, materials, and sustainability assessment
tools.

The Development section begins with a detailed presentation of the company hosting the
internship. This is followed by a comprehensive description of the materials and methodologies
employed, including the design approach, product description, adhesive used, and joint
geometries considered. The experimental phase is introduced in this framework, and it
encompasses the materials utilised (e.g., wood and plywood), the fabrication process, the
configuration of the test setup and the conditions under which it was conducted, and the
resulting data. The section also includes a numerical analysis, beginning with an introduction to
FEA, which outlines the software and constitutive models that are utilised. The material
properties are then defined through an inverse method. After the establishment of these
properties, the FEA is conducted, and the results are then directly compared to the
experimental data. Finally, a cost and sustainability analysis are finally conducted, thus enabling
the section to conclude with a final proposal.

The Conclusion section summarises the initial motivation for the work, the development
process that was followed, and the main results obtained. After the analysis of the collected
data, a final assessment is made to ascertain the most efficient joint solution. This section also
discusses the limitations encountered during the execution of the work and, considering these
constraints, it proposes future research.
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2. Literature review

2.1. Packaging industry

The packaging industry is one of the most ancient industries on earth. Packaging always been
here to assist man since Prehistory, an era in which materials like larges leaves, nutshells and
seashells were used as packages [1, 2]. Theses naturals containers were crucial to protect food
and valuables. After many years of evolution, it was during the first Industrial Revolution, due
to mass production, that packaging begins to have more importance on the daily lives of
humankind [2]. More recently, the packaging industry has undergone three major changes:
beginning with a shift in substrate materials from 2000 to 2009. Due to the strong growth of
new consumers, mainly in Asia, the focus was lowering the costs, by shifting from packaging
based on metal and glass to flexible and rigids plastics, which are more affordable and reduce
the materials used. Another important changes from 2010 to 2020 starts due to a health and
wellness trend and acceleration of online shopping with COVID-19, for that the industry needed
to increase their production by innovating high-functionality and sustainable packaging. Since
the beginning, the packaging industry has always been evolving and, from 2020 to nowadays
an important third change, this industry is moving towards a more sustainable approach and
having a lower environmental impact with more optimized packages, due to consumers pushing
for sustainability and real actions [3].

2.1.1. General concepts

The main objective of packaging is to protect the product against mishandling and impact during
transportation or/and environmental conditions, simplify the transport and manipulation. The
creation of a good package requires various stages, but the two main time consumers are the
product design and materials selections. For the product design, it is necessary to know the
product format and how it will be transported. What will provide the nominal dimensions and
areas that need more protection and necessities for simplifying the transport and manipulation.
Along with the design of packaging comes the material selection, usually leading to
paper/carboard, flexible plastics, rigid plastics and metals, as shown in Figure 1. A crucial point
nowadays in the materials selection is to know if it is possible to reuse the packaging.
Sometimes, due to industry restrictions, the use of reusable organic materials such as paper
and cardboard is not accepted, which compels the use of metals or plastics. In these situations,
the focus is primarily on design to satisfy the requirements.
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m Others mGlass = Metal Rigid plastic m Flexible plastic m Fiber

Figure 1 - Distribution of packaging material’s market volume worldwide in 2020, by material type
(adapted from [4]).

The packaging industry is a vital part of the economy nowadays. For example in 2023 the
packaging market size was estimated to 1.20 trillion USD [3]. This industry is a major employer,
directly or indirectly. It employs countless people, including design, manufacturing,
transporters, sales, and marketing.

2.1.2. World and national industry

As shown in Figure 2, the Asian packaging market is leading with 32% of the global market value
in 2022, due to the rapid expansion and wealthier middle-class population in developed regions,
like China. Middle-class population in developed regions is spending more in non-essential
purchases and engaging more online shopping, which help driving the growth of the packaging
market. Europe follows (27%) whit a rapid evolution focused on a sustainable and
environmental approach, where 74% of European population states say that the packaging
waste have a major impact in their purchase [3]. In third, North America has 24% of the global
value. Finally, less developed regions, such as the Middle East, Africa, and Latin America, face
greater challenges in development due to lower average income levels or sparse populations.
A poorer population induces difficulties on online shopping or order food as often as a richer
population, which decreases the market size in those regions.

27%

m Latin America  m Middle East and Africa = Mort America Europe m Asia-Pacific
Figure 2 - Global packaging market size, in 2022, by region (adapted from [4]).
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As shown in Figure 3, the packaging industry is the principal user of plastic in 2019. This material
type goes against the sustainable and environmental approach, which promotes waste and a
big environmental impact. Most waste is generated when a product is opened, as the protective
material is no longer needed. For example, plastic bags used for online clothing purchases often
contribute to this waste. However, waste in packaging can also be due to a bad design and
manufacturing process, which can lead to over protecting the product [5].

Packaging I 142.6
Building and construction NN 76.89
Other NN 66.32
Transportation [N 62.17
Consumer and institutional products I 46.66
Textile sector [N 43.88
Electronics [ 17.31
Industrial machinery [I 2.68
0 20 40 60 80 100 120 140 160
Figure 3 - Annual global plastic use in million tonnes, in 2019 (adapted from [6]).

To a smaller scale, in 2021 Portugal was 12% overall in the world with €834.46 million in sales,
behind Greece, Italy, France and Spain. As shown in Figure 4, Portugal was 14" with the highest
recycler rate in Europe with almost 65% of recycling rate, which is the target till 2025 (red line).

Recycling rate of packaging waste, 2021
(%)
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mm Recycling rate  —— Target: 58%  ——Target 2025: 5%
Figure 4 - Recycling rate of the packaging waste in Europe, 2021 [7].
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None of those countries have a 100% recycling rate, which averages waste is present. Based on
Figure 5, in Portugal 1.77 million tonnes (172 kg/cap) of packaging waste were generated in
2019. Paper/cardboard and plastic packaging were the principal waste, which can be generated,
for example, from factories, supermarket, automative industry and others. Compared to 2010
(157 kg/cap), the packaging waste increased by 9.4% in 2019 [8], indicates room for
improvement, by changing materials in some packages to more sustainable materials.
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m Paper and cardboard packaging Plastic packaging m'Wooden packaging Metallic packaging m Glass packaging Other packaging

Figure 5 - Packaging waste generation in Portugal between 2010 and 2019, in kg per capita [8].

2.1.3. Project guidelines for packaging

The main objective of guidelines in a project is to have references that assure a coherence,
efficacity and durability in the product development. In the packaging industry, standardisation
aims to guaranty a homogeneous quality and simplify the collaboration between different
teams in every product development step [9]. The standards used and the precision needed in
the packaging industry is various in function of the sector working on. For example,
pharmaceutical packaging requires high levels of quality and hygiene, compare to packaging
used in construction. Globally the following standards are used:

e SO 9001 (Quality management) - This standard ensure that organizations can
consistently produce packaging solutions that meet customer expectations and comply
with relevant regulatory standards;

e |SO 14001 (Environmental management) - This standard helps organizations to improve
their environmental performance through more efficient use of resources and
reduction of waste.

In Europe, the EN 13427 and EN 13428 standards define the minimum criteria for packaging.
Standard EN 13427 promotes sustainability, by choosing more eco-friendly materials that can
be easily recyclable and biodegradable. However, this regulation also emphasizes safety and
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performance requirements, which involve preventing contamination and protection. To
complement the EN 13427 standard, the EN 13428 standard establishes rules for the reuse and
recycling process to minimize the possible environmental impact. Those two standards promote
sustainability and reduce the environmental impact of packaging waste [10]. Along with those
regulations, other standards are used, such as the ASTM D4169 and ISTA 3A standards, based
on performance testing, permitting to ensure the package quality [11, 12].

In some cases, when the packaging has restriction, in the dimensions and weight, which turn
impossible to perform physical tests, software such as Abaqus® can be used to predict and
evaluate the performance. Using software also helps sustainability, by avoiding the use of
materials in prototype creation, to be after destroyed to determine the package performance.
Following the path to minimize waste, other software can assist and help companies to
determine the environmental impact from the start of development to the implementation of
the packaging in the market. The software GreenCalc® (Figure 6) measures the emissions, waste
and returnability of the package [13]. This tool enables companies to possibly reduce
environmental footprint, which can lead to a more sustainable industry.

GATHER DATA SOLUTION DESIGN GREENCALC REPORT IMPLEMENTATION
PROPOSAL

Figure 6 - GreenCalc® representation [13].

2.1.4. Sustainability in the packaging industry

Over the last 50 years the main plastics used were fossil-based, due to their low cost and good
properties, including durability, lightness, resistance to chemicals and corrosion. The use of
plastics significantly increased in the last decades. In 1950, 1.5 million tons were produced,
whereas 359 million tons were produced in 2018 [14]. This significant increase can be explained
by the increase in society’s consumption, which lead the industry to produce more plastics even
at the expense of the environmental impact [15].

To contrast all these years, the concepts of sustainability and Circular Economy (CE) are
becoming more important nowadays. In 2015, the United Nations created “The 2030 agenda
for sustainable development”, which is composed by seventeen goals that will lead the World
to a sustainable development. Amidst all these goals, the most relevant for the packaging
industry is the 12™ — “Ensure sustainable consumption and production patterns”. This goal is
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divided into different objectives, for example, achieving the sustainable management and
efficient use of natural resources and substantially reduce waste generation through
prevention, reduction, recycling and reuse, among others [16].

To achieve a sustainable approach, the materials used in the packaging have an important role.
As seen before, the traditional plastics derived from fossil fuels are the main material used in
the packaging industry, which are a major contributor to environmental pollution. To solve
these environmental problems, companies are trying to change to more eco-friendly materials.
For example, applied biodegradable and compostable materials, such as polylactic acid (PLA)
derived from corn starch, are becoming more applied due to the fact those materials
deteriorates naturally in the environment [17].

Along with the materials used, CE can be a new approach aiming to minimise the environmental
impact by rethinking packaging design. In contrast to the traditional linear economy, based in
the take-make-use-destroy concept [18], CE aims to create a loop where materials are always
reusable in the production cycle (Figure 7). To accomplish these goals, companies design their
product with their end-of-life in mind [9], which can result, for example, in packaging entirely
conceived by the same material. Another example, when two different plastics are used in the
same product could be easily separate one from the other for a more effective recycling.

Raw materials
Design Substitution of

Raw Materials

Recycling Production /

Remanu factu
ring

Residual waste

Collection

Distribution

Use / Reuse
Figure 7 - Representation of the CE concept [18].

2.1.5. Advances in materials and processes

In phase with sustainability, the packaging industry grew rapidly, by including more
technologies and modernize packaging. Due to the customers’ demand and sustainability
requirements, modern packaging does not play a single role, which is to passively protect the
product. Modern packaging aims to be smarter and active (Figure 8), and materials are
engineered to perform specific functions behind the regular packaging. Materials like zeolitic
imidazole framework (ZIF), a metallic organic framework (MOF), or carboxymethyl cellulose
(CMC), an organic polymer, can provide real-time information about the condition, freshness
and safety of a product. ZIFs are capable of selectively adsorbing and releasing molecules based

10
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on the size, shape and surface properties of the molecules. This feature helps to increase the
shell-life of goods, by selectively remove gases (oxygen, carbon dioxide and ethylene) [19].

Food packaging

intelligent packaging ‘ Active packaging
.\J\7

Detection Properties
« freshness, « antimicrobial,
e information carriers, e antioxidant,
e pH, « freshness,
- T, « biological protection,
e moisture « antiinflammatory,

-

biodegradable

Figure 8 — The effects of different types of packaging (adapted from [20]).

All these materials have potential to create new and improved smart and active packaging.
However, some challenges need to be addressed before these materials find a place in the
market. ZIFs, for example, at a larger scale production are costly and they need to be studied to
establish the possibility of migration of ZIFs from packaging to food, which can potentially
impact the human health and environment [21].

A challenge in the modern packaging industry is the use of technological processes using
intelligent packaging materials. The use of technology like 3D/4D printing is well established in
companies, due to the decreasing costs of 3D/4D printer, possibility to produce forms of any
geometry through one-step additive process and fast prototyping. To assure sustainability and
overcome the challenges in 3D/4D printing, it is possible to use 5D/6D printing technologies
[20]. 5D/6D printing represent revolutionary advancements in additive manufacturing,
extending beyond traditional 3D printing. While 3D printing focuses on creating static objects
with three dimensions, 5D printing incorporate additional functionalities, such as flexibility and
dynamic behaviour. This allows a printed object to adapt and respond to environmental stimuli,
such as temperature and pressure. Building on this, 6D printing introduces a temporal
dimension, enabling objects to evolve over time. This innovative approach allows the use of
smart materials that can sense and react to their surroundings. Together, 5D and 6D printing
open new perspectives for a new era of smart manufacturing, where products are not only
functional but also adaptive and interactive [22].

2.2. Product development

Product development can be defined as the process of creating, designing, and bringing new
products to market or enhancing existing ones to meet the market demands. This process is
comprised of multiple stages, including idealization, design, prototyping, testing, production
and launch, often guided by guidelines. This multidisciplinary endeavour integrates insights
from business strategy, engineering, design, and marketing to ensure that the product is both
functional and appealing to consumers, thus ensuring competitiveness in the market. By driving
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innovation and addressing evolving customer preferences, product development plays a crucial
role in helping businesses adapt to market trends and maintain a competitive edge [23].

2.2.1. Contextualization of product development

Product development refers to all the necessary steps from the first idea of a product to market
launch. For that, the usual strategy is the new product development (NPD), which can be
applied to three types of products, the innovative products that have never been designed and
developed before, the product that already exists in market but is new to the company, and
new versions or variations of existing products [24]. The NPD strategy is based on the following
steps (Figure 9) to build a successful product:

1) Idea generation is the starting point for any potential future product. For that,
companies brainstorm for a new product idea or ways to improve an existing product.
The main objective of this stage is to have as many ideas as possible but only keeping
the most valuable ones. To evaluate the viability of the idea, a SWOT analysis permits
to evaluate the Strengths, Weaknesses, Opportunities and Threats of the product;

2) Concept development refers to the creation of a product concept, which includes the
target market, the features, and benefits of the idea. This step defines the product and
proceeds with the development of the most viable solutions;

3) Prototype construction can be referred to a simple drawing or computer-aided
prototype, which can identify the risks later the product creation. This stage enables
companies to study the market risks and to establish a development strategy;

4) Initial conception permits the first creation of the product. During this step, companies
need to exchange ideas with suppliers to manage material sourcing and define the
possible product production;

5) Testing and validation verify of the product satisfies all the requirements for market;

6) Productlaunch it is the final step, where the product is ready to be added to the market
and constitutes the final success measurement of the product.

Idea Concept Prototype Initial Teas::ing Product
generation development realisation conception s launch
validation

Figure 9 - NDP stages (adapted from [25]).

Having an efficient NPD process permits to have rigorous feasibility analysis, precise resource
management, and clear task assignment. With this tools, companies can develop products that
not only meet market needs but also drive sustainable growth [25].

2.2.2. Design for X methodology

The Design for X (DfX) methodology, also known as Design for Excellence, represents an
approach whereby the letter "X" represents one of numerous quality criteria, including cost,

12
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quality, reliability, manufacturability, or sustainability (Figure 10). This approach can have a
considerable impact on the overall time development, given that ensuring the accuracy of
product design at the outset is a far more cost-effective strategy than addressing issues that
emerge later in the development process or after the product has been launched [26].

RE-USE TESTABILITY
PERFORMANCE
SAFETY
MANUFACTURABILITY
DESIGN
ENVIRONMENT
SERVICEABILITY
cost
ASSEMBLY SUSTAINMENT
QUALITY

Figure 10 - DFX diagram [26].
As shown in the Figure 10, DfX comprises additional subsections that may be employed. In order
to gain a more comprehensive understanding of the global concept of DfX, it would be beneficial
to examine some of the sub-sections in closer detail [27].

e Design for Assembly (DfA) refers to a design that simplifies the assembly process. For
that purpose, components should be easily assembled by simple operations, leading to
fewer possibilities for errors;

e Design for Cost (DfC) is based on cost management techniques to control the cost of
product development and manufacturing;

e Design for Reliability (DfR) permits to define the ability of a component or system to
perform its required functions under stated conditions for a specific period;

e Design for Maintenance (DfMn) focuses on making the product easier to maintain.

Focusing on the most common DfX concept, Design for Manufacturing (DfM) has a big
importance, since it directly addresses cost. The DfM method can be separated in seven steps.
The first and most essential step, relies on establishing the approach to product sourcing. This
may be conducted by the company itself, with the understanding that it will rely on suppliers
for certain activities. The second step is to estimate the manufacturing cost, including the cost
of standard components, custom components, costs of assembly, and the overhead costs. With
all the costs known and a preliminary cost of the final product, it is possible to advance for the
next steps. The third, fourth, fifth, and sixth steps are based on cost reduction focusing on every
part of the product development, such as reducing the costs of components, assembly,
supporting production, and logistics. Minimizing manufacturing costs is not the only objective
of the product development process. The final step is to consider the impact of DfM decisions
on other factors, including the development time and product quality. In certain sectors, the
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time factor is of paramount importance. Consequently, decisions regarding DfM must be
considered in conjunction with the associated manufacturing costs.

More recently, due to the concern with environmental impacts of products, Design for
Environment (DfE) emerged. DfE focus on the environmental impact of the product, by reducing
the carbon footprint of the product, reducing the energy consumption, liquid discharges, and
gaseous emissions. The DfE is founded upon the CE, whereby a product is examined for the
potential for remanufacturing and subsequent reintroduction into the production cycle. This
approach has the objective of reducing the environmental impact of the product. An effective
DfE implementation can create a more sustainable society [28].

2.2.3. Design selection methods

Early in the product development process, product design will be merged in accordance with
the identified needs and other specified requirements of the customer. At the start, the
company may have a single or several concepts or just one, but a selection method is always
present. When having several concepts, a more structured selection method can be used. Those
methods can be simple or more elaborated, but these always benefit product development.
The most relevant forms of selection methods are as follows: [29]:
e External decision — All concepts are sent to the customer or external entity for selection;
e Product champion — The selection is based on the choice by an influential member of
the company;
e Advantages and disadvantages — The selection is based on a list, defining the strengths
and weaknesses of each concept;
e Prototype and test — Executing prototypes for testing and choosing the best concepts
based on the test data.
More elaborated methods using multicriteria decision-making (MCDM) provide a structural
framework to organize and analyse complex problems, by considering multiple criteria
simultaneously [30]. MCDM can be based on a Multi-Attribute Decision Making (MADM) or
Multi-Objective Decision Making (MODM). MADM is used for a finite number of alternatives
solution to a problem, and the selection is based on evaluating multiple attributes of each
alternative. The goal is to identify and choose the best option. MODM is applied to choose
between an infinite or very large number of possible alternatives, and choose the one that
satisfies the best requirements [31]. The most widely used methods that combine MCDM and
MODM are the Analytical Hierarchy Process (AHP) and the Technique for Order of Preference
by Similarity to Ideal Solution (TOPSIS). The AHP method evaluates the relative importance of
customer requirements and design features to aid decision making [32]. To implement the AHP
method, Saaty established a four-step procedure. The first step is to define the problem and
identify customer requirements. Once the requirements and alternatives are identified, a
pairwise comparison of criteria and requirements is made using a nine-point Likert scale (Table
1) [33]. In the second step, the importance of the customer requirements is calculated. The
third step is to test the consistency of these importance levels to ensure that the pairwise
comparison score is acceptable. Finally, the fourth step determines the relative overall
importance of the customer requirements and selects the alternative with highest score [32].
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Table 1 - 9-point Likert scale (adapted from [33])

Intensity of agreement Definition of intensity of agreement
1 Strongly disagree
3 Disagree
5 Somewhat agree
7 Agree
9 Strongly agree
2,4,6and 8 Intermediate values

More recently, the concept of competitive benchmarking merge, whereby an organisation
evaluates its performance, products, services or processes by comparing them to the world's
best, including direct and indirect competitive industry. [34]. The TOPSIS method, a leading
MCDM technique, can be used to analyse competitive benchmarking. It ranks alternatives
according to their proximity to the ideal solution, which maximises benefits (e.g. quality) and
minimises negatives (e.g. costs or risks), and their distance from the anti-ideal solution, which
minimises positives and maximises negatives [32]. Using these methods enable a deeper
understanding of which design fits better in the society, by considering every possible aspect,
such as environmental impact, competitivity, cost production, and quality.

2.2.4. Materials for design

The materials and manufacturing processes used in product design are evolving rapidly,
creating new opportunities for innovation. As illustrated in Figure 11, many modern materials
represent an evolution of the primary materials used in the past. This progression has
significantly expanded the range of materials available to designers.
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Figure 11 - Diagram of the different types of materials used in engineering over time [35].

In the selection of materials, designers have a multitude of options, each characterised by a
distinctive combination of properties. However, certain attributes, including properties,
processing methods and applications, are shared by some materials. These commonalities
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permit the classification of engineering materials into six principal categories: metals, polymers,
elastomers, ceramics, glasses and hybrids (Figure 12).

Steels
Cast irons
Al-alloys

Metals
Cu-alloys

Zn-alloys
Ti-alloys

PE, PP, PET,

Aluminas PC, PS, PEEK
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Ceramics Composites Polymers
. . Sandwiches
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foams
Isoprene
Soda glass MNeoprene
Borosilicate glass Butyl rubber

Glasses Elastomers

Natural rubber
Silicones
EVA

Silica glass
Glass-ceramics

Figure 12 - Classification of engineering materials [35].

Metals are used because they have known properties. They are easily deformed when heated,
making them ideal for forming processes. Metals can be strengthened through treatments.
Even high-strength alloys retain sufficient plasticity to yield before fracturing. Despite their
versatility, metals have the lowest resistance to corrosion and are prone to fatigue [35].

Polymers have a low Young’s modulus (E), about 50 times less than those of metals, but can be
almost as strong as metals. However, polymers offer unique design advantages due to their
elasticity. These materials can be moulded into complex shapes in a single operation,
eliminating the need for finishing operations when pre-coloured. Unlike metals, polymers resist
corrosion but are highly temperature sensitive, becoming brittle under low temperature and
few have useful strength above 200°C, limiting high temperature applications [35]. However,
polymers play a crucial role in advancing sustainability by enabling lightweight, durable, and
energy-efficient materials in various industries. Innovations in biodegradable and recyclable
polymers reduce environmental impact, supporting a circular economy. Furthermore, bio-
based polymers derived from renewable resources offer eco-friendly alternatives to traditional
fossil fuel-based plastics [36].

Elastomers are long-chain polymers with unique properties above their glass transition
temperature (Tg), since weak bonds melt while covalent bonds remain intact. This structure
gives elastomers a low initial £, around 102 GPa Their varied properties make material selection
complex and often require approximate values for comparison during design [35]. However,
the flexibility and performance of elastomers make them indispensable in many applications.

Ceramics have a high E but are brittle, making them susceptible to stress concentrations.
Despite these challenges, ceramics excel in specialised applications such as bearings and cutting
tools due to their exceptional wear resistance. Their stiffness, hardness, corrosion resistance,
and high temperature strength make them invaluable in demanding environments [35].
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Glasses are non-crystalline (amorphous) solids that lack a regular crystalline structure. Equally
to ceramics, these materials have no plasticity, making them hard, brittle, and susceptible to
stress concentrations. Their irregular structure also results in low thermal and electrical
conductivity, which distinguishes them from many other materials [35]. Despite their
brittleness, glasses have several valuable properties. Their thermal properties allow them to be
strengthened by tempering and to be fused into complex shapes. Glass also has excellent optical
properties such as transparency, ultraviolet transmission, and versatility in optical applications
such as eyepiece lenses, and objective lenses. These properties make glass a highly versatile
material that is widely used in both scientific and industrial applications [37].

Hybrids are engineered materials that combine two or more families of materials in a specific
configuration and scale, allowing designers to exploit the strengths of different materials while
mitigating their limitations. A prime example is fibre-reinforced composites, which use fibres
such as glass, carbon, or Kevlar embedded in a polymer matrix. These composites are light, stiff,
and tough, but the polymer matrix limits their performance at high temperature, although excel
at room temperature. Due to the complexity and cost of their manufacture, hybrid materials
are typically used in applications where their superior performance justifies the higher cost [35].

As illustrated in Figure 13, material families are categorised into, classes, subclasses, and each
defined by its unique properties or attributes. The combination of these attributes creates a
property profile. Material selection involves matching the materials property profile to the
specific design requirements. The material selection consists of four key steps: translation,
screening, ranking, and review of supporting information. Initially, all materials are considered
but, as the process progresses, materials with property profiles that are least suitable to the
design requirements are gradually eliminated.
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Figure 13 - Division of materials [35].

Translation involves defining the essential attributes of the material based on the product’s
functions, constraints, and objectives. These requirements are usually well-defined [35]:

e Functions refer to the primary roles of the material, such as supporting a load, resisting
pressure, or transmitting heat;
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e Constraints relate to fixed parameters, such as the dimensions required for the
component to carry design loads or withstand pressure without failure;

e Objectives reflect the designer’s goals, such as minimizing cost, achieving the lightest
possible weight, or maximizing safety.

However, specific parameters can be modified to enhance the objective. The designer is free to
alter dimensions that have not been constrained by design requirements and, most crucially, to
select the material for the component. These are referred to as free variables [35].
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Figure 14 - Young’s modulus — density [35].

The screening process serves to eliminate candidates whose attributes fall outside the limits
set by the constraints, thus ensuring that only those who can fulfil the requisite duties are
selected. In this step, engineers can use charts to facilitate the selection of materials. These
charts condense a large amount of data by plotting one property against another, providing a
concise and easily accessible averages of comparing materials. For example, Figure 14 plots E
against density (p). The use of these charts is straightforward. Based on the known ranges or
values of p and E from the translation step, lines are drawn to represent the specific values,
creating a region of interest [35]. These charts effectively simplify complex data, allowing
engineers to identify suitable materials efficiently and with greater clarity.

Ranking involves the creation of a list of materials that have passed the screening stage, ranked
from most suitable to least suitable for the design. This is achieved using a material index that
qguantifies the suitability of a material based on its performance in relation to the intended
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design. Material indices measure the performance of a material, which can be influenced by
one or a combination of properties.

The supporting information stage is designed to identify potential issues and explore recent
advances related to the material in question. This stage typically involves the presentation of
descriptive, graphical, or visual data such as case studies, insights into corrosion behaviour, and
information on material availability and pricing. Such data can be obtained from handbooks,
datasheets, or online resources. The supporting information helps refining the material shortlist
and guides the selection process. Local conditions, such as equipment compatibility and
supplier availability, may also influence the final decision. By using systematic selection
methods and a thorough understanding of material properties, engineers can design high-
performance products. It is important to consider all materials in the early stages of design,
without dismissing unfamiliar options, as they may ultimately prove to be the best choice [35].

2.2.5. Computer-aided design

The advent of digital technologies has profoundly impacted the way products are designed,
analysed, and manufactured. In the present era, the creation of construction drawings or
detailed designs without the assistance of computers is a challenging prospect, given the
intricate nature of contemporary requirements and the necessity for dynamic resizing and
customisation [38]. Among the most influential tools are CAD, Computer-Aided Engineering
(CAE), and Computer-Aided Manufacturing (CAM), which play a central role in addressing the
challenges of contemporary industries by streamlining the product lifecycle. From the initial
conceptualisation stage to the final production phase, CAD, FEA, and CAM facilitate optimised
workflows and ensure the delivery of products with enhanced precision and performance [39].
In addition to their contributions to efficiency and quality, these technologies also promote
sustainability by minimising environmental impact. For instance, the replacement of physical
prototypes with FEA simulations reduces the resource consumption and lowers the carbon
footprint of the design process.

CAD, or Computer-Aided Design and Drafting (CADD), is a transformative technology that
provides professionals with the ability to digitally design, draft, and generate technical
documentation. By supplanting conventional manual and industrial drafting techniques, CAD
facilitates the design process, enabling work in both two-dimensional and three-dimensional
formats with enhanced precision and efficiency. This technology is founded upon a parametric
methodology, which affords designers the ability to expeditiously develop and modify designs,
adjust dimensions and parameters, and evaluate multiple concepts without the necessity of
beginning again from the initial stages [40, 41]. Furthermore, the rendering capabilities of this
technology facilitate the production of photorealistic visualisations, thereby facilitating
effective communication of design concepts to stakeholders and ensuring transparency and
clarity throughout the design process [40].

Once the 3D model has been completed, a FEA, which is the main subset of CAE, can be
performed to evaluate the design's structural viability. This technique determines stresses and
deflections in the structure by dividing it into smaller and simpler elements with known shapes
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for which a mathematical solution can be found. The problem is then solved by using an
assembly procedure [39]. There are three main stages to FEA: pre-processing, result generation,
and post-processing, all of which critical to producing accurate and reliable results. The pre-
processing stage is the most time consuming and involves dividing the structure into a mesh of
finite elements. The choice of mesh type is critical as it affects both the accuracy and
computational efficiency of the analysis. The mesh should be refined enough for accuracy but
not overly detailed to avoid unnecessary computational time. At this stage it is important to
define the analysis dimensions (1D, 2D, or 3D) and select the appropriate mesh element type
(axisymmetric, plate, or shell). Material properties (such as elasticity and density) and boundary
conditions (such as supports and forces) must also be defined to ensure that the model reflects
real-world conditions. The next step involves the software generating a system of equations to
describe the behaviour of the structure. The final post-processing phase focuses on analysing
and evaluating the results provided by the software (Figure 15) [42].

Figure 15 - FEA simulation of piston rod [43].

CAM refers to the utilisation of software for the creation of programs for computer numerical
control (CNC) machines and finding optimal machining conditions. CAM facilitates the
streamlining of a multitude of manufacturing processes, including milling, turning, turn-mill
operations, cutting, probing, part inspection, and even additive manufacturing such as 3D
printing. By converting digital models into machine instructions, CAM ensures precision and
efficiency in the production of physical components. [40]. The integration of CAD, FEA and CAM
enables the creation of a unified workflow from concept to production.

2.2.6. Joining methods

Industrial products frequently necessitate the utilisation of sophisticated manufacturing
techniques, given the intricate shapes that are often inherent to such products. To address this
challenge, the industry has traditionally employed two distinct technology groups: subtractive
and neutral. However, industrial products are often constituted of multiple components, rather
than a single, unified entity. To reduce costs and streamline the manufacturing process, these
components are designed to be smaller and less complex prior to assembly, leading to the
integration of additive technology [44].

Subtractive technology encompasses processes like machining and cutting. Machining involves
successive passes of one or more tools to remove material until the desired shape is achieved,
making it ideal for applications requiring high dimensional accuracy. Cutting, on the other hand,
is a widely adopted method used extensively for sheets, tubes, and profiles. This process
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employs various techniques, including press cutting, laser cutting, and water jet cutting, to
achieve precise results [45].

Neutral technology focuses on reshaping material from its initial form into an intermediate or
final shape with minimal material loss. Techniques such as rolling, forging, inlaying, stamping,
and bending fall under this category, as these efficiently manipulate material flow without
significant waste [45].

Additive technology encompasses a range of processes, including adhesive bonding, bolting,
and welding, which possibly require the use of external materials to bond two components. In
this context, it is essential to consider several factors, such as the type of material being bonded,
the loading on the joint, and the area to be bonded. By taking these factors into account, it is
possible to select the most appropriate additive technology for a given application.

»

(c) (d)

Figure 16 - Bolted joint (a), riveting (b), plastic forming (c) and welding (d) (adapted from [45]).

The utilisation of additive technology enables the creation of non-permanent joints, such as
bolted joints (Figure 16a), which permit the separation of components when necessary. It is
also possible to utilise permanent joints, such as riveted (Figure 16b), plastically formed (Figure
16c), welded (Figure 16d), and adhesive bonded, which facilitate the creation of a fixed and
durable connection [45]. The processes of riveting and plastic forming are fundamental to the
field of manufacturing, with applications across a range of industrial contexts. Riveting involves
the mechanical fastening of components through the deforming of a metal pin, creating a
secure joint. In contrast, plastic forming encompasses the reshaping of materials through
deformation techniques, including bending, rolling, and forging, without the removal of
material, thereby preserving the structural integrity of the material [46]. However, it should be
noted that joints are inherently vulnerable, either due to mechanical or chemical factors. For
instance, it has been observed that numerous failures in fatigue or corrosion tend to manifest
at welded joints. Furthermore, from an efficiency standpoint, the process of joining can also
present challenges. It frequently necessitates the use of additional components, such as
fasteners, bolts, or welding filler metal, to secure the connection. This feature not only increases
the complexity of the overall structure but also requires the application of higher safety factors.
As a result, the introduction of extra weight is necessary to satisfy the structural requirements,
ultimately reducing overall efficiency [44, 45].
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Bolted joints are one of the most common ways to connect components in engineering [47],
leading to high standardization [48]. This connection can work by using a bolt and nut (Figure
17b) to clamp parts together through a hole that passes through both components, or the bolt
fastened directly in one of the two parts (Figure 17a) [47]. When using a nut, the threads on the
bolt and nut ensure that the joint stays tight holding parts securely under compression. This
initial compression creates a preload before any external load is applied [39].
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Figure 17 - bolted connection using a nut (a) Bolted connection fasteners in a part (b) (adapted from
[45]).

Nevertheless, the design of reliable bolted joints necessitates meticulous consideration of the
stresses to which they will be subjected. These include mechanical loads, temperature
variations, and exposure to corrosive environments, which have the potential to significantly
impact joint performance [48]. Bolted joints can be categorized based on the mechanical loads,
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Figure 18 - Bolts subjected to tension load (a) and shear load (b) [49].

such as tension and shear (Figure 18).

Tension connections can be classified as non-preloaded and preloaded. It is inadvisable to utilise
non-preloaded connections in instances where the connections are subjected to frequent
variations in tensile loading. However, these may be employed in connections designed to resist
typical wind loads. Preloaded connections offer a significant advantage in demanding
applications, as they enhance stiffness and reduce the risk of fatigue failure [50, 51].

Welding process is one of the metallic components joining with the best cost-benefit relation.
This joining method is permanent, but still versatile being to be used in various range of
materials, shapes, and dimensions. Usually, the strength of the joint is higher than the base
material and welding permits secure a metallic continuity. Basically, welding can be done by
two simple processes [45]:

e Fusion, the energy is given by electricity or by burning a gas or mixture of gases,
providing the union by the mixture of the materials (base material and additive
material);
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e Mechanical energy, caused by the melting of the material. In this case, friction or impact
are usually used to achieve the desired objectives.

Under the proper conditions, all steels can be welded. While designing welded components, it
is preferable to select a steel that will result in a fast, and economical weld, although sacrificing
other qualities such as machinability.

In recent years, adhesives have become increasingly popular for joining components in
structural, semi-structural, and non-structural applications [50]. The process of adhesive
bonding entails the application of an adhesive between the surfaces of two adherents, which
then undergoes a solidification process to form a strong and durable bond. By joining two
materials, adhesive bonding relies on physical or chemical interactions at the interface to
ensure effective adhesion. The adhesive bond offers unique properties, such as the ability to
distribute stress more evenly throughout the joint to ensure structural integrity. As illustrated
in Figure 19, the adhesive bonding process can be divided into four principal bonding
mechanisms: mechanical interlocking, physical bonding, diffusion, and chemical bonding. Each
mechanism fulfils a specific function, and its efficacy may vary depending on the materials and
preparation methods employed [52, 53]:

e Mechanical interlocking relies on the voids and irregularities in the adherent surface to
increase the contact area, resulting in greater mechanical interlock and the formation
of an effective bond. Surface preparation techniques are essential to improve surface
roughness, which plays a critical role in promoting mechanical interlock [54];

e Diffusion bonding, which is predominantly used with thermoplastics, involves the
application of a solvent to facilitate the diffusion of adherent materials near the
interface;

e Chemical bonding is dependent upon the interplay of intermolecular forces and
chemical reactions, permitting the creation of robust connections between surfaces.
These bonds may involve covalent or ionic interactions, hydrogen bonding, and Van
derWaals forces. Covalent bonds form through the sharing of electrons between atoms,
while ionic bonds result from electrostatic attraction between oppositely charged ions.
Additionally, hydrogen bonds and van der Waals forces provide supplementary
adhesive strength, particularly in polar and non-polar materials [53].
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Figure 19 - Mechanical interlocking (a), physical bonding (b), diffusion bonding (c), and chemical
bonding (d) [52].

To achieve effective adhesion, it is essential to ensure proper wetting of the adherent surfaces.
Wetting refers to the ability of a liquid to spread across a solid surface and is fundamentally
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influenced by the contact angle, surface energy, and surface tension. The contact angle (8) is a
critical parameter in this context and is defined as the angle formed between the solid surface
and the tangent to the liquid surface at the point of contact. This angle can vary from 0°
(complete wetting) to 180° (no wetting), corresponding to the form of an almost perfectly
spherical droplet (Figure 20).
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Figure 20 - Different angles of a drop [55].

Surface tension, a macroscopic expression of the cohesive forces between molecules or atoms
at the interface of a liquid and its surrounding medium, plays a key role in the behaviour of
liquid surfaces. In particular, a higher surface tension corresponds to a lower wetting capacity,
as the cohesion of the liquid resists spreading over the solid surface [55, 56]. A wide range of
joint configurations can be used to join structures; each tailored to specific applications and
each offering distinct advantages. The overall topology of joints can be divided into two
categories (Figure 21): perturbed and undisturbed shapes. Disturbed is defined as a joint
topology with one or more offsets between the bonds, whereas undisturbed is defined as a
joint topology where the bonds are aligned [57].

Disturbed shape Undisturbed shape
o — | — |
Single overlap joint Stepped joint
[ ]

b) I [ ] : 2 | —— |
Double overlap joint Multi-stepped joint

) [ T ] h) | o |
Butt strap joint Scarfed joint

d) I 1 i) | 1 |

Double butt strap joint Tongue-and-groove / finger joint

Wavy lap joint

Figure 21 - Possible geometry of adhesive joints [57].

After exploring a variety of joining methods, it becomes clear that combining some of them can
deliver superior performance. This innovative approach, known as hybrid joining, merges the
most advantageous features of each individual method. For that, adhesives are most often
integrated with other processes due to their many advantages. The adhesives commonly used
in hybrid joining are structural adhesives, such as epoxy, polyurethane, acrylic, cyanoacrylate,
anaerobic, and high-temperature adhesives. These adhesives are selected to ensure bonding of
elements, offering high modulus and strength, as well as durable and permanent connections
[58]. The combination of welding and bonding (Figure 22) has been practised since the mid-
1950s. However, as it has evolved, a more advanced and efficient method is to apply adhesive
to the components prior to resistance spot welding and then cure the adhesive. While adhesive
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bonding alone lacks initial strength, this limitation is effectively overcome by combining it with
a thermic or mechanical joining technique. The hybrid approach exploits the more uniform
stress distribution of adhesives and the instant mechanical strength of spot welding, resulting
in a highly effective solution for modern manufacturing processes [59].

T-———

Figure 22 - Weld-bonded joint [58].

Another effective combination is the use of fasteners and adhesives (Figure 23), which
overcomes the individual limitations of each method when joining dissimilar materials, such as
composites or composites with metals. In this hybrid approach, the fastener provides support
for axial loads, while the adhesive relieves some of the stress on the fasteners and provides a
more uniform redistribution of the remaining loads across the joint [58].
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Figure 23 - Bolted-bonded joint (a), rivet-bonded joint (b), and pin-bonded joint (c) [58].

2.2.7. Adhesive selection and testing

Adhesives have become an indispensable component of the engineering industry, particularly
due to their capacity to securely fasten and join disparate materials. A multitude of adhesive
families exist, encompassing a vast array of standard formulations while also offering the
flexibility to develop bespoke solutions tailored to specific design and performance
requirements [60]. The process of selecting the most suitable adhesive can be very complex due
to the wide variety of available adhesive types and the lack of a universal adhesive suitable for
all applications [50, 58]. Figure 24 provides a comprehensive overview of the most common
requirements and expected performance characteristics of a given adhesive family, offering a
valuable starting point for the selection process [60].

Metal Plastic
Viscosity Heat Cold Chemical Humidity bonding bonding Paper
(thick-  Void resis- resis- resis- resis-  Work Cure (steel, (abs, Polyolefin card-
ness) filling tance tance Flexibility tance tance time time alum.) styrene) bonding Wood board

Acrylic M G G G G G G FI-M M-FT G VG F NS NS
Anaerobic L P-F G G G G G M M F P NS NS NS
Cyanoacrylate L P-F F F P-F G F FT  FT G VG G NS NS
Epoxy M-T VG G F F G G M-S 8§ G F P G NS
Hot melt T VG P-F F F-G F G FT FT F F P VG VG
Polyurethane M G F G G G F M-S M G VG G NS NS
Polysulfide T V¢ G G G VG G M M G F NS NS NS
Silicone T VG VG VG VG VG VG S-M M F F F NS NS
Solvent-base L-M F G G G G G SM M G F F G G

Water-base L-M P F F P P P M M P P P VG VG
uv I-M L-M F G G F G S FT G G F F F

F Fair; FT Fast; G Good; L Low; M Medium; P Poor; S Slow; T Thick; VG Very Good; NS Not Suggested

Figure 24 - Selection chart for determining appropriate adhesive family [60].
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The adhesive selection is further compounded when it comes to bonding dissimilar materials,

as it becomes critical to select an adhesive whose properties properly adhere to both

substrates. In addition, certain substrate materials can adversely affect the bond strength of

adhesives, either through chemical or physical interactions. Chemically, the presence of certain

ionic or molecular species can weaken the bond. Physically, factors such as low energy surfaces

and roughness can also reduce adhesive performance. In contrast, the selection and sizing of a
bolted joint is often simpler, with established strength data and standardized grades and
dimensions [61]. To simplify the selection of the most suitable adhesive for a given application,

several key factors should be assessed [58]:

The type and nature of the substrates to be bonded;
The curing process and adhesive application method;
The environmental conditions the bond will encounter during service;

The stresses that the joint will experience under service conditions.

However, anincorrect joint selection can lead to joint failure. Understanding the cause of failure
is critical to improving joint selection in future applications. When failure occurs, it is important
to analyse and identify the type of failure [52]:

Adhesive or interface failure (Figure 25a) is the most common type and occurs when
the bond strength between the adhesive and the adherend is insufficient to withstand
the applied forces. This failure is often attributed to factors such as poor surface
preparation, material incompatibility, or improper curing conditions;

Cohesive failure (Figure 25b) occurs in the adhesive material itself, indicating that the
adhesive has been unable to withstand the stresses applied. This type of failure can
result from overloading or exposure to conditions that exceed the inherent strength of
the adhesive;

Substrate or adherent failure (Figure 25c) occurs in the bonded material, averaging
that the bond strength was inadequate for the application;

Mixed failure can occur when the joint is subjected to a complex combination of
loading conditions or flaws in the surface preparation, resulting in a combination of

failure modes.
_ —— _ ——
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Figure 25 - Different types of failure on adhesives joints [52].

To avoid unwanted failures, testing is essential to ensure the short- and long-term performance

of bonded structures. To obtain reliable results, it is common practice to adhere to established
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norms and standards [61]. Testing methods generally fall into two main categories: destructive
and non-destructive. As the name suggests, destructive testing damages the structure, while
non-destructive testing leaves it intact.

Several types of destructive tests are commonly applied to adhesive bonds, including shear,
tensile, peel, and impact tests. Since adhesives are most often subjected to shear loads, the lap
shear test remains the most widely used experimental method to evaluate joint behaviour and
strength. This test is particularly useful to identify failure mechanisms such as adhesive or
interface failure, cohesive failure, and substrate failure. Two main shear test are used [50, 62]:

e Single shear test (Figure 26a): This is the simplest configuration in the category. Its main
advantage is its conceptual simplicity. However, the substrates are not collinear, and a
bending moment is created leading to significant peel stresses at the overlap ends;

e The peel test (Figure 26b) is used to specifically assess the bond quality of the in
scenarios involving peel between rigid and a flexible assembly part. This test is
particularly useful for comparative evaluation of adhesives and surface treatment
methods. It provides valuable information about the adhesion and cohesion properties
of the adhesive layer [63];

e Double shear test (Figure 26c): This configuration solves the problem of load offset by
applying the load symmetrically, ensuring that the adhesive layer receives a centred
load application. This configuration provides a more accurate representation of the
shear behaviour.

4 ——

-— A ———

adberend
Adhesive

e - --..,_”
Flexible z

(a) (b)
e — —r
(c)

Figure 26 - Single shear test (a), peel test (b), and double shear test (c) (adapted from [50, 63]).

Further tests can be carried out to better characterise the adhesive properties. Dynamic loading
such as shock, impact, and vibration can lead to fatigue and eventual failure of the system.
Vibration outputs such as natural frequencies, damping ratios, and mode shapes provide
knowledge for interpreting the dynamic behaviour of the bonded joint [59]. However, to fully
understand the long-term performance of the bond, accelerated ageing tests can be performed
to reduce the time required to evaluate material response. It is important to correlate test
conditions with actual service exposure and identify failure modes that reflect realistic end-of-
life scenarios. Accelerated ageing can be achieved by methods such as increasing temperature,
loading, or exposing materials to higher concentrations of degrading chemicals. Care must be
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taken to avoid introducing degradation mechanisms that do not occur under normal service
conditions to ensure that the results are relevant to real-world applications [64].

Non-destructive testing methods can also be applied to bonded joints, offering the advantage
of assessing the integrity of the joint without causing damage. The primary objective of any
non-destructive test is to establish a correlation between the strength of the bond and
measurable physical, chemical or other parameters without inducing damage. These tests can
be performed either before or after the bonding process [65]:

e Pre-bonding testing ensures proper surface preparation and suitability of the bond. Key
methods include assessing surface wettability (measuring how water spreads on a
surface to confirm cleanliness) and advanced techniques such as the Fokker
contamination test, which detects surface contamination by measuring electron
emission energy;

e Post-bonding inspections verify the quality of the bond. These range from simple visual
inspections to detect visible defects such as holes, to advanced methods such as
ultrasonic testing, thermal imaging, and radiography to detect internal defects.

In summary, testing adhesive joints is essential for ensuring their reliability and durability in
various applications. Pre-bonding tests confirm the proper preparation of surfaces, while post-
bonding tests validate the quality of the final bond. By combining these methods,
manufacturers can achieve stronger, more consistent joints, and mitigate potential failures.

2.3. Sustainable pallet design

The concept of sustainability can be divided into three important factors, namely economic,
social, and environmental sustainability. Authors name those factors differently, which include
components [66, 67], aspects [68-70], perspectives [71, 72], or pillars [73-76]. This tripartite
description is often, but not always, presented with the three different factors as being of equal
importance, as shown in Figure 27a) and b). This representation is intended to expose the idea
that society can only achieve sustainable if all three parts of sustainability are equally
supported. However, this representation reflects a model of weak sustainability as it
inaccurately suggests a balance between the three dimensions. For that, the economy should
function as a subsystem within society, which in turn exists as a subsystem of the environmental

domain, as shown in Figure 27c) [77].
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Figure 27 - The various forms as a descriptor of sustainability [77].

28



Literature review

2.3.1. Contextualization to sustainable pallets

As companies work to enhance the efficiency and sustainability of their supply chains, it is
essential to critically assess every aspect of their shipping and distribution processes to fully
understand and mitigate their environmental impact. Pallets serve as a cornerstone of product
handling and transportation, playing a vital role at all levels of the supply chain and significantly
influencing logistical efficiency, and ecological outcomes [78, 79]. As shown in Figure 28, the
global pallets market size was valued at USD 59.91 billion in 2018 and it is projected to reach
USD 128.68 billion by the end of 2032 [80].

Global Pallets Market Size, 2015-2026 (USS Billion)
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Figure 28 - Global pallets market size, 2015-2026 (USS Billion) [80].

However, the vast scale of pallet usage brings environmental concerns to the forefront. As
illustrated in Figure 29, 86.5% of produced pallets in 2018 were made of wood [80]. This
intensive use of wood for pallets can be explained due to their strength and their easy
manufacturing. On the other hand, plastic pallets, while offering enhanced durability and
reusability, have intrinsic environmental implications. These pallets are predominantly
manufactured from plastic derived from fossil fuels, resulting in elevated carbon emissions
throughout the production process. Furthermore, the disposal of these materials at the end of
their useful life presents a significant challenge, as plastic pallets are inherently difficult to
recycle and frequently contribute to long-term environmental contamination [78, 81]. Overall,
the traditional reliance on wooden and plastic pallets raises pressing questions about resource
consumption, waste management, and overall sustainability. As companies and governments
strive to address climate change and environmental degradation, the need to reconsider pallet
design and materials has become more urgent than ever [81].

Global Pallets Market Share, By Material Type, 2018
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Figure 29 - Global pallets market share in 2018 by material type (adapted from [80]).
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2.3.2. Sustainable design

Nowadays, sustainability has assumed a central role in society. The prevailing challenges

confronting the industry pertain to maintaining competitiveness through the optimisation of

system while maintaining good cost and service levels, whilst concomitantly mitigating adverse

environmental impacts [82]. The proliferation of products traversing extensive and dispersed

supply networks has given rise to significant concerns regarding the sustainability of the

packaging utilised for these goods [83]. To respond to the growing demand for sustainability,

the packaging industry must incorporate the potential environmental impacts into the

fundamental design process. As demonstrated in Figure 30, companies should aspire to the

optimal packaging system, which lead to a balanced equilibrium of cost and packaging material,

while still taking into account carbon dioxide (CO,) emissions [13].

— Packaging cost
Cost“
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Packaging material (kg)

Figure 30 - Sustainable design approach [13].

The increase in the quantity of waste and emissions have a significant impact on the

environment. To mitigate this effect, the four Rs provide a framework to control and ultimately
reduce the growing waste and emissions. The four R’s stand for [13, 84]:

30

Recycling: This process entails the transformation of aged and utilised materials, and
components, or components into new entities, whether for the same function or a
distinct one. This concept can also be integrated into the initial product design by
creating easily recyclable solutions, by incorporating high recycled content, and aiming
for products with strong circularity potential;

Reusing: This practice encourages a non-linear approach to product utilisation,
whereby items are utilised multiple times before being disposed of. This approach
serves to extend the lifecycle of the items in question;

Recovering: This concept is centred upon the design of products with a view to
facilitating their repairability by simplifying the assembly and disassembly. This
approach enables the restoration and reuse of the products at the conclusion of their
useful life;

Reducing: This practice aims to prevent waste from being generated, which is
intrinsically linked to recycling, reusing, and recovering. The adoption of these practices
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results in a decrease in the need of raw materials, thereby minimising environmental

strain.
The implementation of the four R’s has the potential to significantly minimise waste production
and contribute to the development of a circular economy [84]. In this context, pallets, which
are widely used in logistics and transportation, offer a prime example of these principles in
action. These can be recycled into new materials, reused across supply chains, repaired to
extend their lifespan, and ultimately reduce the need for virgin resources. The optimisation of
pallet management through the four R's not only enhances sustainability but also demonstrates
how thoughtful design and usage can drive positive environmental change [83, 85].

2.3.3. Materials for sustainability

The role of materials in achieving sustainability is crucial. These form the foundation of all
products and structures, impacting the environment at every stage of their lifecycle. Sustainable
materials aim to reduce resource consumption, lower emissions, and create value throughout
their use and reuse. Sustainable materials can be defined as materials derived from renewable
resources. These materials must have a zero/minimal impact on the environment and society
for their extraction and production. Examples are recycled metals, bio-based polymers, and
materials for renewable energy [86].

In Europe, packaging represents 39.6% of the total use of plastics, which are often composite
materials. Since packaging is the most important sector for the plastic demands, this sector has
an urgent need to implement new sustainable packaging materials [87]. The research activity
concerning alternative packaging obtainable from sustainable resources (for example starch,
poly (lactic acid), chitosan), is currently very active, aiming to find suitable alternatives to
polymers derived from fossil fuels. Cellulose is another material that can be used to produce
new sustainable composites, able to produce biodegradable films with several applications,
such as single-use goods [86].

However, any transportation of goods, by plane, rail or road while, most of the time, is carried
out using pallets. Pallets can be made from various materials, depending on load and protection
requirements. Wood is regarded as the most sustainable and durable material that can be
chosen. Wooden pallets are recyclable, which averages that they can be used for several
purposes once their usefulness as pallets has come to an end. Parts of old pallets can also be
incorporated into new pallets, and pallet parts that have been damaged or became worn can
be replaced. A pallet that can be used and refurbished and used again is an eco-friendly choice
[88].

2.3.4. Product life cycle

The product life cycle is defined as the period spanning from a product’s introduction to the
market to its eventual withdrawal from circulation [89]. As illustrated in Figure 31, the product
life cycle is typically comprised of four distinct stages. However, prior to entering these stages,
a product must undergo a preliminary phase involving design, research, and development. Once
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a product has been determined to be both feasible and commercially viable, it transitions to
the subsequent stages of production, marketing, and distribution, thereby signifying the
commencement of its life cycle. As illustrated in Figure 31, upon its introduction to the market,
the product may experience an augmentation in demand from customers. After this, demand
will reach a state of stability, which is characterised by maturity in Figure 31. Ultimately,
demand will undergo a decline as new products emerge [90].

PRODUCT LIFE CYCLE

SALES

/

INTRODUCTION GROWTH MATURITY DECLINE

TIME
Figure 31 - Product life cycle [90].

The introduction stage constitutes the initial presentation of a novel product to customers,
during which businesses typically incur considerable expenditures on advertising and
promotional endeavours to generate awareness. From a financial perspective, this phase
frequently yields unfavourable outcomes, as sales volumes tend to be modest. Promotional
pricing strategies may be employed to stimulate customer engagement, while marketing
expenses remain elevated, and the sales strategy undergoes refinement. If the product proves
successful, it transitions to the growth stage, during which it attains popularity and market
recognition. This phase is characterised by increased sales and revenue growth, reflecting the
product's strengthening foothold in the market. The maturity stage represents the most
profitable phase of the product life cycle, during which production and marketing costs typically
decline as economies of scale are realised. Companies may explore opportunities for innovation
or consider strategies to enhance their market share, such as product differentiation or
diversification. As rival companies replicate the successful product, market share may be lost,
and the onset of the decline stage may be indicated. During this phase, product sales may
decrease due to market saturation or the emergence of alternative products. In response,
companies may choose to rejuvenate the product through significant upgrades or by launching
a next-generation model. If the improvements are substantial, the revamped product may re-
enter the product life cycle as a newly introduced offering [89, 90].

However, the product life cycle can be more elaborate depending on the product. Pallets can
have different life cycles, which can be divided into two configurations (Figure 32):

e Open-loop;

e Closed-loop.
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Open-loop

Production > Distribution > Use > End of life

Closed-loop

Production ~ Distribution > Use Re\{er‘se > Repal.r /
logistics recycling
End of life

Figure 32 - Supply chain configurations (adapted from [91]).

An open-loop configuration, pallets are regarded as disposable assets, which are discarded
after their final use. Within this supply chain, pallets are manufactured and distributed to users,
who utilise them for transportation and storage purposes throughout their operations. Upon
reaching the final user, various end-of-life options can be implemented. Pallets may either be
shredded and separated for recycling or disposed of directly in a landfill. In the case of wooden
pallets, the steel from nails can be recovered for recycling, while the wood material can be
repurposed through incineration (with or without energy recovery) or transformed into mulch,
animal bedding, or wood pellets [78, 91].

A closed-loop configuration, as shown in Figure 33, is more complex than the open-loop. The
objective is to recover used pallets with the intention of repairing them (when feasible) and
reusing them in subsequent transportation cycles. Following the utilisation phase, which
typically encompasses multiple duty cycles, the pallets are transported to a recovery centre
where they are inspected, repaired, and returned to service. Where a pallet is determined to
be irreparable, it is either disposed of in a landfill or sent to recycling manufactures [78, 91].
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Figure 33 - Product life cycle of pallets (closed-loop) [78].
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2.3.5. Measurement of sustainability

To advance towards a more sustainable industrial sector, it is essential to establish mechanisms
to measure sustainability. In this context, a wide range of Key Performance Indicators (KPIs) are
available to facilitate this assessment. These indicators can be defined as tools to quantify the
efficiency and effectiveness of specific activities. Consequently, a performance indicator
functions as a metric that can be utilised to evaluate and measure the efficiency and
effectiveness of an action or process [92]. These indicators can be applied across various
domains, including financial, customer, environmental, and social perspectives. However, the
environmental KPIs emerge as one of the most frequently utilised metrics within industrial
contexts [93, 94]. The utilisation of environmental impact KPIs facilitates the measurement and
evaluation of the environmental effects across the entire supply chain. This process ensures
that organisations remain aligned with their ecological objectives and comply with regulatory
requirements. The most environmental KPIs are the following:

Energy consumption is related to both economic and financial aspects, as well as environmental
considerations [95]. It quantifies the energy consumption involved in supply chain operations
[96]. By doing so, it helps identify areas of inefficient energy use in the production and delivery
of goods and services. Subsequently, the identification of areas of inefficient energy
consumptions lead to the need of the implementation of renewable energy sources, which have
a lower environmental impact [93, 95].

Material consumption main objective is to quantify the materials utilised in supply chain
operations. Analogous to energy consumption KPIs, these indicators facilitate the identification
of inefficiencies within the supply chain. Such inefficiencies may be attributed to the use of non-
renewable materials or excessive consumption of certain materials, thereby highlighting areas
where improvements can be made to enhance sustainability [93, 97].

Carbon footprint is the total amount of greenhouse gases (GHGs), primarily CO,, emitted either
directly or indirectly by an individual, organization, event or product. It is measured in carbon
dioxide equivalents (CO,e), a standardized measure that considers the different global warming
potentials of different greenhouse gases, such as methane and nitrous oxide [98]. To calculate
the GHGs, it is necessary to have data about all possible emissions during the product life cycle.
The data will be then multiplied by the respective emissions factors [99].

Waste in industrial processes refers to activities that consume resources without adding value
to the final product [100]. Waste KPIs involve monitoring the quantity, type and management
of waste generated by an organisation or system. These indicators are critical to optimize the
resource use and aligning practices with sustainability goals such as waste reduction, recycling
and moving towards a CE. However, waste management is a broad concept that can be broken
down into different KPIs, each addressing specific aspects of waste generation, treatment, and
minimisation [93, 101].

As previously mentioned, a variety of KPIls can be utilised in an industrial context. These
indicators enable companies to measure corporate sustainability performance, providing data
that can inform the development of strategic plans. In this regard, the modern digital transition
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and Industry 4.0 (14.0) technologies play a crucial role. Industry 4.0 refers to the fourth industrial
revolution, characterised by the integration of digital technologies into manufacturing and
industrial processes. This transition assists companies in defining and implementing
sustainability by correlating production with key metrics, thereby enhancing efficiency,
reducing environmental impact, and fostering sustainable growth [94].

2.3.6. Evaluation for sustainability

In the contemporary era, characterised by mounting environmental challenges and the pressing
necessity for sustainable development, software and digital tools have emerged as potent
instruments in catalysing substantial change. These instruments empower organisations,
governments and individuals to meticulously monitor, measure and mitigate their
environmental impact. A salient example of such instruments are carbon footprint calculators,
which furnish users with insights into their emissions, and energy management systems, which
optimise resource utilisation. Software thus empowers users with actionable data and
strategies to measure sustainability [102]. Beyond environmental monitoring, sustainability
tools are instrumental in fostering circular economies, enhancing supply chain transparency,
and aligning operations with the United Nations' Sustainable Development Goals (SDGs). As
technology continues to evolve, the integration of artificial intelligence into sustainability
efforts promises innovative solutions to global challenges, making software an indispensable
component of the quest for a greener future [103].

In the context of mounting pressure from multiple stakeholders, businesses are compelled to
formulate budgetary provisions for sustainability. In doing so, it is imperative that they are
cognizant of the array of instruments and digital platforms at their disposal, which can facilitate
the achievement of their sustainability objectives with optimal efficiency and efficacy. The
following instruments are of paramount importance for businesses seeking to enhance their
sustainability practices and mitigate their environmental impact [104]:

e Carbon management software is utilised for the measurement, management and
reporting of carbon emissions, functioning as a tool for the quantification of
greenhouse gas emissions and supporting the strategic decision-making process for
carbon reduction initiatives. Software platforms such as Sphera® and Plan A® can be
employed for this purpose;

e Life Cycle Assessment (LCA) and Product Carbon Footprint software are tools designed
to assess the environmental impacts associated with all stages of a product's life cycle.
These software solutions enable companies to identify areas for improvement and
make informed decisions to mitigate the environmental impacts of their products.
Software, such as GreenCalc®, as mentioned in the section 2.1.4, and Plan A® can be
employed for this analysis;

e Decarbonisation software refers to tools specifically designed to aid in the planning and
implementation of strategies aimed at reducing carbon emissions, transitioning to low-
carbon or carbon-neutral operations, and facilitating sustainable transformation.
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Typically, such software incorporates features such as emissions data collection,
measurement, management, target-setting, reduction planning, and scenario
modelling. For these purposes, software solutions such as Footprint Expert® and Plan
A® can be utilised.

The utilisation of software and tools for sustainability enables companies to unlock a wide range
of benefits. A notable benefit is the enhancement of operational efficiency, as organisations
can achieve cost and time savings by automating the collection and calculation of emissions
data. Furthermore, these tools facilitate the efficient storage and tracking of historical data,
providing companies with valuable insights for informed decision-making and long-term
sustainability planning [104].

2.3.7. State of the art

The aim of this section is to present a comprehensive review of the existing literature, theories,
and advancements related to the packaging industry. Table 2 highlights examples of scientific
studies specifically focused on pallet development.

Table 2 - State of the art in pallets development

Bibliographic .
Description
reference

The article presents a comprehensive framework to enhance
sustainability in China's pallet sector through the implementation of
sharing systems and CE strategies. Using LCA, it demonstrates a potential
reduction in environmental impacts by 95.2% to 97.3%, with greenhouse
gas emissions dropping by up to 98.1% under CE practices. However, the

utilisation of low-impact materials such as steel and fly ash pallets remains
Zhang et al.

(105) limited, necessitating market adjustments. The challenges identified

include limited awareness of CE, and lack of tracking systems.
Recommendations have been made to address these challenges, with a
focus on enhancing logistics efficiency, optimising pallet reuse
infrastructure, and promoting green logistics. These recommendations
are intended to provide guidance to stakeholders in China and other
global regions.

This study investigates the application of augmented reality (AR) in
optimising the pallet loading process within industrial and logistics
contexts. The development of an algorithm for the Pallet Loading Problem
(PLP) has been integrated with an AR system, enabling warehouse
Dakié et al. personnel to utilise visual guidance provided by scanning QR codes during
[106] the loading of boxes onto pallets. The experimental findings demonstrate
that the implementation of AR system enhances efficiency and accuracy,
leading to a reduction in both time and errors. The study emphasises the
potential of AR in material handling and its adaptability to different
scenarios, including robotics.
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Table 2 - State of the art in pallets development (Continued)

Franke et al.
[107]

The objective of this study is to develop a toolchain to detect pallet-
related to loads events using Inertial Measurement Units (IMUs) and the
SPARL dataset. Two sensors were benchmarked in logistics scenarios, and
a random forest classification model was used for activity recognition. The
dataset includes videos and sensor data, with preliminary results showing
that logistic activities can be detected effectively. The study found that
even an untuned random forest model performed well, and that small
sampling rates were sufficient, though short-duration activities remained
challenging to identify.

Bairapudi et al.
[108]

This study sets out to compare 3D-printed bio pallets created using SLA
and DLP techniques with traditional methods, with the aim of assessing
mechanical properties, load capacity, and surface characteristics in
accordance with the ISO MH1-2016 standard. The study found minimal
differences (7-12%) in stress and displacement between the two
techniques. SLA pallets exhibited higher surface roughness, while both
methods provided adequate stability for product placement. The findings
of this study suggest that 3D-printed pallets are a sustainable,
customisable alternative to traditional materials.
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3. Development

3.1. Company presentation

Originally from Sweden, NEFAB is a global company specialising in logistics, digital services, and
the design of packaging solutions, with a particular focus on the industrial and transport sectors.
The company's growth trajectory aligns with general industry trends towards sustainability and
reducing environmental impact. The company's strategic emphasis on formulating packaging
solutions that offer protection while being ecologically sustainable, through the conservation
of resources, is an important factor in its continued growth and success.

During the 1980s, NEFAB initiated an international expansion strategy, establishing a global
presence and enabling the company to more effectively serve a diverse range of customers
across multiple regions. Presently, NEFAB has a global footprint, with a presence in 38 countries
worldwide, as illustrated in Figure 34. The company employs a total of 4900 individuals across
various departments, including engineering and production. Furthermore, NEFAB owns six
testing laboratories across Europe, America and Asia, which are certified by ISTA, permitting
the research and development of new materials or types of packaging.

Figure 34 - NEFAB's worldwide presence [13].

NEFAB has a long history of innovation that began with the simple and innovative idea of a heat-
resistant bread box. Over time, NEFAB has built a reputation as a supplier of innovative and
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sustainable packaging solutions, and the company has begun to offer complete engineered
packaging solutions to customers around the world.

During the 1920s, in the Swedish village of Ovanaker, a small village in the Swedish countryside,
Sigurd Nordgren, a talented carpenter, but a poor entrepreneur, achieved the fulfiiment of his
professional aspirations by establishing a modest carpenter office. In 1946, the responsibility of
the carpentry business was assumed by his older sons, Sven-Erik and Hans-Elov, while his
younger sons, Carl-Ake, Knut-Allan and Nils-Arne, were engaged in the same business. The
Nordgren brothers were engaged in the manufacture of toys, kitchen furniture, and functional
items, including ironing boards. However, the company's true entry into the packaging industry
was undoubtedly the creation of an innovative bread box. This innovative design, comprising a
wooden structure with a masonite bottom, replaced the traditional cardboard box that
crumpled in the heat when bakers took fresh bread out of the oven.

In 1949, Hans-Elov and Sven-Erik founded Nordgrens Emballagefabrik AB in Runemo, Sweden,
at atime when the transport of goods and the demand for different types of packaging solutions
were increasing, as many consumer goods companies began to centralise their warehouses.
However, it was the innovative bread box, which was developed by the Nordgren brothers, that
gained increasing popularity. In 1949, the Nordgren brothers received their first large order for
1000 boxes from the Kooperative Férbundet (KF) in Stockholm, Sweden. It is evident that, after
this significant order, a series of more followed, creating the need for larger installations.
Consequently, in 1951, Nordgren & Co. relocated a proportion of its production to a warehouse
in Runemo, situated fifteen kilometres from Ovanaker. Figure 35 illustrates the various logos

employed by NEFAB.

E mball ogc
NEFAB

PLYWOODEMBALLAGE AB

RUNEMO

Figure 35 - Evolution of NEFAB logos [13].

In 1960, NEFAB started supplying stackable plywood boxes for the internal production of LM
Ericsson, a Swedish-controlled technology company that manufactures fixed and mobile
telephony equipment. In 1968, LM Ericsson expressed satisfaction with the stackable plywood
boxes and requested that NEFAB would develop improved packaging solutions for the
transportation of their telecommunication products, which were both sensitive and highly
technological. This is the origin of NEFAB's Vikex box, now better known as ExPak. Vikex boxes
were notable for their thickness, measuring 6 mm, in contrast to the 18-36 mm thickness of
traditional wooden boxes. The comparison of a Vikex box and a traditional wooden box is
demonstrated in Figure 36.
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Figure 36 - Comparison of a Vikex box and traditional wooden box [13].

However, the Vikex box was not only lighter and smaller, but also foldable. This development
led to a considerable growth in NEFAB's target market, as it became economically viable to
transport packaging material over longer distances. This feature proved to be a crucial factor
when NEFAB began to explore European markets on a larger scale during the 1970s.

In the early 1970s, NEFAB continued to research and produce better solutions for LM Ericsson's
new and large activities. However, in the mid-1970s, LM Ericsson announced a potential
decrease in its packaging requirements, indicating that NEFAB should not expect the same
volumes in the future. In response to this situation, NEFAB decided to intensify its search for
new customers among its export companies in Sweden to compensate for the reduction in
volume from its main customer. In 1974, NEFAB introduced a new packaging solution (pallet)
made of reusable plywood, and the solution quickly grew in the market due to its flexibility in
terms of size and lightness, allowing easy handling.

During the 1970s, NEFAB initiated a trip to serve Swedish customers in foreign countries more
efficiently and to reach new international companies. This expansion started in major European
markets such as France and Spain. In 1983, NEFAB established its first presence in the US, in
Peterborough, Canada, operating under the name of Vikex Industrial Packaging. Until this point
in time, NEFAB's machinery had been manufactured in-house since the early 1950s. However,
as the company expanded on an international level, it was decided that a central organisation
should be created that would focus on producing the machinery for all the units around the
world. Consequently, in 1989, NEFAB Teknik was founded with 25 employees. The
organisational structure of NEFAB Teknik comprised three primary divisions: machine
construction, maintenance, and control systems. The general aim of NEFAB Teknik was to
simplify and reduce the set-up time of production units, while helping to harmonise production
and product development.

The 1990s began with an international financial crisis that affected NEFAB. However, in 1992,
the Canadian market experienced rapid growth, which led to the establishment of the Heavy-
Duty division. This development was driven by the need to address the requirement for larger
packaging in specific industries. Simultaneously, the automotive industry was undergoing major
changes, such as the increasing number of companies in different markets to meet the demand
for shorter delivery times. Consequently, a series of attractive business opportunities have
emerged for NEFAB in the new flow of goods between the central production units of different
car manufacturers, their suppliers, local assembly plants, and distributors giving birth to the
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RePak concept (Figure 37). Like the Vikex, the Repak box is designed to be disassembled to save
space during transport and storage. The primary distinction between RePak and Vikex is that
RePak is intended for reuse and incorporation into the distribution network.

Figure 37 - RePak packaging solution [13].

In 2005, a manufacturing plant was built in Slovakia, enabling a major expansion in Asia. After
this implementation, a plant was established in Beijing, China, in 2007, followed by two more
in Xiamen and Wuhan, respectively, two years later. A significant development was marked by
NEFAB's decision to enter the Indian market, a move that was accompanied by the
establishment of the first plant in Manesar in 2007, followed by a second plant in Chennai in
2009. Alongside the geographical expansion and new material capabilities, a global engineering
network was established to ensure that expertise, solutions, and learning could be shared more
effectively across regions and markets.

To support their vision of becoming a total packaging solutions provider, NEFAB needed to
enhance its capabilities in packaging materials and complementary service areas. To this end,
NEFAB began a series of acquisitions in Europe, including Belgium, the Netherlands, Austria,
Finland, Norway, Spain, Germany, and France. The rationale behind this strategic decision was
to establish a global competitive advantage, enabling NEFAB to offer multi-material solutions
to its global client base, as illustrated in Figure 38.

Figure 38 - Multi-material solution [13].

In 2010s, NEFAB intensified its focus on providing services to global customers in several key
market sectors: Telecommunications, Energy, Vehicles, Healthcare and Aerospace. In 2010,
NEFAB increased its presence in North America through the acquisition of Chick Packaging,
expanding its ability to successfully serve specific industries and global customers in the US.

In the context of mounting pressures to reduce environmental impact and make packaging
more sustainable, NEFAB's new strategy is to make a commitment to greater sustainability. In
2021, NEFAB reinforced its commitment to reducing CO, emissions and minimising total costs
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in the supply chains of its customers. An integral component of this initiative was the
introduction of GreenCalc®, NEFAB's established LCA software. GreenCalc® enables NEFAB to
assist its client base in quantifying, evaluating and implementing financial and environmental
savings through the provision of intelligent packaging and logistics solutions.

In 2020, NEFAB acquired Szkaliczki, a move that solidified its position as the European leader in
sustainable thermoformed trays. Two years later, the Reflex Packaging Group, the global leader
in sustainable thermoformed cushions, and Cargopack, the foremost Swiss enterprise in
industrial packaging and logistics services, were acquired. In 2023 and 2024, the company
acquired PolyFlex, a US industry leader specialising in environmentally friendly returnable
solutions, and Plastiform, a US-based company offering high-quality thermoformed cushioning
solutions. These strategic acquisitions enabled NEFAB to enhance its capabilities and respond
more effectively to the demands of high-growth industries.

3.2. Materials and methods

To ensure a well-structured project, it is essential to clearly define the methods used and to
identify the main problem. In this case, the issue lies in the limitations of available sizes for
wood-based materials, which directly affect the design of large dimension pallets. Therefore,
this section presents the adopted methodology, a description of the problem, along with a
practical example. The proposed solutions for the construction of large dimension pallets are
then presented.

3.2.1. Methodology

To achieve optimal outcomes in experimental tests and numerical analysis, two methodologies
of five steps are employed. As shown in the Figure 39, the two procedures are initiated
identically, by defining the geometries of the joints, the materials to be used, and the type of
bonding. In this step, the viability of the different joint proposed is discussed.

N N N
Specimen N . - .
Preparation » Bonding procedure » Set-up and testing

" / N ,' N j

Joint geometries
selection

Joint geometries
selection

™ ™ ™

Interpretation of
FEA results

1 |

Figure 39 - Methodology used for the experimental part (top) and numerical analysis (bottom).

Pre-processing FEA analysis >

Y

The subsequent experimental step is the preparation of the specimens, which refers to the
process of cutting the raw materials that will be used to make the joints. After the preparation
of all specimens, the next step is the bonding process. It is imperative to note that, depending
on the selected bonding method, it may be necessary to meticulously clean and prepare the
adherends that will be utilised for the adhesive bond. In such cases, the quality of the surface
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preparation can have a significant impact on the results. Conversely, joints that are bonded
using bolts or fasteners do not necessitate such meticulous preparation. After the bonding
process, the testing procedure can begin. Following the completion of the testing process, a
comparative analysis of the results can be conducted to identify which joint best performs in
each application.

In parallel, it is possible to tackle on the numerical analysis, as soon as the joints are defined.
For this purpose, following the definition of the joints, the preliminary procedure must be
conducted. In this procedure, the dimensions, material properties, restrictions, and loads are
defined. After this procedure, the FEA can be conducted. If the results are close to the
experimental ones, the model is considered validated, and it is possible to compare the
different joints. If the results are not close to the experimental ones, it is necessary to go back
to the pre-processing phase to verify that all the inputs are correct. The objective of the
numerical analysis is to complement the experimental results, by providing the stress along the
joint and the damage evolution, which is not possible to obtain in the experimental tests.

3.2.2. Product description

Before the methodology demonstrated in Figure 39 can be applied to the study of different
joint geometries, it is necessary to contextualise and frame the study of different geometries.
The study begins with a pallet provided by NEFAB, designed for the transport of long products
on pallets. In contrast to the standard Europallet, this pallet (Figure 40) has no standard
dimensions, as it is custom-built to meet the customer's requirement for a length of 10 m and
will only be used one time making this project an open-loop.

L

Figure 40 - 3D model of the pallet.

The key point of the project is the length limitations of the wood, making necessary the joining
of various wooden beams. For this purpose, the study focuses on the determination of the best
joint geometry to use in these cases. The results of the study will not only inform the design for
the studied pallet but will also inform the design of future large pallets. The provided pallet
from Figure 40 features a laminated structure to support the pallet floor that is commonly used
to connect two wooden beams (Figure 41). This laminate consists of alternating wooden beams
and then reinforcing the joint using plywood.
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Figure 41 - Laminate structure that support the pallet floor (3D model).

To gain a more profound comprehension of the configuration of the provided pallet, it is
possible to divide it into two primary components: the base, and the lateral and top protection.
Figure 42 provides a representation of the components that constitute the pallet.

Figure 42 - Diagram of the pallet component (3D model).

As illustrated in Figure 43, the sides (represented in yellow) and the top (represented in red)
are engineered to safeguard the product from external forces. The sides sections are composed
of a wooden framework, and the laminate structure is employed to join the beams along their
entire length, with plywood reinforcing the structure to enhance pallet overall stiffness. The
uppermost section predominantly composed of interconnected wooden beams, facilitates the
attachment of a tarpaulin, thereby ensuring the product's protection from the weather.

Figure 43 - 3D model of the side (yellow) and top (red) parts.
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As demonstrated in Figure 44, the base is predominantly composed of wooden beams, which
are joined by the previously mentioned laminate structure. Plywood sheets are then placed on
top of the base, thus creating a protective barrier between the ground and the client's product.

Figure 44 - 3D model of the base part.

The base is a critical component of the pallet as it must support the full weight of the customer's
product and allow for lifting from below, as shown in Figure 45. It is therefore vital to emphasise
that the joints in the base are critical structural points, making it the focus of the present study.

Figure 45 - Example of handling the pallet.

3.2.3. Product materials

The pallet under study present large dimensions, but it is not always possible to obtain wood
beams in all the required lengths. In numerous countries, including Portugal, limitations on the
length of available wood materials. As demonstrated in Table 3, the maximum lengths available
for wood and plywood in the Portuguese market are 2500 mm and 2440 mm, respectively.

Table 3 - Wood and plywood standard in Portugal [109]

Wood
Category Section [mm?] Length [mm]
A 80x20 2500
B 100x30 2500
C 100x50 2500
D 80x80 2500
E 75x16/17 2400
F 100x70 2500
G 100x100 2500
H 100x25 2500
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Table 3 - Wood and plywood standard in Portugal [109] (Continued)

| 100x20 2500
J 150x20 2500
Plywood
Category Section [mm?] Thickness [mm]
A 2440x1220 6
B 2440x1220 8
C 2440x1220 12

The pallet under study is composed of category B wood and category A plywood sheets. Table
4 present the properties of the wood and plywood used for the pallet. However, due to the
length limitations inherent in the available materials, the pallet requires the integration of
various beams to attain the desired length. It is therefore essential to explore a range of bonding
techniques and joint geometries. As previously mentioned, depending on the part of the pallet,
the joints may be subjected to significant stresses. Therefore, the choice of an inadequate
joining method could result in the weakening of the pallet. The base of the pallet must be able
to support the product without collapsing, and this is the key focus for the joints. It is for this
reason crucial to test different joint geometries to select the most optimal solution.

Table 4 - Wood and plywood properties used on the pallet [109]

Wood
Mechanical properties Values
Moisture content [%] 12
Hardness, wood indentation [N] 2100
Modulus of rupture [GPa] 0.0421-0.0807
Flexure modulus [GPa] 8.10-10.2
Compressive Strength [MPa] 19.2-41.9
Shear strength [MPa] 5.20-11.0
Plywood
Technical features Values
Density [kg/m3] 422-514
Modulus of elasticity [N/mm?2] 3800-5000
Face fastener holding [kgf] 135
Moisture content [%] 6-14

3.2.4. Adhesives

As referred before, the solution to this problem is creation of joints, which led to a larger
dimension component. As a result, it is necessary to define the joining methods and joint
geometries. With this goal, a variety of joining methods, such as nailing, bolting, adhesive
joining, or even the combination of adhesive with bolts or nails, can be used. Using the
combination of various methods is commonly used in the industry. For this reason, the study
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compares the use of different techniques and geometries. Focusing on the adhesive, the
adhesive employed as a reference at NEFAB is AQUENCE's WL 041/1, also known as DORUS MD
041/1. This is a white PVA (polyvinyl acetate) adhesive that becomes transparent after drying.
It is specifically designed for surface and assembly applications in woodworking. It is considered
suitable for a range of applications, including the bonding of solid wood, blockboard cores, and
composed solid wood panels, as well as for assembly and carcass bonding. It is also effective
for dowel insertion, mortise and tenon joints, and bonding continuous and high-pressure
laminates (CPL/HPL). Additionally, it finds application in the edge banding process involving
veneer, solid wood, and HPL edges, utilised in both cold and heated stationary presses.

AQUENCE WL 041/1 is distinguished by its medium viscosity and very short setting time,
resulting in tough-elastic, workable glue joints with high bonding strength. It is notable for
meeting the requirements of durability class D2 (Table 5) according to EN 204, offering excellent
moisture resistance. In conjunction with AQUENCE CATALYST R 397, a 1% cross-linker, it attains
the D3 water resistance classification, thereby significantly improving its performance in humid
environments. The adhesive features a viscosity range of 9,500 to 14,500 mPa-s, a pH value
between 4.5 and 6 at 20 °C, and a minimum film formation temperature of approximately +3 °C.
The open time of the adhesive is contingent upon the quantity applied; it is approximately 7
minutes with 100 g/m? and up to 12 minutes with 200 g/m?. When utilising the cross-linker, it
is imperative to ensure that, due to the limited pot life of the cross-linker, the mixture is mixed
and applied within approximately 7 hours. The addition of the cross-linker has been observed
to extend pressing and setting times by 2 to 3 minutes. The application of the adhesive should
be conducted on surfaces that are clean, close-fitting, and with a minimum temperature of
+10 °C for both the workpiece and the adhesive [110].

Table 5 - Description of durability classes [111]

Durability class Examples of climatic conditions and fields of application

D1 Interior, in which the moisture content of the wood does not exceed 15%.

Interior with occasional short-term exposure to running or condensed
D2 water and/or to occasional high humidity provided the moisture content
of the wood does not exceed 18%.

Interior with frequent short-term exposure to running or condensed
D3 water and/or to heavy exposure to high humidity. Exterior not exposed to
weather.

Interior with frequent long-term exposure to running or condensed
D4 water. Exterior exposed to weather but with protection by an adequate
surface coating.

3.2.5. Joints specification and requirements

The pallet supplied by NEFAB incorporates a variety of joint types. The location of each joint
dictates the specific requirements it must meet, such as the load it is required to carry. The
present study focuses on the most critical joints; those located under the pallet base (Figure
41). These joints are critical as they must support not only the weight of the product, but also
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that of the pallet itself. The performance of these joints is evaluated by considering the most
demanding scenario: a forklift fork pressing directly on the joint. To this end, a three-point
bending test will be conducted, both experimentally and numerically. The current absence of a
dedicated standard for wood-based joints is the motivation for NEFAB to investigate different
joint geometries and bonding methods. The findings of this study have the potential to serve as
a reference database for the design of future large-scale pallets.

However, for wood-based materials in general, a wide range of standards exist with the aim of
ensuring quality, safety, mechanical performance, and durability. These standards may differ
depending on the geographical location (e.g., Europe, North America, Asia), but several are
recognised on an international scale. The ISO 12465 standard stipulates the requirements for
plywood used in both general and structural applications under various environmental
conditions (dry, tropical dry/humid, and exterior use). The scope of ISO 12465 encompasses a
wide range of parameters, including veneer quality, glue bond performance, construction (lay-
up), dimensional accuracy and tolerances, verification of conformity, and product marking.

In Europe, a variety of standards are applied to wood-based materials for global use. Among
these, EN 338 is relevant to all softwoods and hardwoods intended for structural use. This
standard establishes a system of strength classes that is utilised in design codes. On the other
hand, EN 636 focuses on specifications for plywood. The utilisation of wood as an organic
material gives rise to challenges such as moisture sensitivity and susceptibility to biological
degradation. To address this problem, EN 350 provides guidance on methods to estimate and
classify the natural durability of wood and wood-based products against biological wood-
destroying agents such as fungi and insects. Another key concern is that of environmental
exposure. EN 335, applicable to both solid wood and wood-based products, defines five use
classes that represent different service conditions (summarised in Table 6) to which wood may
be exposed. It also identifies the biological agents relevant to each condition, thus helping in
selecting the appropriate type of wood or treatment. As previously mentioned, EN 204 is
applicable to non-structural adhesives and classifies thermoplastic resin-based wood adhesives
into four durability classes (D1 to D4, presented in Table 5), based on the dry and wet strength
of bond-lines after conditioning under defined testing procedures.

Table 6 - Use classes for wood and wood-based products [112]

. . Moisture Main biological Typical
Use class Service conditions . L.
exposure risks applications
Very low or .
Class 1 Indoors, always dry None Indoor furniture
none
Indoors, occasionally Occasional . Framing, roof
Class 2 ) o Mould, insects
humid humidity structure
Outdoors, sheltered, . .
Class 3.1 Moderate Fungi, insects Exterior joinery
rarely wet
Outdoors, frequently o Fences,
Class 3.2 Frequent Fungi, insects .
wet balconies
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Table 6 - Use classes for wood and wood-based products [112] (Continued)

Class 4 In contact with Permanent or fungal and Playground
ass
ground or water prolonged insect attack structure
Immersed in . Marine Marine
Class 5 Very high .
salt water organisms structure

3.2.6. Joint geometries

Knowing the materials and the requirements of the joints, it is possible to determine the joint
geometries that will be studied. However, to establish a basis for comparison with the joints
and to calibrate the properties of the wood in the numerical model, simple wooden beams of
80x70 mm? and 100x80 mm? are tested, as illustrated in Figure 46. This comparison allows
assessing whether the joints can outperform solid wooden beams in terms of strength. Since
joints inherently create discontinuities that may compromise the structural integrity,
reinforcing them becomes essential.

(a) (b)

Figure 46 - (a) 80x70 mm? wooden beam and (b) 100x80 mm? wooden beam.

As a result of these considerations, seven distinct geometries have been developed. Figure 47a)
presents the 3D model of a simple laminated joint. It consists of two beams that are adhesively
bonded, and nails are used to increase the joint's strength. The utilisation of both plywood and
wooden beams permits the reinforcement of discontinuities. Building on this design, the Figure
47b) shows a variant of the previous laminated joint, which follows the same principle but aligns
the junction of the two beams on both sides within the same plane. In both cases, all elements
are bonded and nailed, but the nails are not represented on the 3D model and will later be
added to the numerical analysis.

(a) (b)

Figure 47 - (a) Simple laminated joint and (b) laminated joint with alignment of the junction.
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Figure 48a) presents a double strap joint, which features the main beams joined by plots at both
sides. The assembly of all components is achieved through the utilisation of nails and adhesive.
Derived from the simple strap joint, the Figure 48b) presents a double strap joint with the same
structure, but with the nails being replaced by wood fasteners, and not using adhesive. As
referred before the nails are not represented on the 3D model and will later be added to the
numerical analysis.

(a) (b)

Figure 48 - (a) Double strap joint and (b) fastened double strap joint.

Figure 49a) shows a double strap joint that follows same geometrical principle of the previous
two but using adhesive and bolts instead of nails/wood fasteners for the purpose of assembly.
Figure 49b) presents a double strap joint that features a distinct design for the primary beams,
since these are cut with a 45° chamfer. The beams are joined using wooden straps on both
sides, which are bonded using wooden fasteners. However, adhesive is not used to compare
with other geometries the chamfer impact on the joint.

(@) (b)

Figure 49 - (a) Bolted double strap joint and (b) double strap joint with chamfer.

Moreover, it should be noted that the fastened double strap joint and double strap joint with
chamfer each have two versions, ether with M4 and M6 wooden fasteners. The same way, the
bolted double strap joint present two version with M6 and M10 bolts This distinction enables
the assessment of how the difference in bolt size has a significant effect on the strength of the
joint. Table 7 provides a comprehensive overview of all geometries, including their respective
materials, quantities, and dimensions required for assembling a single joint.
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Table 7 - Geometries information

Case Geometry Material Dimension Quantity
80x70x320 mm? 1
Wooden beam Wood
100x80x320 mm? 1
100x25x320 mm? 1
Wood
Simple laminate 100x25x160 mm? 2
joint
Plywood  100x12x320 mm?3 1
3
Laminate joint Wood 100x25x160 mm 2
with junction
alignment Plywood  100x12x320 mm3 1
- 80x80x160 mm? 2
Double strap joint 5 ~ 7 Wood
Py = G
.l > 80x20x250 mm? 2
80x80x160 mm?
Wood
sl 80x20x160 mm?
<
Fastened double > =
. p 4 M4 12
strap joint /-/l- 3 Wooden
o fasteners
M6 12
80x80x160 mm? 2
Wood
80x20x160 mm? 2
Bolted double M6 6
- Bolt sets
strap joint M10 6
M6 12
Washers
M10 -
80x80x200 5
Wood (chamfer) mm?
Double strap joint 80x20x180 mm? 2
with a chamfer on = -
, 2 M4 12
the main beams < Wooden
i fasteners
M6 12
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3.3. Experimental part

To carry out the experimental tests, it is necessary to manufacture the test specimens, which
will then undergo a three-point bending test. Once tested, it will be possible to determine the
mechanical properties of the joints, thus allowing for a direct comparison between the different
geometries. This section introduces wood and plywood, as they are the main materials used in
this study. The manufacturing process and the parameters applied during testing are then
described. Finally, the mechanical properties and observed failure modes are analysed and
compared.

3.3.1. Material characterization

Material characterization is fundamental to assess the joint behaviour and perform strength
prediction. Thus, the next subsections present a general introduction of the materials used in
the joints, followed by the detailed description and respective properties used for the
experimental part.

3.3.1.1. Wood

Variability, or variation in properties, is common to all materials. Because wood is a natural
material, and the tree is subject to many constantly changing influences, such as moisture, soil
conditions, and growing space, wood properties vary considerably. Wood can be described as
an orthotropic material, which is a subcategory of the anisotropic materials. As shown in Figure
50, orthotropic materials have unique and independent mechanical properties in the direction
of three mutually perpendicular axes, which are longitudinal, radial, and tangential. The
longitudinal axis is parallel to the fibre, the radial axis is normal to the growth rings, and the
tangential axis is perpendicular to the fibre but tangent to the growth rings [113].

Radial

Tangential

Longitudinal

Figure 50 - The three principal axis of wood (orthotropic material) [113].

Because of natural growth characteristics of trees, wood properties can vary, due to the fact it
may contain cross grain or may have knots. These wood characteristics must be considered
when estimating the actual performance of wood. A knot is a portion of a branch that has
become incorporated in the bole of the tree. These knots influence the mechanical properties
of wood members by interrupting continuity and changing the direction of wood fibres. Because
of that, most mechanical properties are lower in sections containing knots than in clear straight-
grained wood. Because the clear wood is displaced by the knot, the fibres around the knot are
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distorted, and the discontinuity of wood fibre leads to stress concentrations. Nonetheless,
knots have a much greater effect on strength in axial tension than in axial short-column
compression, and the effects on bending are less significant than those in axial tension [113].

The most used woods in industry can be categorized into softwoods and hardwoods, each
serving different purpose based on their properties. Softwood is derived from trees with
needle-like or scale-like leaves, such as coniferous, for example pine, cedar, and spruce. One of
the main characteristics of softwood is its lower p, which makes it easier to work with and be
more affordable than hardwood. Another notable characteristic of softwood is its grain pattern,
which tends to have a straighter and more uniform grain patterns than hardwood trees. This
straight grain makes softwood ideal for various applications, such as framing in construction or
producing lumber for furniture making. On the other hand, hardwood is a type of wood that is
derived from deciduous trees. These trees typically have broad leaves, which they shed
seasonally, such as oak, maple, cherry, and walnut. In contrast with softwood, hardwood is a
dense and heavy wood that is known for its strength and durability. Hardwoods also present a
more complex structure and are generally more difficult to work with [114, 115].

In the thesis context, the selected wood is that used in NEFAB wooden pallets: radiata pine. This
softwood is widely used in the industry due to its lightness, strength, ease of processing and
lower cost compared to oak, making it an attractive choice for furniture manufacturing. Table
8 presents the wood properties provided by the supplier.

Table 8 - Radiata pine wood supplier properties [113]

Property Value
Density 0.318-0.515 g/cm?
Hardness, Wood Indentation 2100-3300 N
Tensile strength 42.1-80.7 MPa
Flexure modulus 8.10-10.2 GPa
Compressive strength 19.2-41.9 MPa

Shear strength 5.20-11.0 MPa
Tensile modulus 8-13 MPa

As referred before, wood can be considered an orthotropic material, leading to the need of E,
shear modulus (G), and Poisson ratio (V) in the three-directions depicted in Figure 50. Due to
the insufficient information provided from the supplier, research was conducted focusing
specifically on radiata pine wood, to ensure consistency between the experimental and
numerical results. Table 9 presents the E, G, and v for green core and outer wood, optimised
for the orthotropic assumption, taken from reference [116].

Table 9 - Orthotropic properties for green core and outer wood Pinus Radiata [116]

Stiff outer Non-stiff outer . Non-stiff core
Property Stiff core wood
wood wood wood
E- [GPa] 0.49 0.30 0.26 0.31
E: [GPa] 0.25 0.19 0.24 0.17
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Table 9 - Orthotropic properties for green core and outer wood Pinus Radiata [116] (Continued)

E/ [GPa] 4.36 2.81 3.50 2.38
Gu[GPa] 0.11 0.21 0.11 0.13
Gir [GPa] 0.06 0.03 0.04 0.03
G [GPa] 0.05 0.02 0.02 0.04
£ 0.03 0.01 0.03 0.04
Vir 0.29 0.47 0.36 0.44
Vit 0.64 0.54 0.60 0.77

3.3.1.2. Plywood

Derived from wood, plywood is widely used in construction, furniture making, and various
specialized applications. Plywood is an engineered wood product made from multiple layers of
thin sheets (Figure 51), called veneers, crossband, and core, which are bonded together with
adhesive. To add strength, the layers are arranged with the grain direction alternating, as shown
in Figure 51. However, understanding the properties of plywood is essential to make informed
decisions about its usage in different contexts [117].

FACE VENEER

Figure 51 - Example of the layers of a plywood product [117].

One of the most significant features of plywood is its strength-to-weight ratio, permitting to
support heavy loads without breaking or deforming. The alternating grain structure of the
veneer layers gives it added tensile strength, making it stronger than solid wood of the same
thickness. Along with the strength, plywood also offer high flexibility, compared to solid wood.
Its ability to bend and conform to curves makes it a versatile material for applications requiring
flexible shapes, such as furniture, cabinetry, and architectural designs. Flexible plywood is often
used in boat building and for creating non-linear surfaces in interior designs [115, 118].

Plywood properties can differ depending on the wood used, adhesive quality, and the layers
orientation. Due to these mentions, plywood can be divided into four different types, namely
softwood plywood, hardwood plywood, marine plywood, and fire-retardant plywood.
Softwood plywood is made from coniferous trees and is the most used type of plywood in
construction. It is lightweight, cost-effective, and relatively easy to work with. Hardwood

55



Development

plywood is stronger and more durable than softwood plywood, making it ideal for furniture,
cabinetry, and decorative applications. It is made from hardwood species, such as oak, maple,
and birch. Marine plywood is manufactured with waterproof adhesives and has superior
moisture resistance. It is specifically designed for use in environments where it will be exposed
to water for extended periods of time. Finally, fire-resistant plywood is treated with fire-
resistant chemicals to slow the spread of fire. This type of plywood helps to meet building codes
that require enhanced fire resistance [115]. In the thesis context, as for the wood, the plywood
used is the most used in NEFAB’s pallet, which is a beech plywood, and Table 10 presents the
properties provided by the plywood supplier.

Table 10 - Plywood supplier properties

Property Value
Density 422-514 kg/m3
Modulus of elasticity 3800-5000 MPa
Face fastener Holding 135 kgf
Moisture content 6-14%

The same way of the wood, plywood can be considered an orthotropic material. For this reason,
the same research realized for wood to find the nine elastic properties is conducted, focusing
on the plywood. Resulting of the research, Table 11 presents the nine elastic properties for the
orthotropic assumption, which are taken from reference [118].

Table 11 - Orthotropic properties for plywood [118]

Property Value
E/ [GPa] 9.660
E, [GPa] 5.410
E: [GPa] 2.700
Gy [GPa] 0.878
Gi- [GPa] 1.060
Gr [GPal 0.604

Vil 0.142

Vir 0.109

Vit 0.440

3.3.2. Fabrication procedure

After introducing the materials of the joints, the bonding procedure can be conducted. The
bonding procedure is a fundamental process used to join two or more surfaces or materials
securely, ensuring long-lasting performance and reliability. The success of bonding depends on
several key steps, starting with surface preparation. All surfaces involved must be thoroughly
cleaned to remove dust, oil, grease, or any contaminants that could interfere with adhesion.
Joint fabrication was carried out at NEFAB using the company’s equipment in this process.
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Figure 52 presents the pressure glue applicator, pneumatic coil nailer, and drill, used in the
fabrication process.

il 4 o

Figure 52 - pressure glue applicator (a), pneumatic coil nailer (b), and drill (c).

The pneumatic coil nailer from MORE® is used to execute the nailing process on the simple
laminate joint, laminate joint with junction alignment, and double strap joint. The pneumatic
coil nailer is a heavy-duty pneumatic coil nailer designed for applications such as framing, pallet
construction, and wooden crate assembly. It operates with wire-collated nails set at a 16° angle,
supporting nail lengths from 50 mm to 90 mm. The nails used have a body diameter between
2.8 mm and 3.3 mm, and head diameters from 6.7 mm to 7.2 mm, ensuring strong and secure
fastening. Nails are driven with a working pressure of up to 8 bar, providing deep and consistent
penetration even in dense wood materials. However, as shown in Figure 53, some defects can
occur due to pressure. For the other joints, a fastener driver is used for bolting.

Figure 53 - Visible defect on a nail.

The simplified laminated joint fabrication process is illustrated in Figure 54. The process is
initiated by cutting the wooden beams and plywood into the required dimensions. After the
preparation of all components, the adhesive is initially applied to one face of the longest
wooden beam. No surface preparation is made, once NEFAB do not do it in their fabrication
procedure. The adhesive is applied in a wave-like pattern using a pressure adhesive applicator
to ensure uniform distribution. Subsequently, the plywood is positioned on the surface that has
been glued previously and is then nailed to the beam using a pneumatic coil nailer. This step
ensures a strong initial bond between the plywood and the wooden beam through both
adhesive and mechanical fastening. A second layer of adhesive is then applied to the plywood
surface in preparation for the final assembly stage. The remaining wooden components are
positioned on this glued surface, and then nailed into the desired position, thus forming the
complete laminated joint. This technique is extensively employed at NEFAB, particularly in the
assembly of large beams, as it enables operators to complete the joint without the need to
rotate the beam, thereby simplifying the process and ensuring the integrity of the joint is
maintained.
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Figure 54 - Fabrication procedure of the simple laminate joint.

The laminated joint with junction alignment fabrication is illustrated in Figure 55. The process
initiated with the cutting process. Differently to the preceding joint, this version employs four
wooden beams of equal length. After cutting all components to the specified dimensions, the
adhesive is applied to the upper surfaces of two wooden beams, in accordance with the
identical procedure as the simple laminated joint do not present a surface preparation. After
the application of the adhesive, the plywood is positioned on the surface and rapidly nailed to
the beams by averages of the pneumatic coil nailer. In accordance with the previously
established protocol, a secondary layer of adhesive is applied onto the plywood surface. The
final step in the process is the positioning of the two remaining wooden beams on top of the
glued plywood, followed by nailing them into place. This procedure results in a joint constructed
using the same basic process as the simple laminated joint, but with aligned junctions.

Figure 55 - Fabrication procedure of the laminated joint with junction alignment.

The double strap joint fabrication process is illustrated in Figure 56. The process starts by
cutting of the wood to the final dimensions. This joint is essentially made of wood. After the
cutting process, adhesive is applied in the central wooden beams, as for the other joint, no
surface preparation is made Then a third wooden part is nailed to the central beams. After the
strap wood being nailed, the joint is turn over and the process is repeated.
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Figure 56 - Fabrication procedure of the double strap joint.

The fastened double strap joint fabrication process is illustrated in Figure 57. This joint follows
the same fabrication process of the previous one. Starting by cutting the wood to the final
dimensions and then a third wooden part is fastened, with M4 or M6 wooden fasteners
depending on the version, to the central beams. After the strap wood being fastened, the joint
is turned over and the process is repeated.

Figure 57 - Fabrication procedure of the fastened double strap joint.

The bolted double strap joint fabrication process is illustrated in Figure 58. The fabrication
process for this geometry was particularly difficult, due to the required plywood drilling before
fastening. To expedite this process, initially small nails were applied to maintain all components
together and then the holes could be drilled. However, a second idea of using corrugated
fasteners was used instead, since these have a smaller impact on the joint strength. After that,
the holes were drilled for the threaded rods to be positioned and bolted on both sides.

Figure 58 - Fabrication procedure of the bolted double strap joint.
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The double strap joint with a chamfer on the main beams’ fabrication process is illustrated in
Figure 59. The fabrication process is like the first geometries, but without using adhesive, i.e.
the straps are directly fastened to the central beams.

Figure 59 - Fabrication procedure of the double strap joint with a chamfer on the main beams.

3.3.3. Testing

The tests were conducted at the ISEP laboratory, in a universal testing machine (UTM). This
testing machine is a Shimadzu Autograph AG-X 100 kN, which as a maximum load capacity
(Pax) of 100 kN. This machine supports various types of tests, including tensile, compression,
bending, shear, and peel. However, as referred previously, the joints studied do not have
defined testing standards. Thus, a 3-point bending setup was considered to evaluate the testing
conditions, which is presented in Figure 60.

Figure 60 - First setup for a 3-point bending test.
The main problem encountered with this setup was the radius of the punching part, which has

a small dimension. Due to the small radius of the loading punch, the punch penetrates the wood
(Figure 61) due to the resulting high stress concentrations.
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Figure 61 - Penetration of the punch in the wood.

To avoid wood penetration, a bigger radius needs to be used. However, only the reported punch
was available at ISEP laboratory. To prevent indentation, a semi-cylindrical with 25 mm radius
was inserted between the loading punch and the beam, as shown in Figure 62. This setup
decreases tension concentrations, aiming to decrease wood penetration.

Figure 62 - Second setup for a 3-point bending test.

The realization of this 3-point bending test needs to be quasistatic, to simulate the most critical
scenarios of pallet elevation by the forklift with the fork exactly in the joint. Table 12 presents
all the parameters of the testing setup.

Table 12 - Parameters used in the setups

Parameter Setup 1 Setup 2
Distance between supports 300 mm
Support radius 15 mm

Punch radius 2.5mm 25 mm
Testing speed 5mm/s

In the other hand, five specimens of each geometry are tested. The dimensions of all specimens

are presented in Table 13. The dimensions were taken using a digital calliper with a resolution
of 0.01 mm.
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Table 13 - Specimens dimensions

Bolted double
strap joint
(M6/M10)

101.89/102.34

80.58/80.03

102.32/100.77

80.11/79.41

100.85/102.81

79.62/80.07

101.75/101.50

80.81/79.14

101.16/101.00

82.10/79.28

Double strap joint
with chamfer
(M4/M6)

122.78/123.28

77.68/82.38

121.76/119.74

76.45/80.40

122.54/123.88

76.71/78.49

121.40/118.79

78.56/79.79

Case Geometry Specimen  Width [mm] Thickness [mm]
1 72.77/80.40 82.47/99.52
2 73.24/80.13 83.87/100.6
Wooden beams 3 73.33/79.49  82.19/98.40
(70x80/80x100)
4 76.15/79.30 82.06/100.77
5 72.94/82.79 81.81/100.02
1 97.83 54.22
‘ . P 2 100.29 51.98
Simple laminate > 3 101.89 53.15
Joint 4 101.83 53.36
5 100.03 52.11
1 100.03 51.93
Laminate joint 2 99.85 51.92
with junction 3 101.72 52.08
alignment 4 99.06 52.83
5 99.15 52.49
1 82.66 120.80
/.ff] 2 82.23 122.69
Double strap joint > A 3 82.62 121.91
.I/ 4 82.44 118.65
ol 5 81.90 121.63
1 78.08/86.95  120.33/122.73
Fastened double 2 83.24/87.27 121.93/120.84
strap joint 3 78.11/83.53  122.12/121.04
(M4/M6) 4 85.95/86.15  123.42/120.40
5 84.58/85.11  122.45/120.72
1
2
3
4
5
1
2
3
4
5

120.55/121.68

82.89/82.44
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3.3.4. Results

3.3.4.1. Failure mode

To better understand the efficiency of the joint geometry, it is necessary to examine how failure
occurs. Consequently, each specimen of every geometry type is analysed, and a global
conclusion about the joint's failure mode is drawn. Figure 63 presents the first tested specimen
of the 80x70 mm? wooden beams following the execution of the 3-point bending test. The
results of all specimens of the 80x70 mm? wooden beam are presented in Appendix A, in Table
A.1. Specimens that do not exhibit significant knots demonstrate similar failure modes, which

are typically characterised by fibre separation along the grain direction.

(a) (b)

Figure 63 — First tested specimen of the 80x70 mm? wooden beams front (a) and back (b) view.

However, knots with large dimensions significantly influenced both the failure mode and the
mechanical strength of the wood. For instance, Figure 64 illustrates the bottom view of the
fourth specimen, which contains a prominent knot. This knot has been shown to induce crack
propagation perpendicular to the fibre direction, thereby considerably reducing the structural
efficiency of the wood.

Figure 64 - Bottom view of the fourth specimen of the 80x70 mm? wooden beams.

As with the 80x70 mm? wooden beams, the first tested specimen of the 100x80 mm? wooden
beams is shown in Figure 65. The results of all specimens of the 80x70 mm? wooden beam are
presented in Appendix A, in Table A.2. Most of the observed cracks demonstrate a tendency to
align with the fibre direction, a finding that is consistent with the failure modes identified in the
preceding specimens of the 80x70 mm? wooden beams. However, the third specimen contains
a knot and exhibits a failure mode identical to the fourth 80x70 mm? specimen, with crack
propagation occurring perpendicular to the fibre direction due to the knot's influence.

(a) (b)

Figure 65 — First tested specimen of the 100x80 mm? wooden beams front (a) and back (b) view.
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Figure 66 presents the first tested specimen of the simple laminate joints. The results of all
specimens of the simple laminate joint are presented in Appendix A, in Table A.3. In this
configuration, the plywood first manifest delamination between layers which, after all the
accumulated stress in the plywood, followed by wood damage. Due to that, the wood
immediately fails, displaying fissures oriented perpendicularly to the fibre direction and aligned

with the direction of the applied force.

(a) (b)

Figure 66 - First tested specimen of the simple laminate joint front (a) and back (b) view.

Finally, in certain specimens, it was possible to identify the type of failure that occurred at the
adhesive level. The Figure 67 a), adhesive is visible in the red-marked area at the centre of the
joint. However, the corresponding area that was bonded to the central part shows no adhesive
residue, as can be seen in Figure 67 b) in the red-marked zone. This observation indicates that
the adhesive failure mode can be classified as interface failure, enhancing that the adhesive
itself could support higher loads if a good surface preparation was made.

Figure 67 - Front view (a) and back view (b) of the fourth case of the simple laminate joint.

Figure 68 presents the first tested specimen corresponding to the laminate joints with junction
alignment geometry. The results of all specimens of the laminate joint with junction alignment
are presented in Appendix A, in Table A.4. These specimens demonstrate an identical behaviour
to the previous configuration, showing delamination between the layers of the plywood.

However, no failure was observed in either the wood or the adhesive.

(a) (b)

Figure 68 - First tested specimen of the laminate joint with junction alignment front (a) and back (b)
view.
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Figure 69 presents the first tested specimen corresponding to the double strap joint geometry.
The results of all specimens of the double strap joint are presented in Appendix A, in Table A.5.
It is noteworthy that the fissures manifest along the direction of the wood fibre. As anticipated,
it is evident that the cracks propagate through the nail holes, due to the discontinuities
introduced by the nails. About the adhesive, as with the simple laminated joint, the
transparency of the adhesive when dry presents a challenge in identifying the failure mode.

(b)

(a)

Figure 69 - First tested specimen of the double strap joint front (a) and back (b) view.

However, in certain specimens, it was possible to identify the nature of the failure that occurred
at the adhesive level. As illustrated in Figure 70 a), the presence of adhesive material is
observable within the red-marked area of the central portion of the joint. However, the
corresponding area that was previously bonded to this central section shows no adhesive
residue, as can be seen in Figure 70 b) in the red-marked region. This observation indicates that
the adhesive failure mode can be classified as an interface failure.

Figure 70 - Front view (a) and back (b) view of the fourth case of the double strap joint.

Figure 71 presents the first tested specimen related to the fastened double strap joint
assembled with M4 fasteners. The results of all specimens of the fastened double strap joint
(M4) are presented in Appendix A, in Table A.6. It can be observed that failures primarily
occurred at the edges along the fastener lines. In instances where no wood failure was
observed, the fasteners were deformed, indicating the inadequacy of this fastener size for this
type of joint when compared to previous configurations.

(a) (b)

Figure 71 - First tested specimen of the fastened double strap joint (M4 fasteners) front (a) and back (b)
view.
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Figure 72 presents the first tested specimen related to the double strap joint assembled with
M6 fasteners. The results of all specimens of the fastened double strap joint (M6) are presented
in Appendix A, in Table A.7.Increasing the fastener size led to failure occurring more frequently
in the wood than in the fasteners. However, it is noteworthy that the failure of the wood was
primarily observed around the edge fasteners, with no evidence of failure of the fasteners
themselves. Less pronounced signs of deterioration were evident in the central area, where the
fasteners exhibited visible signs of twisting, while the wood displayed minimal indications of
degradation.

(a) (b)

Figure 72 - First tested specimen of the fastened double strap joint (M6 fasteners) front (a) and back (b)
view.

Figure 73 presents the first tested specimen corresponding to the bolted double strap joint
geometry with M6 bolts. The results of all specimens of the bolted double strap joint (M6) are
presented in Appendix A, in Table A.8. In most specimens, the threaded connection failed
without causing significant damage to the plywood that had been used as the connecting
element. However, in the first tested specimen, failure occurred within the plywood itself,
which may be attributed to a weaker plywood plate or to different positioning of the bolts. It is
notable that most of failures occurred at the level of the threaded connection.

(a) (b)

Figure 73 - First tested specimen of the bolted double strap joint (M6 bolts) front (a) and back (b) view.

Figure 74 presents the second tested specimen corresponding to the bolted double strap joint
geometry using M10 bolts. The results of all specimens of the bolted double strap joint (M6)
are presented in Appendix A, in Table A.9. In contrast to the use of M6 bolts, the use of M10
bolts has been found to result in failure occurring primarily in the plywood. It is noteworthy
that, the second tested specimen, failure occurred in the wood, which may indicate the
presence of a defect, such as a knot or the creation of a crack during the fabrication process. In
general, the use of M10 bolts has been demonstrated to result in failure occurring in the
plywood rather than in the threaded connection.

66



Development

(a) (b)

Figure 74 - Second tested specimen of the bolted double strap joint (M10 bolts) front (a) and back (b)
view.

Figure 75 presents the first tested specimen for the double strap joint with chamfer geometry
using M4 fasteners. The results of all specimens of the double strap joint with chamfer (M4) are
presented in Appendix A, in Table A.10. In this geometry, failure occurs in the wood of the
straps, with cracks propagating through the fastener holes. For this geometry, when using M4
fasteners, the cracks tend to be small.

(a) (b)

Figure 75 - First tested specimen of the double strap joint with chamfer (M6 fasteners) front (a) and
back (b) view.

Figure 76 presents the first tested specimen for the double strap joint with chamfer using M6
fasteners. The results of all specimens of the double strap joint with chamfer (M6) are
presented in Appendix A, in Table A.11. Equally to the specimens with M4 fasteners, failure
occurs in the side wood plates, with cracks propagating along the fasteners. In this case, the
cracks are larger in size compared to those observed when using M4 fasteners.

(a) (b)

Figure 76 - First tested specimen of the double strap joint with chamfer (M6 fasteners) front (a) and
back (b) view.

In general, for the double strap joint with chamfer, the fasteners size does not influence the
failure mode but affects the extent of damage to the wood, which is greater when M6 fasteners

are used.
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3.3.4.2. P-Scurves

Figure 77a) presents the compilation of the P-6 curves from the five tested specimens for the
80x70 mm? wooden beams. As previously mentioned, the fourth specimen contains a
significant knot, which may explain the much lower PB,,,, compared to the other specimens.
Consequently, the fourth specimen can be excluded on the basis that it presents a notable
defect. The remaining specimens demonstrate similar maximum values of approximately 32 kN
and show a high similarity in the elastic regime even for the fourth specimen. Figure 77b)
presents the compilation of the P-d curves from the five tested specimens for the 100x80 mm?2
wooden beams. It is notable that all specimens exhibit a B4, of approximately 39 kN and
present a high similarity in the elastic regime, enhancing a small variation of E between the
specimens. Comparing the effect of increased dimensions, the enlargement of the cross-section
resulted in a B4, increase and a slight increase in the failure displacement (8;;,4x)-
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Figure 77 - P-6 curves of the 80x70 mm? (a) and of the 100x80 mm? wooden beams (b).

Figure 78a) presents the compilation of the P-d curves from the five tested specimens of the
simple laminate joint. As shown, all specimens exhibit a B,,,, around 29 kN and present a higher
dispersion of E between specimens comparing to the previous geometries. Figure 78b) presents
the compilation of the P-dcurves from the five tested specimens of the laminate joint with
junction alignment. It is notable that this geometry exhibits greater linearity up to failure. As
can be seen, the specimens have a P,,, approximately 28 kN and E demonstrates less
dispersion between specimens compared to the simple laminate joint, although a more
significant P4, variation between specimens.
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Figure 78 - P-6 curves of the simple laminate joint (a) and of the simple laminate joint with junction
alignment (b).
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Comparing the effect of joint alignment, it can be stated that it does not have a significant
influence on PB4, Or 8mqx. However, the presence of alignment leads to an abrupt collapse
once Py 4y is reached. In contrast, the absence of alignment demonstrates a residual resistance
after P, is attained, delaying the collapse.

Figure 79 presents the compilation of the P-6 curves from the five tested specimens of the
double strap joint. These joint exhibits a Py, around 22 kN, a 6,4, that is lower than in the
previous geometries and a reasonable dispersion of E between specimens.
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Figure 79 - P-6 curves of the double strap joint.

Figure 80a) presents the compilation of the P-6 curves from the five tested specimens of the
fastened double strap joint using M4 fasteners. The results exhibit low consistency and an
overall low P,,,,, averaging approximately 7.3 kN, and present significant dispersion in the
measured E between specimens. Figure 80b) presents the compilation of the P-J curves from
the five tested specimens of the fastened double strap joint using M6 fasteners. In this case,
the results show greater consistency of E between the specimens, yet By, remains relatively
low, at approximately 8.6 kN, especially when compared to previous joint geometries.
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Figure 80 - P-o curves of the fastened (M4) double strap joint (a) and of the fastened (M6) double strap
joint (b).
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Comparing the effect of using fasteners of different sizes, it can be stated that the main impact
of using M6 instead of M4 fasteners lies in the improved B, and E consistency, although the
load values remain relatively low. The results for this joint geometry also highlight the
significant effect of using adhesive. When comparing the double strap joint using nails and
adhesive with the fastened double strap joint without adhesive, it is evident that the use of
adhesive has an important impact, since it increases B4, by approximately 55%.

Figure 81a) and b) presents the compilation of the P-J curves for the bolted strap joints with
M6 and M10 bolts, respectively. B, is quite similar in both cases, i.e., are approximately 22 kN
for M6 bolts and approximately 24 kN for M10 bolts, representing a small increase of 9%. The
most notable difference due to bolt size is in &,,4,, Which is greater when using M6 bolts.
However, the joints assembled with M6 bolts exhibit higher consistency in E compared to those
with M10 bolts.
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Figure 81 - P-d curves of the bolted (M6) double strap joint (a) and of the bolted (M10) double strap

joint (b).

Figure 82a) and b) presents the compilation of the P-J curves for the double strap joint with
chamfer, using M4 and M6 fasteners, respectively. For this geometry, the fastener size appears
to have little influence on B4, which is approximately 26 kN with M4 fasteners and 28 kN with
M6 fasteners. However, in both cases, it is noteworthy that the joint exhibits consistency of E
between specimens and presents multiple stages of behaviour indicating that, even after
failure, it does not collapse immediately due to the chamfer.
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Figure 82 - P-o curves of the double strap joint with chamfer (M4) (a) and of the double strap joint with
chamfer (M6) (b).
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3.3.4.3. Mechanical properties

Based on the P-dcurves analysed, this section addresses the mechanical properties of the joints,
such as E, Pyax, Omax- and maximum stress (0;,4x). FOr each geometry, the average and
deviation are calculated based on the values of each specimen. Additionally, the coefficient of
variation (COV) is computed to assess the dispersion of the results and determine whether the
average can be considered a representative value, which is acceptable when equal or below to
10% as a good engineering practice.

To determine E, a trend line to the linear region of the P—6 curve is added, as illustrated in Figure
83. The E is then given by the slope of this line, and then after multiple by 1000 to give the E in
MPa. To evaluate how well the trend line represents the data's linearity, the coefficient of
correlation (R?) is used. An R? value as close as possible to 1 indicates a reliable trend line.
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Figure 83 - P=6 curve of the first specimen of the simple laminate joint.

Subsequently, By, and the 6,,,, are directly extracted from the experimental data. Finally,
the determination of the o,,,, for all specimens is carried out by the calculation of the
maximum bending moment (M{"%*), based on equation 5, which incorporates the Py, and the
distance between supports (L).

)

Pmax

2

N~

max _—
Mf -

Next, the moment of inertia (I;) for rectangular sections of each component of a joint is
calculated with equation 6, which incorporates the width (h) and the thickness (b) of each

. . ., . h
component. After that, once all parts have same the distance to the neutral axis (y), which is >

I; of each component are sum up, resulting in the global moment of inertia (). But not every
part of a joint is considered (i.e., parts with discontinuity), and only the parts that increase the
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E of the joint are. Figure 84 presents the simple laminate joint, where the red parts are used for
the stress calculation and blue parts are not. Finally, g,,,4, can be calculated using equation 7.

Figure 84 - Simple laminate joint, identification of the parts used for the global moment of inertia.

| b (6)
EP)
MP .y (7)
Omax = [7
g

Having established this procedure, Table 14 presents the values of E, Py, Omax, aNd Gy for
the specimens of 80x70 mm? wooden beams, while Table 15 presents the corresponding values
for the 100x80 mm? wooden beams. In both cases, since the COV for E, Py, qx, and 0,4y is below
10%, the average values can be used to characterize the beams. This is not the case for 8,4, at
failure, which exhibits a COV greater than 10%. For this and subsequent analyses, whenever the
COV is higher than 10%, the measured quantities are established as an interval of minimum and

maximum values.

Table 14 - Mechanical properties of 80x70 mm? wooden beams

Properties
E[MPa] P ax [N] Omax [mm] Omax [MPa]
3712.8 32356.8 20.58 33.34
3834.5 32198.2 23.09 32.21
4139.7 31264.4 16.94 31.83
4246.4 19757.1 9.41 18.68
5 3601.1 30849.6 19.11 31.90
Average 3822.0 31667.3 19.93 32.32
Deviation 201.1 630.1 2.24 0.61
cov 5.3%% 2.0% 11.2% 1.9%

72



Development

Table 15 - Mechanical properties of 100x80 mm? wooden beams

Properties
E [MPa] Pmax [N] Smax [mm] Gmax [MPa]
5393.2 37918.6 25.46 26.52
5229.1 37125.1 21.57 25.86
5455.5 40635.7 20.93 29.41
5433.1 41487.4 37.56 29.46
5 5263.6 37932.4 27.86 24.90
Average 5354.9 39019.8 26.68 27.23
Deviation 91.5 1713.8 6.01 1.87
cov 1.7% 4.4% 22.5% 6.9%

Comparing the values resulting from the increased dimensions, the 100x80 mm? wooden
beams generally exhibit higher mechanical properties than the 80x70 mm? wooden beams. E
for the 100x80 mm? beams is 28.2% higher compared to the 80x70 mm? beams. Additionally,
Prax Of the 100x80 mm? beams are 23.2% higher than that of the 80x70 mm? beams. On the
other hand, the 100x80 mm? beams show a reduction in ¢,,,, of approximately 18.7%
compared to the g,,,, observed in the 80x70 mm? beams.

Table 16 presents the values of E, Py, Omax, and O,y for the specimens of the simple
laminate joint, while Table 17 presents the values for the laminate joint with junction alignment.
Since, for both geometries, the COV for E, By, 4y, and 0,4, is equal or below 10%, the average
values can be used to characterize the joints. This is not the case for the 8,4, which exhibits a
COV greater than 10%.

Table 16 - Mechanical properties of the simple laminate joint

| Properties
v’ :
. - E [MPa] Piax IN] O:max [mm] Omax [MPa]
1 4817.5 28681.1 8.44 37.98
2 4618.2 31678.2 13.27 42.16
3 4267.8 29304.8 14.43 41.65
4 4287.7 28069.7 16.09 36.40
5 3811.0 31326.6 135 43.27
Average 4360.4 29812.1 13.15 40.29
Deviation 393.8 1438.6 2.55 2.64
cov 7.9% 4.8% 19.4% 6.5%
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Table 17 - Mechanical properties of the laminate joint with junction alignment

///%" Properties
. 28 E [MPa] Pmax [N] Smax [mm] Gmax [MPa]

1 3417.8 29873 11.87 108.78

2 3879.7 27932.5 13.57 105.41

3 3737.5 31223.7 13.02 112.04

4 3760.6 27232.9 11.18 95.84

5 4107.7 25609.6 9.31 93.71
Average 3780.7 28374.4 11.79 103.16
Deviation 223.9 1975.16 1.50 7.19

cov 5.9% 7.0% 12.7% 7.0%

Comparing the values obtained for the two geometries, it is evident that there are no significant
differences in terms of P4, since it shows a decrease of 5.1%. On the other hand, £ and 0,4y
show a more pronounced difference, with a reduction of 13.3% and an increase of 156%,
respectively, indicating that the junction alignment provides a more compliant behaviour but is
also prone to higher stresses.

Table 18 presents the values of £, Pyax, Omax, aNd Gpay for the specimens of the double strap
joint. Since the COV for E is below 10%, the average value can be used to characterize the joint.
This is not the case for Py qx, Omax, aNd Opqay, as their COV values exceed 10%.

Table 18 - Mechanical properties of the double strap joint

- ” Properties
. | ~ E [MPa] P,uax [N] 8max [mm] Omax [MPa)
1 3322.3 25889.1 13.43 23.08
2 2772.0 19107.4 9.93 16.48
3 3061.6 20237.5 12.29 18.61
4 2935.7 20719.7 11.03 17.80
5 3577.7 27607.8 13.29 24.72
Average 3133.9 22712.3 11.99 20.14
Deviation 285.6 3380.8 1.34 3.19
cov 9.1% 14.9% 11.2% 15.8%

Comparing this geometry with the previous ones, E decreased by approximately 34.2%
relatively to the simple laminate joint and about 18.5% relatively to the laminate joint with
junction alignment, making it a less attractive geometry. However, this geometry presents a
significant decrease in the 0,4, (50%) compared to the simple laminate joint and
approximately 80.6% compared to the laminate joint with junction alignment.

Table 19 presents the values of E, Py, Omax, aNd G gy for specimens of the fastened double
strap joint using M4 fasteners, while Table 20 shows the same data for specimens using M6
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fasteners. When M4 fasteners are used, a high COV is observed. However, upon closer
examination, two specimens show notably lower B,,, values than the others, which may
indicate slight differences in nail placement, which enhance the importance of the nails.
Focusing on the specimens with M6 fasteners, their COV values are below 10%, except for 8,4

Table 19 - Mechanical properties of fastened double strap with M4 fasteners

> Properties
E L
NI E [MPa] Prax NI Sy (MMl Gyugy [MPa]

1 704.13 4914.9 23.73 7.21

2 643.88 5288.7 32.01 7.04

3 508.86 83234 45.96 12.06

4 693.50 8755.9 30.62 12.95

5 680.20 9559.2 32.89 13.92
Average 646.11 7368.4 33.04 10.64
Deviation 71.58 1896.4 7.22 2.93
cov 11.1% 25.7% 21.8% 27.5

Table 20 - Mechanical properties of fastened double strap joint with M6 fasteners

| Properties
> Z d
. ) I : E [MPa] Ponax [N] S max [Mm] O max [MPa]

1 976.4 8207.3 26.73 11.65

2 1052.4 8871.4 28.39 11.81

3 967.7 9656.6 29.05 12.34

4 1009.8 8878.6 38.05 12.27

5 1044.4 7472.1 19.90 10.56
Average 1010.1 8617.2 28.42 11.79
Deviation 34.36 733.9 5.81 0.53
cov 3.4% 8.5% 20.4% 4.5%

Based on the COV, it is evident that fastener size influences the consistency of the joint.
Comparing the obtained values, E is higher when using M6 fasteners, and g,,,4, is also higher
for the geometry with M6 fasteners. Analysing the P,,,, values, it is more difficult to determine
which of the two options performs better, as their values are similar. However, compared to
previous geometries, these values are considerably lower, which emphasizes the importance of
the adhesive in the joints.

Table 21 presents the values of E, Pyax) Omax, and 0,4, for specimens of the bolted double
strap joint with M6 bolts, while Table 22 presents the values when M10 bolts are used. Since,
for both geometries, the COV for E, B, 45, and Gy gy is below 10%, the average values can be
used to characterize the joints. This is not the case for the §,,,,, which exhibits a COV greater
than 10%.
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Table 21 - Mechanical properties of bolted double strap joint with M6 bolts

i // / ‘ Properties
./ﬁ E [MPa] Ponax [N] O max [mm] O max [MPa]

1 1382.6 24630.3 38.91 43.42
2 1380.4 19144.9 36.56 33.15
3 1548.2 22068.2 27.95 42.32
4 1470.5 24131.5 26.87 42.80
5 1365.1 23727.5 39.37 43.34
Average 1429.4 22740.5 33.93 41.01
Deviation 70.04 1993.03 5.42 3.95
cov 4.9% 8.8% 16.0% 9.6%

Table 22 - Mechanical properties of bolted double strap joint with M10

P =~ | ;
A ‘ Properties
‘ 6 E [MPa] Pnax [N] Smax[MM]  Gpnay [MPa]
1 4085.1 24771.5 11.82 43.24
2 4034.9 21972.0 13.95 40.25
3 4213.3 22696.1 14.92 40.94
4 4019.5 24896.5 14.33 45.77
Average 4088.2 23584.0 13.76 42.55
Deviation 76.19 1276.7 1.17 2.16
cov 1.9% 5.4% 8.5% 5.1%

Comparing the influence of increasing bolts size, it is observed that P, 4, using M10 bolts shows
a slight increase of 3.7%, with a g4, very similar to the geometry using M6 bolts. On the other
hand, there is a significant increase of 286% in E, showing that the use of M10 bolts highly
decrease the ductility of the joint.

Table 23 presents the values of E, Py gxs Omax, aNd Omqy for specimens of the double strap joint
with chamfer using M4 fasteners, while Table 24 presents the values for specimens with M6
fasteners. Since, for both geometries, the COV for E and P,,,,, is below 10%, it is considered that
the average values can be used to characterize the joints. This is not the case for the §,,,, and
Omax When using M4 fasteners, which exhibits a COV greater than 10%.
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Table 23 - Mechanical properties of double strap joint with chamfer with M4 fasteners

,/'/} Properties
~/_ i E [MPa] Ponax [N] O max [mm] O max [MPa]

1 3259.1 24368 13.95 15.81

2 3158.8 23605.3 14.89 15.19

3 3270.7 25031.8 14.26 17.88

4 3286.5 30054.8 18.12 20.44

5 2769.7 27962.7 20.33 20.21
Average 3148.9 26204.5 16.31 17.91
Deviation 194.8 2425.7 2.50 2.17
cov 6.2% 9.3% 15.3% 12.1%

Table 24 - Mechanical properties of double strap joint with chamfer with M6 fasteners

e ;/‘ Properties
~‘ - E [MPa] Pax [N] Smax [mm] O max [MP]

1 3339.0 29001.6 21.85 20.49

2 3449.2 30180.2 19.05 19.42

3 3666.5 25758.9 16.92 16.54

4 3397.3 28507.5 17.4 20.93

5 3604.5 28336.5 15.11 20.81
Average 3491.3 28356.9 18.07 19.64
Deviation 124.4 1450.02 2.27 1.64
cov 3.6% 5.1% 12.6% 8.3%

In this case, it is evident that increasing the fastener size from M4 to M6 does not significantly
influence the mechanical properties of the joint. Specifically, the transition from M4 to M6
results in an increase of 10.9% in E, 8.2% in Py, 4., and 9.66% in 0,4

3.3.5. Results discussion

To compare the geometries as well as the manufacturing processes required for their
realization, Table 25 presents the average values when the COV of the property was equal or
below 10%. When the COV exceeded this threshold, the range between the minimum and
maximum values is exposed.
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Table 25 - Mechanical properties of the different joints

Properties E [MPa] P 0y [N] Omax Imm] O max IMPa]
80x70 mm>wooden
3822.0 29285.2 16.94-23.09 29.59
beams
100x80 mm?
5354.9 39019.8 20.93-37.56 27.23
wooden beams
Simple laminate
. 4360.4 29812.1 8.44-16.09 40.29
joint
Laminate joint with
. . . 3780.7 28374.4 9.31-13.57 103.2
junction alignment
Double strap joint 31339 19107.4-27607.8 9.93-13.43 16.48-24.72
Fastened (M4)
L 508.9-704.1 4914.,9-9559.2 23.73-45.96 7.04-13.91
double strap joint
Fastened (M6)
. 1010.1 8617.2 19.9-38.05 11.79
double strap joint
Bolted (M6) double
o 1429.4 22740.5 26.87-39.37 41.01
strap joint
Bolted (M10)
. 4088.2 23584.0 11.82-14.92 42.55
double strap joint
Double strap joint
. 3148.9 26204.5 13.95-20.33 15.19-20.44
with chamfer (M4)
Double strap joint
3491.3 28356.9 15.11-21.85 19.64

with chamfer (M6)

Based on the obtained values, it is evident that the geometry exhibiting the highest £ and Py,
is the 100x80 mm? wooden beams. This geometry is representative of the ideal case, i.e. one in
which there is no discontinuity. Table 26 presents a comparison between the joints and the

100x80 mm? wooden beams.

Table 26 - Variation of properties of the joints compared to the 100x80 mm? wooden beams

Variation of: E Pax O max Omax
Simple laminate
oint -18.6% -23.6% -50.7% +47.9%
joi
Laminate joint with
ncti i ; -29.4% -27.3% -55.8% +279.1%
junction alignmen
Double strap joint -41.5% -41.8% -55.1% -26.05%
Fastened (M4)
double strap ioint -87.9% -81.1% +23.9% -60.9%
ouble strap join
Fastened (M6)
double strap ioint -81.1% -77.9% +6.5% -56.7%
ouble strap join
Bolted (M6) double
-73.3% -41.7& +27.1% +50.6%

strap joint
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Table 26 - Variation of properties of the joints compared to the 100x80 mm? wooden beams
(Continued)

Bolted (M10)

o -23.7% -39.6% -48.4% +56.3%
double strap joint
Double strap joint
. -41.2% -32.9% -38.9% -34.2%
with chamfer (M4)
Double strap joint
-34.8% -27.3% 32.3% -27.9%

with chamfer (M6)

Based on the obtained percentual variations, it is evident that the joint presenting greater
proximity with the 100x80 mm? wooden beams properties, is the simple laminate joint using.
This joint present a very small variation of the E (-18.6%) compared to the others.

To better understand the influence of each type of connection and geometry, the comparison
between similar joints is made. Comparing the simple laminate joint with the laminate joint
with junction alignment, it is notable that the junction alignment does not significantly
influence the E, Py qx, Omax, bUt highly increase the g4

The double strap joint can be compared to the fastened double strap joint to highlight the
significant impact of adhesive in the joints. From this comparison, adhesive primarily
contributes to the joint’s strength. Regarding the fastened double strap joints, the transition
from M4 to M6 fasteners brings improvements in mechanical properties as well as greater
consistency in the values obtained from each specimen. As mentioned, this geometry
underscores the importance of using adhesive in these joints. A notable parameter for the
fastened double strap joints is that the displacement at failure is much greater compared to
joints using adhesive, thus demonstrating higher ductility.

The bolted double strap joint comparing the bolts size, it can be observed that increasing the
bolt size from M6 to M10 does not influence the load capacity, but significantly affects the joint
E. This behaviour indicates that using M6 bolts results in a more ductile joint, given the lower E
and much higher §,,,,. When comparing the bolted double strap joint with M10 bolts to the
double strap joint, it is show that the use of M10 bolts and plywood on the sides provides similar
Prax to the double strap joint, making an analysis of the manufacturing process is necessary to
determine the most viable joint. Another point can be the tightening torque in the bolts, which
can highly influence the geometry performance.

The double strap joint with chamfer once again demonstrates that increasing fastener size has
little effect on the mechanical properties. On the other hand, this geometry, which does not
use adhesive, presents P, ,, Vvalues like those of adhesive based geometries. Therefore, the
addition of a chamfer allows for a small increase in E and P,,,,, compared to the standard double
strap joint.

Overall, the experimental test demonstrated that the use of adhesive is essential to achieve
high E and P,,,, when no chamfer is present on the central beams. On the other hand, the
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increase in fastener size has not a significant influence on the mechanical properties of the
joints. But the bolts can have a high impact in the joint performance, depending on the
Tightening torque impose.

To conduct a complete comprehensive analysis of the joints, it is necessary to consider the
manufacturing process, since an overly complex process or the use of more expensive materials
can make a joint industrially less attractive. Accordingly, Table 27 presents a qualitative analysis
using the 9-point Likert scale from Table 1. For the 'Material acquisition' column, both the cost
and market availability of the materials present in the joint are considered. Thus, geometries
incorporating plywood, bolts, fasteners, and/or adhesive are regarded as having a higher final
cost. Next, the 'Fabrication procedure' column considers the ease of joint fabrication in terms
of required tools, the quantity of materials needed, and the time required for realization.
Finally, 'Joint quality' column refers to the consistency of producing a high-quality joint and the
extent to which the manufacturing process avoids causing defects in the materials. At the end,
a score is assigned to each joint, calculated by summing the intensity of agreement values. This
analysis does not differentiate fastener/bolts sizes but considers only the joint type, and it also
excludes the 80x70 mm? and 100x80 mm? wooden beams, since they are only for properties
comparison.

Table 27 - Qualitative analysis of overall fabrication process of the geometries

Material Fabrication . . Overall
Geometry L. Joint quality .
acquisition procedure classification
Simple laminate
. 7 9 8 24
joint
Laminate joint
with junction 7 8 8 23
alignment
Double strap
. 8 7 8 23
joint
Fastened
double strap 8 7 8 23
joint
Bolted double
. 6 1 4 11
strap joint
Double strap
joint with 9 7 8 24

chamfer

Finally, it is possible to gain a more general overview of each joint and its industrial viability. It
is notable that the bolted double strap joint is complex to manufacture and exhibits geometric
defects, making it less viable given the manufacturing method used. On the other hand, the
inclusion of a chamfer makes the fabrication of the joint more challenging compared to the
simple laminate joint but involves a smaller variety of materials. Therefore, the simple laminate
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joint and the double strap joint with chamfer are the geometries with highest potential and
thus recommended to use in the studied pallet at this point.

3.4. Numerical analysis

Along with the experimental tests, numerical analyses are performed to support and validate
the experimental results. This section introduces the chosen software and explains the reasons
behind its selection. It also outlines the overall modelling process, illustrated using the simple
laminated joint. A key aspect of the modelling involves the mechanical properties of the
materials. Since most of the materials used are orthotropic, a literature review was carried out
and adjustments were made to obtain properties that best reflect the experimentally observed
behaviour. Finally, as in the experimental section, the numerical results are presented and
directly compared with the experimental data.

3.4.1. Choice of software

Choosing the most suitable software for FEA depends on several technical and practical criteria.
One of the main factors to consider is the software’s ability to control the mesh modelling and
the complex materials models, which is essential for high-precision simulations. For instance,
software such as ANSYS® and Abaqus® are often favoured for their wide range of features, such
as damage and fracture mechanics, and their ability that enable simulating real-world operating
conditions with high accuracy. The bases of that software have common aspects, including
parametric modelling or the possibility to import geometries from others software.

Due to the fact most of the materials used on the studied pallet are anisotropic, it is more
convenient the use of Abaqus®, which accounts for material formulations to model those types
of materials. As shown in Figure 85a), an anisotropic material is a material whose properties
vary depending on the direction in which they are measured. In other words, the material
behaves differently along different axes or directions. In the other hand isotropic material have
the same properties in all directions (Figure 85b)).
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Figure 85 — Anisotropic (a) and Isotropic material (b) [119].
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Abaqus® is a widely chosen software for advanced simulations due to its ability to model
complex constitutive models, including cohesive models, supported by a dedicated cohesive
materials library. These models are essential to represent the behaviour of interfaces,
adhesives, and brittle materials prone to delamination or interfacial fracture [120]. Abaqus®
enables accurate modelling and prediction of crack growth and structural response. By
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enhancing the realism of numerical analysis, it provides more reliable assessments of
component structural integrity, making Abaqus® an ideal tool for this type of study [121], and
justifying its choice.

3.4.2. Pre-processing

The accuracy and reliability of FEA results are heavily dependent on the initial phase of the
simulation process, known as pre-processing. This stage involves the preparation of the
computational model. This is achieved through the definition of its geometry, the assignment
of material properties, the assembly of components, the setting up of analysis steps and
interactions, the application of boundary conditions, the generation of the mesh, and the
creation of the job for analysis. Pre-processing constitutes a critical step, as errors or
oversimplifications introduced at this stage can compromise the accuracy of the results to a
significant degree. It is imperative to exercise meticulous attention during this phase to ensure
that the numerical model closely mirrors the real-world behaviour of the system, whilst also
ensuring the efficient utilisation of computational resources. The subsequent section provides
an overview of the general methodology employed in the development of the various models.
To illustrate the process, a simple laminate joint is used as an example. As previously
mentioned, the FEA simulations are performed using Abaqus®, with the goal of modelling a
three-point bending scenario. The development of the numerical model necessitates navigation
through several key modules within the software. The following modules must be considered:
part, property, assembly, step, interaction, load, mesh, job and visualisation.

The simulation process is initiated by the first module, which involves the creation of parts. Two
main components are modelled for this analysis, namely the joint (Figure 86a)) and a separate
part representing the supports and the punch (Figure 86b)). The joint is modelled as a three-
dimensional deformable solid, as its geometry is width-dependent, allowing for an accurate
representation of its mechanical response under loading conditions.

Module: [ Pat Modek: [~ Model-1 Part: 2 Joint

Module: [ Part Modek [~ Model-1 Part: [~ Load

(a)

Figure 86 - 3D model of the joint part (a) and support/punch part (b).
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The initial phase of the process involves the delineation of the joint outline (Figure 87), which
is then extruded to the appropriate depth to form the three-dimensional geometry.

Figure 87 - 2D sketch of the general outline of the joint part.

Subsequently, partitions are created within the geometry (Figure 88) to define the regions
corresponding to the various materials. The introduction of additional partitions in the support
and loading areas is a key element in facilitating mesh refinement in critical zones. With these
steps, the joint geometry is fully defined and ready for the next stage.

Figure 88 - 3D model of the joint part with the partitions.

The part used to simulate the supports, and the punch is created by first sketching a semi-
circular profile in a 2D plane, which is then extruded to form a 3D solid. This component is
defined as an analytical rigid body, as it is not expected to undergo deformation during the
simulation. As demonstrated in Figure 89, a reference point (RP) is created and linked to this
rigid component. The RP functions as the location at which loads, and boundary conditions can
be applied with precision.

Meaute [Z Pan Modet [ Model-1 pat [ ranz

Figure 89 - 3D model of the support/punch part.
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After the creation of all constituent components, the next step is to define and assign materials
to the appropriate partitions within the joint component. The material definition process is
initiated with the selection of constitutive models that most accurately represent the behaviour
of the real materials. Based on these models, materials and corresponding sections are created.
The constitutive models and their associated properties are detailed in the following two
sections. It is important to note that, given that the support/punch component is modelled as
a rigid body, no material is assigned to it.

Following the delineation of all requisite materials, the creation of sections occurs through the
establishment of links between each material and its respective constitutive model. These
sections are then allocated to the respective partitions of the 3D joint model (Figure 90),
thereby ensuring that each region reflects the intended mechanical behaviour.

Module: [ Property Modek [ Model-1 Part: 2 Joint

Figure 90 - Joint part with defined materials.

Upon the conclusion of the property module, the subsequent step is the assembly module. It is
imperative to acknowledge that the model is composed of numerous constituent parts.
Consequently, it is necessary to formulate an assembly that encompasses both the joint and
the support/punch components. The distance between the supports is set to match the
configuration used in the experimental tests (300 mm), and the punch is positioned directly
above the joint, as illustrated in Figure 91.

Module: [~ Assembly Modek |~ Model-1 Step: [~ initial

Figure 91 - Assembly of the joint with the supports/punch.
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After the assembly of the final structure, the simulation progresses to the step module. This
module is employed to delineate the analysis type and steps that govern the simulation's
temporal evolution, including the application and evolution of loads and boundary conditions.
Additionally, it enables the selection of output variables to be documented during the
simulation process. To create the P-3 curves, the displacement (U3) of the punch and the
reaction force (RF3) are outputted.

Once having the step module configure, it is possible to go to the interaction module, which
defines the contacts between the various parts of the model. In this study a surface-to-surface
contact and tie interaction are used. Surface-to-surface is used between the joint parts that are
not bonded but are in contact, and the support/punch part to prevent interpenetration during
loading, thereby ensuring realistic physical behaviour. In this contact definition, the tangential
behaviour is set to frictionless, allowing free sliding between the contacting surfaces without
resistance. The normal behaviour is defined using the pressure-overclosure relationship with
hard contact, which prevents penetration under compression while allowing separation under
tension. This configuration captures the essential contact mechanics during loading, ensuring
both stability and accuracy in the simulation results. The tie interaction is used between the
bolts/fasteners/nails and the parts of the joint directly in contact, so that the
bolts/fasteners/nails are bonded to the parts. With this procedure, the interaction module is
complete.

After the configuration of interactions, the simulation advances to the load module (Figure 93).
To replicate a three-point bending test, it is necessary to fully constrain the supports, while
restricting the punch to move only in the vertical (z) direction. The application of these
boundary conditions is performed on the RP that has been previously defined on the rigid
support/punch part. A displacement-controlled approach is employed, whereby the value of
the vertical displacement is based on the experimental one. However, using only those loading
constrains could cause a rigid body behaviour of the specimen. As presented in Figure 92, during
the first modelling iterations, the part presented a rotation around the loading axis. To prevent
this undesirable behaviour, a constraint for the rotation around the loading axis and a
displacement constraint in the perpendicular direction are implemented. With these
modifications, the joint can only present a displacement in the load direction.

S, Mises
(Avg: 75%)

r +2.710e+01
+2.484e+01
+2.258e+01
+2.033e+01
+1.807e+01
+1.581e+01
+1.356e+01

- +1.130e+01
+9.045e+00
+6.788e+00

- +4.531e+00

+ +2.275e+00

L +1.831e-02

ODB: Job-1.0db Abaqus/Standard 2022 Sun Jun 01 11:57:39 GMT+01:00 2025

Figure 92 - Undesirable behaviour of the part.
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Mcdﬂum‘:lo:d | Modek |- Model-1 Step: |5 Initial

Figure 93 - Boundary conditions.

The mesh module represents the final stage preceding the execution of the simulation. The
primary function of this module is to define and assign the mesh to each partition of the model.
To accurately capture the behaviour of the different materials within the joint, two meshing
strategies are employed. For the orthotropic and isotropic materials, a structured hexagonal
mesh is applied. As demonstrated in Figure 94, mesh refinement is employed in critical areas
where stress concentrations are expected, by reducing the element size. In less critical regions,
larger elements are used. This mesh variation allows for optimized computational efficiency by
reducing the total number of elements without compromising accuracy in key zones. In the
context of the adhesive layer, the implementation of a sweep mesh technique is imperative
when cohesive elements are employed. This method establishes a direct connection between
the two adherend interfaces using a single element through the thickness, thereby ensuring
correct representation of the cohesive behaviour while maintaining a simplified mesh.
However, despite numerous attempts using the recommended method for the adhesive, the
analysis remained unsuccessful. Therefore, to further simplify the process, the adhesive was
treated as a solid and meshed using the same technique as the other materials. This
simplification was justified by the attained experimental results, which showed no evidence of
adhesive failure.

Module: 2 Mesh Modet: [ Model-1 Object: © Assembly () Part:| -

Figure 94 - Mesh used in the model.
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Following the assighnment of the mesh to the various sections of the model, the subsequent step
is to specify the type of elements to be utilised. For the hexagonal structured mesh, an 8-node
3D stress element is selected, with reduced integration deactivated to enhance the simulation's
precision.

Additionally, a viscosity parameter of 107 is applied to hexagonal structured elements to help
stabilize the model during the simulation and to prevent numerical instabilities. Table 28
provides a summary of the meshing strategy and element types utilised for each material.

Table 28 - Mesh summarizing

Mesh
Material type = Mesh geometry Mesh type Viscosity ) .
designation
. Hexagonal s

Orthotropic 3D stress 10 C3D8
structured
] Hexagonal

Isotropic 3D stress 10° C3D8
structured
Hexagonal

Adhesive & 3D stress 10° C3D8
structured

Finally, the job module is employed for the creation and configuration of the simulation. This
module enables the definition of the computer memory allocation that Abaqus® will utilise
during the analysis, ensuring optimal resource management. After the configuration of the task,
its submission is required to initiate the simulation process. Following the conclusion of the
simulation, the results are obtained and presented visually through the visualization module
(Figure 95). This module permits the analysis of diverse outputs, thereby enabling the
evaluation of the model's behaviour.

dule: [ Visualization Modek | C:/Users/rafa/OneDrive - Instituto Superior de Engenharia do Porto/Raf (Fac)/5° Ano/DPEST/FEA/Simple Laminate joint/Job-1.0db Ma M 3OO0

(Avg: 75%)
=il +4.270e+02
+3.915e+02
+3.55%+02
+3.203e+02
+2.847e+02
+2.492e+02
- +2.136e+02
+1.780e+02

Moy
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+1.424e+02
+1.06%e+02
+7.128e+01
+3.570e+01
+1.233e-01

Figure 95 - Visualization module.

3.4.3. Constitutive model

To carry out a numerical analysis, it is necessary to choose the constitutive models for each
material present in the study. A constitutive model is a mathematical description of how a
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material responds to external loads, such as forces, deformations, or temperature changes. The
effectiveness of constitutive models plays a key role in the predictive capabilities of
computational models of structures [122]. Thus, it is necessary to understand the type of
material being modelled to better relate each material to his respective constitutive model.

The wood and plywood components in the joint are modelled as orthotropic elastic materials
to accurately reflect their direction-dependent mechanical behaviour. Wood exhibits significant
anisotropy due to its fibrous cellular structure, with distinct properties along the longitudinal,
radial, and tangential directions. Plywood, being a layered composite of wood veneers oriented
in alternating directions, is also treated as an orthotropic material, but with more balanced in-
plane properties depending on the lay-up configuration [115]. The constitutive model for these
materials is defined by Hooke’s law for orthotropic elasticity, using nine independent material
constants, including three E, G, and v. This formulation enables the simulation to capture the E
variation and directional response of the wooden elements under mechanical loading [123].

On the other hand, the adhesive layer in the wood joint is initially modelled using a cohesive
zone model (CZM) to accurately capture the initiation and evolution of damage at the bonded
interface. This approach allows for the simulation of progressive failure mechanisms such as
micro-crack formation, debonding, and eventual separation of the adherends. By incorporating
the CZM, the model provides a more realistic representation of the adhesive behaviour under
mechanical loading, especially in capturing the non-linear response and potential delamination
within the joint [120]. However, as previously mentioned, the adhesive was not modelled using
this constitutive model. A more detailed investigation could be carried out to identify the
reasons behind the model's unsuccessful application to the joints.

For isotropic materials, such as bolts, nails and fasteners, are modelled as isotropic elastoplastic
material, reflecting its uniform mechanical properties in all directions and its ability to undergo
plastic deformation. Initially, the material follows a linear elastic response characterized by E
and v [124]. If necessary, beyond the yield point, plastic deformation is captured using a Von
Mises yield criterion with isotropic hardening, allowing the simulation to represent both the
onset of yielding and the subsequent strain hardening behaviour under continued loading [125].

3.4.4. Material properties

Along with a suitable constitutive model, material properties permit to carry out a FEA analysis
to simulate how a material behaves when subject to mechanical forces. Thus, it is necessary to
assign accurate properties for each constitutive model. However, the supplier of the material
used to fabricate the specimens does not provide all the needed properties to realize the
numerical analysis. Consequently, a literature review was conducted to identify the desired
material properties. It is important to note that some of the considered properties do not fully
reflect the actual behaviour of the joints, as the characteristics of wood and plywood can vary
significantly. Consequently, adjustments to literature-based properties are necessary to obtain
numerical results that are consistent with experimental data. To achieve this objective, an
inverse method is employed to ascertain the properties of the various materials. This process
involves the comparison of the experimentally obtained E with the numerical one, with the
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objective of ensuring that they are reasonably close. Figure 96 illustrates the complete process
used to determine the material properties.

\
Wood/plywood/ ) Comparison with ) .
adhesive properties FEA analysis experimental results Satisfing results Used for every joint

J

F Y

-

New iteration with
new properties

R
Figure 96 - Determination of the materials properties.

The process is initiated with the determination of the wood properties, as specimens of
different cross-sections are tested, enabling direct comparison. In the initial phase, a simulation
was conducted for the 80x70 mm? beam utilising properties taken from reference [116], which
are presented in Table 29. The numerical E obtained is 5460.8 MPa, representing a 42%
deviation from the experimental value of 3845.1 MPa. To reduce this discrepancy, a series of
iterations was performed by gradually lowering the property values until those shown in the
table were obtained. Consequently, a numerical E value of 3901.2 MPa was attained for the
80x70 mm? beam, with a deviation of 1.46%. After the adjustment, a simulation was conducted
for the 100x80 mm? beam using the adjusted properties, to validate the feasibility of the
adjusted properties. The simulation provides a E of 5497.4 MPa, corresponding to a deviation
of 2.66% from the experimental value of 5354.9 MPa. Following the establishment of a close
alignment between the numerical and experimental values, it can be concluded that the
adjusted properties can be reliably utilised for all subsequent joints composed of wood.

Table 29 - Orthotropic properties for radiata pine wood [116]

Property Value Adjusted value
E. [MPa] 2810 2000
Er [MPa] 190 200
Er [MPa] 300 200
Gur [MPa] 210 400
G [MPa] 20 300
Gk [MPa] 30 50
vir 0.16 0.4
VIR 0.33 0.4
VIR 0.47 0.4

Next, it is possible to evaluate the adhesive properties taken from reference [126] for the PVA
adhesive, which are presented in Table 30. To enable a direct comparison of E, the double strap
joint is used. As demonstrated in the fabrication procedure, the double strap joint is composed
exclusively of wood, adhesive, and nails. It was determined through experimental analysis of
the fastened double strap joint (which does not present adhesive) that the adhesive plays a
primary role in the joint's stiffness. A simulation of the double strap joint can be conducted,
since nails do not impact the joint stiffness. The modified wood properties were utilised, and
the literature values for the adhesive were considered. This procedure resulted in E of
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3844.1 MPa, corresponding to a 22.7% deviation from the experimental value. In consideration
of the simplifications implemented within the model, as previously delineated, the obtained
value is adjudged satisfactory. Consequently, no adjustments were made to the adhesive
properties taken from literature [126].

Table 30 - Adhesive properties [126]

Property Value

E [MPa] 2000

14 0.40

G [MPa] 800
Tensile strength, o; [MPa] 40
Shear strength, 7 [MPa] 20

Tensile fracture toughness, Gic [MPa m*/?]

Shear fracture toughness, Gyc [MPa m*/?]

Following the determination of the properties of the wood and adhesive, the focus shifted to
the plywood properties. For direct comparison between experimental and numerical results,
the simple laminate joint was utilised. An initial simulation of the simple laminate joint was
conducted, employing the wood properties that had been previously adjusted, the adhesive
properties, and the plywood properties taken from the literature [118], which are presented in
Table 11. This simulation resulted in a numerical value of E of 9942.9 MPa, which represents a
deviation of 127.6% compared to the experimental value. As previously conducted for the
wood, multiple iterations were executed to calibrate the plywood properties until a numerical
E value near the experimental one was attained. The final adjusted values, as presented in the
Table 31, result in a E of 4935.3 MPa, with a deviation of 13.2% relative to the experimental
result. It is important to note that the adjusted properties differ significantly from those taken
from reference [118], which may be attributed to the modelling simplifications.

Table 31 - Adjusted orthotropic properties for plywood

Property Adjusted value
E. [MPa] 8000
Er [MPa] 600
Egr [MPa] 800
Gir [M Pa] 800
G [MPa] 100
Gz [MPa] 700
wr 0.426
ViR 0.451
ViR 0.697

Subsequent to the definition of the properties of all materials, it was possible to carry out all
simulations for the different geometries using the adjusted properties for wood and plywood,
along with the adhesive properties taken from literature [126].
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3.4.5. Results and comparison with experiments

3.4.5.1. Stress analysis

To evaluate the precision and reliability of the numerical model, a direct comparison with the
experimental results is necessary. However, prior to conducting this comparison, it is imperative
to describe the methodology employed in the estimation of the key parameters, namely Py,
and E, for each joint under analysis.

The numerical models used in this study do not incorporate damage or failure criteria.
Consequently, the analysis persists in a linear form, with the stresses extending beyond the true
capacity limit of the materials. Consequently, the model may persist in predicting stress
increases that are unrealistic, even after the physical collapse point of the structure. To address
this limitation and enable a consistent comparison with experimental data, it is necessary to
define the strength limits of the materials used. The o,,,, values adopted for the various
materials in the models are presented in Table 32. The adhesive's ;4 is taken from reference
[126] and the g4, for wood and plywood correspond to those used by NEFAB. The bolts are
of strength class 8.8; therefore, according to EN 1993-1-8, the 7,4, is 640 MPa. Regarding the
nails and wooden fasteners, they exhibit a g,,,,,, of 300 MPa based on supplier data. As can be
observed, the g,,,, values for the metallic components are significantly higher compared to
those of wood, plywood, and adhesive. Both experimental and numerical analyses confirmed
that no failure occurred in the metallic components. The limits of strength that have been
defined serve as a basis for identifying, in the simulation results, the load increments that
correspond to the occurrence of failure, thus allowing a direct comparison with the values
obtained from the experiments.

Table 32 - 0,4, Of the different joint materials

Material Omax
Wood 80 MPa
Plywood 20 MPa
Adhesive 50 MPa
Bolts 640 MPa
Nails/Wooden fasteners 300 MPa

Given that the case under study corresponds to a three-point bending test, the main stress
component generated in the specimen is axial. Thus, it can be concluded that the o4, of the
materials are the most appropriate criteria to estimate the moment of collapse. This
methodology facilitates the identification, within the numerical analysis, of the load increment
at which the stress exceeds the material's strength, thereby indicating the initiation of failure.
In Abaqus®, the load is applied incrementally, i.e., in small successive steps. By identifying the
increment at which the stress surpasses the material's tensile strength, it becomes possible to
estimate the collapse point predicted by the simulation and directly compare it to the
experimental results.
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3.4.5.2. Failure mode

It is possible to determine the failure mode in the simulation by considering the experimental
results and the g,,4, presented in Table 32. It is important to note that the P,,,, value is
dependent on the specific load increment at which material failure is reached in the model.
Consequently, depending on the geometry under analysis, the failure mode considered may
vary, as joint collapse can result from the failure of different materials. Given the
implementation of a 0,45, the numerical comparison is conducted through the evaluation of
stress along the fibre direction, which is the main stress component under three-point bending.

The 80x70 mm? and 100x80 mm? wooden beams were used to calibrate wood properties in the
numerical model and are considered the most suitable for comparing joint performance. A
criterion based on the region where 80 MPa is reached in terms of Von Mises stress was
defined. The employment of the Von Mises criterion facilitates the consideration of the
combined stress state. As demonstrated in Figure 97, it is assumed that failure occurs in the
compression zone, and only when the entire cross-section of the beam exceeds 80 MPa. In this
and further figures, the grey represents stresses exceeding the specified stress limit.

S, Mises

(Avg: 75%)
+1.225e+02
+8.000e+01

. ¥7.334e+01
+6.667e+01

+ +6.001e+01
+ +5.334e+01

+4.668e+01
+4.001e+01
+3.335e+01

+2.758e-02

Figure 97 - Increment of failure of the 80x70 mm? wooden beam.

Employing this criterion for wood, the failure is identified at increment 46, corresponding to a
Prax of 36.5 kN, which is close to the 32 kN obtained experimentally. It is evident that the
100x80 mm? beam must be analysed using the same second criterion as the 80x70 mm? beam.
This analysis results in a Py, of 49 kN at increment 29 (Figure 98). Based on the obtained
results, it is recommended that the criterion be adopted as the standard for identifying failure
in the wooden elements.
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Figure 98 - Increment of failure of the 100x80 mm? wooden beam using the second criteria.
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In the subsequent geometries, it will be necessary to analyse the different materials present in
the joint. Accordingly, Table 33 presents the criteria used, based on the previously established
Omax from Table 32. When comparing the numerical results with the values presented in Table
32, it is observed that the type of stress considered varies according to the mechanical
behaviour of each material. For the adhesive, the equivalent Von Mises stress is used, as it
exhibits a multi-axial stress state. Solid wood is also evaluated using Von Mises stress, due to
the localized multi-axial stress condition caused by the punch compression. In contrast, for the
plywood, only the S11 component is considered, since this element is predominantly subjected
to pure tensile stress, and its reduced thickness limits the development of significant stresses
in the other directions. These criteria have been derived from experimental tests and earlier
simulations conducted for the wood components. In joints composed of multiple materials, the
increment considered to be the point of failure is equivalent to the lowest increment at which
any individual material will fail. Next, each joint type is described separately.

Table 33 - Criteria used for each material

Material Failure mode Tensile comparison
Wood Omax in all thickness Von Mises

Plywood Omax from bottom to mid-height S11

Adhesive Omax appear in the bottom zone Von Mises

The simple laminate joint includes wood, plywood, and adhesive, thus necessitating analysis of
all three materials. Figure 99a) illustrates the meshed geometry, along with the load increments
at which each material in the joint reaches its failure criterion. In this geometry, the wood
(Figure 99b) never achieves 80 MPa. In the other hand, the plywood (Figure 100a) achieves is
stress limit (20 MPa) at increment 66. Finally, the adhesive (Figure 100b) achieves 50 MPa at
increment 87. Thus, once plywood fail first, it can be deduced that the failure of the joint is
attributable to the plywood failure. Consequently, the failure of the structure is predicted to
occur at increment 66, corresponding to a P, 4, of 33.6 kN. A comparison of the predicted Py,
with the experimental results reveals a high degree of similarity, as does the failure mode, since
in the experimental tests, failure occurred in the plywood when a crack formed and propagated
to halfway through its height. Consequently, it can be deduced that failure occurred in the
plywood when a crack developed up to mid-height.
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Figure 99 - Stresses in the simple laminate joint: meshed geometry (a), and wood elements (b).
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Figure 100 - Stresses in the simple laminate joint: plywood elements (a), and adhesive elements (b).

Laminate joint with junction alignment features the same materials as the simple laminate
joint, requiring analysis of all three: wood, plywood, and adhesive. Figure 101a) illustrates the
meshed geometry, along with the load increments at which each material in the joint reaches
its failure criterion. Once again, wood (Figure 101b) never achieves 80 MPa. On the other hand,
the plywood (Figure 101c) achieves 20 MPa in the mid-height at the increment 70. Finally, the
adhesive (Figure 101d) achieves 50 MPa at increment 97. Identically to the previous joint, it has
been demonstrated that the material responsible for the joint failure is plywood. Consequently,
the failure of the structure is theorised to occur at increment 70, corresponding to a B4, of
34.3 kN. A comparison of the predicted P, ,, with the experimental results reveals a high
degree of similarity, as does the failure mode, since in the experimental tests, failure occurred
in the plywood when a crack formed and propagated halfway through its height. Consequently,
it can be deduced that the failure of the plywood occurred because of the emergence of a crack
that traversed the mid-height of the material.
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Figure 101 - Stresses in the laminate joint with junction alighment: meshed geometry (a), wood
elements (b), plywood element (c), and adhesive elements (d).
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The double strap joint incorporates both wood and adhesive components, necessitating a
comprehensive analysis of both materials. Figure 102a) illustrates the meshed geometry, along
with the load increments at which each material reaches its respective failure criterion. In this
case, it can be observed that the wood (Figure 102b) does not reach maximum stress across the
full thickness of the lateral sections, which are responsible for holding the central wood
element. On the other hand, the adhesive (Figure 102c) exhibits stress above 50 MPa in the
lower region at increment 75, corresponding to a P4, of 28.6 kN. The numerical P4, is close
to the experimental value and, moreover, the failure mode agreed by taking place in the
adhesive, specifically in the region most distant from the punch.
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Figure 102 - Stresses in the double strap joint: meshed geometry (a), wood elements (b), and adhesive
elements (c).

Fastened double strap joint includes two variants using M4 and M6 wooden fasteners. Given
that wood is the only material present in both cases, it is the primary focus for determining the
joint's failure increment. Figure 103a) and Figure 103c) illustrates the meshed geometries, along
with the failure increments for both the M4 and M6 configurations. Based on the experimental
test and as referred before, failure consistently occurs in the fastener hole regions, more
specifically the ones close to joint centre. As a result, only the fastener holes regions are
analysed in the model. The results indicate that failure occurs at increment 83 for M4 wooden
fasteners (Figure 103b) and increment 69 for M6 wooden fasteners (Figure 103b),
corresponding to P, values of 10.3 kN and 12.1 kN, respectively. The numerical Py g,
obtained are proximal to the experimental values, and, moreover, the failure mode agreed by
taking place in the wood near the fasteners closest to the joint centre.
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Figure 103 - Stresses in the fastened double strap joint: meshed geometry for M4 fasteners (a), wood
elements for M4 fasteners (b), meshed geometry for M6 fasteners (a), and wood elements for M6
fasteners (b).

The bolted double strap joint includes wood and plywood, with two variants using M6 or M10
bolts. Given that the wood in the joint does not experience significant tensile stress, the analysis
is confined to the plywood. Figure 104a) and Figure 105a) illustrates the meshed geometries,
along with the failure increments of the plywood for both M6 and M10 configurations. It can
be observed that failure occurs at increment 70 for M6 bolts (Figure 104b)) and increment 64
for M10 bolts (Figure 105b), corresponding to B, values of 20.2 kN and 23.1 kN, respectively.
The numerical P,,,, obtained are in close agreement with the experimental results, and,
moreover, the failure mode agreed by taking place in the plywood, specifically in the regions
proximate to the bolts closest to the centre of the joint.
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Figure 104 - Stresses in the bolted double strap joint: meshed geometry for M6 bolts (a), and plywood
elements for M6 bolts (b).
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(d)

S, S11
(Avg: 75%)

+7.574e+01
i +2.000e+01

Figure 105 - Stresses in the bolted double strap joint: meshed geometry for M6 bolts (a), plywood
elements for M6 bolts (b), meshed geometry for M10 bolts (c), and wood elements for M10 bolts (d).

The double strap joint with chamfer incorporates wood as the primary material, with two
variants: one employing M4 wooden fasteners and the other M6 wooden fasteners. Figure
106a) and c) presents the meshed geometries, along with the failure increments for both
fastener types. It can be observed that failure occurs at increment 86 for the M4 wooden
fasteners (Figure 106b) configuration and at increment 93 for the M6 wooden fasteners (Figure
106d) configuration, corresponding to Py, values of 28.3 kN and 33.0 kN, respectively. The
numerical results obtained are in close agreement with the experimental values. Based on the
results and failure mode obtained experimentally and numerically, and, moreover, the failure
mode agreed by taking place in the wood, specifically in the regions around the fasteners closest
to the centre of the joint.
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Figure 106 - Stresses in the double strap joint with chamfer: meshed geometry for M4 fasteners (a),
wood elements for M4 fasteners (b), meshed geometry for M6 fasteners (c), and wood elements for
M6 fasteners (d).
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3.4.5.3. P-dcurves

Figure 107 presents the experimental P-6 curves alongside with the numerical response of the
80x70 mm? (Figure 107a) and 100x80 mm? (Figure 107b) wooden beams. The numerical lines
are presented only up to the failure increment that was discussed in the previous section. It can
be observed that, for both cases, the numerically obtained behaviour closely matches the initial
portions of the experimental curves. The reduction in the E value observed in the experimental
curves is a consequence of progressive damage to the wood, a factor that has not been
incorporated into the numerical model. Furthermore, numerical analysis demonstrates a
superior P4, in the numerical analysis, attributable to the idealised depiction of the wood in
the model.
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Figure 107 - P-6 curves of the 80x70 mm? (a) and of the 100x80 mm? wooden beams (b).

[ 5 10 1

Figure 108 presents the experimental P-o curves, alongside the linear response obtained from
the numerical analysis of the simple laminate joint (Figure 108a) and the laminate joint with
junction alignment (Figure 108b). The numerical curves are displayed exclusively up to the
failure increment that was the subject of discussion in the preceding section. It is evident that,
in both instances, the numerically obtained lines demonstrate a strong correlation with the
initial segments of the experimental graphs. The observed reduction in the E values, as
evidenced by the experimental curves, can be attributed to the progressive damage incurred
by the orthotropic materials, a phenomenon that has not been incorporated into the numerical
model. Furthermore, a superior P, is evident in the numerical analysis, which can be due to
the idealised depiction of the orthotropic materials in the model.
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Figure 108 - P-J curves of the simple laminate joint (a) and of the simple laminate joint with junction
alignment (b).
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Figure 109 presents the experimental P-o curves, alongside the numerical response of the
double strap joint. The numerical curve is displayed exclusively up to the failure increment that
has been previously discussed in the preceding section. It is evident that, in both instances, the
numerically obtained line demonstrates a strong correlation with the initial segments of the
experimental graphs. In the numerical model, a slight increase in the E value is observed
towards the end of the curve, which can be explained by the compression of the central wooden
blocks. Conversely, the decline in the E value observed in the experimental curves is attributable
to progressive damage in the wood, a factor that has been omitted from the numerical model.
Nevertheless, the P, predicted numerically is very similar to the experimental value.
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Figure 109 - P-S curves of the double strap joint.

Figure 110 presents the experimental P-o curves, alongside the numerical response of the
fastened double strap joints with M4 (Figure 110a) and M6 (Figure 110b) fasteners. The
numerical curves are displayed exclusively up to the failure increment previously discussed in
the preceding section. For the configuration with M4 fasteners, the initial E value is comparable
between the numerical and experimental results. However, in the same M4 configuration, the
experimental the E value demonstrates a significant decrease shortly after the test onset, an
effect not captured in the numerical curve. This discrepancy is attributed to the absence of
damage modelling in the numerical simulation. About the configuration with M6 fasteners,
there is a stronger correlation between the experimental and numerical results in terms of joint
stiffness. Conversely, the P, predicted by the numerical model further deviates from the
experimental value when compared to the M4 fastener configuration.
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Figure 110 - P-6 curves of the fastened (M4) double strap joint (a) and of the fastened (M6) double
strap joint (b).
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Figure 111 presents the experimental P-o curves, alongside the numerical response of the
bolted double strap joints with M6 bolts (Figure 111a) and M10 bolts (Figure 111b). The
numerical curves are displayed exclusively up to the failure increment previously discussed in
the preceding section. In the joint using M6 bolts, the numerically obtained line demonstrates
slightly lower E and P,,, compared to the experimental results. This discrepancy can be
attributed to the bolt torque tightening, as the applied torque was not recorded and, therefore,
no pre-tension could be included in the numerical model. Conversely, for the configuration with
M10 bolts, the numerical curve demonstrates a greater proximity to the experimental results.
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Figure 111 - P-S curves of the bolted (M6) double strap joint (a) and of the bolted (M10) double strap

joint (b).

Figure 112 presents the experimental results, along with two simulation attempts aimed at
achieving results consistent with the experimental data of the bolted double strap joint using
M10 bolts. The initial attempt (FEA 1) is predicated on the assumption that no compressive
forces are transmitted between the plywood and the wood. As demonstrated, the resulting
curve displays significantly reduced E and a substantially B,,, in comparison to the
experimental results. An increase in the E of the FEA 1 curve is observed at higher
displacements, which can be due to the development of compressive forces between the two
central wooden beams upon their contact, enhancing the overall stiffness of the connection.
Consequently, a second iteration (FEA 2) was conducted under the opposite assumption: the
plywood and wood were fully bonded to each other. In this instance, the numerical outcomes
demonstrate a robust correlation with the experimental data, particularly on E and By, 4. This
finding indicates that the torque applied to the bolts is sufficient to effectively clamp the
plywood to the wood, thereby enabling the interface to behave as if it were bonded together.
Consequently, it can be deduced that joint failure is not attributable to bolt failure, but rather

to failure in the plywood on the lateral faces.
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Figure 112 - P-S curves of the bolted (M10) double strap joint with two FEA iterations.
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Figure 113 presents the experimental P-dcurves, alongside the numerical results for the double
strap joints with chamfered ends using M4 wooden fasteners (Figure 113a) and M6 wooden
fasteners (Figure 113b). The numerical curves are displayed exclusively up to the failure
increment that was the focus of the preceding section. For both configurations, the numerical
E is comparable to that observed in the experimental curves. In both cases, M4 and M6
fasteners configuration, the P, is higher than the average experimental values.
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Figure 113 - P-S curves of the double strap joint with chamfer (M4) (a) and of the double strap joint
with chamfer (M6) (b).

3.4.5.4. Mechanical properties

In this section, the numerically obtained values of E and P, are presented for the geometries
of Table 7. As previously mentioned, E is determined as the slope of the P-4 curve extracted
from the Abaqus® software. About P,,,, as previously demonstrated, it was necessary to
determine the material's ultimate stress limits, as well as to analyse and compare with real
failure mode tests, so that the numerically obtained values more accurately represent reality.

To facilitate a comparison between the experimental and numerical results, both the
numerically obtained values and the experimental average values are presented in tabular
form. This procedure facilitates the calculation of the percentile variation between numerical
and experimental values, thereby enabling a direct comparison.

Table 34 presents the values of E and P,,,, that have been obtained through experimental and
numerical analysis for the 80x70 mm? wooden beam. Conversely, Table 35 presents the
corresponding values for the 100x80 mm? wooden beam. It can be observed that, in both cases,
the numerical values of E are close to the experimental ones, which reinforces the suitability of
the adjusted material properties. Conversely, a more substantial discrepancy was observed in
Ppax, With the model demonstrating an overestimation of the material's capacity. This
discrepancy is attributed to the lack of implementation of wood damage evolution in the
numerical model.
Table 34 - Mechanical properties of 80x70 mm? wooden beams

Properties E [MPa] P ax [N]
Experimental 3845.1 31667.3
Numerical analysis 3901.2 36494.9
Variation +1.46% +15.24%
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Table 35 - Mechanical properties of 100x80 mm? wooden beams

Properties E [MPa] Pax [N]
Experimental 5354.9 39019.8
Numerical analysis 5497.4 49035.8
Variation +2.66% +25.66%

Table 36 presents the values of E and B, through experimental and numerical analysis of the
simple laminate joint. Table 37 shows the corresponding values for the laminate joint with
junction alignment. It can be observed that the simple laminate joint exhibits a smaller variation
between experimental and numerical values compared to the laminate joint with junction
alignment. It is also noteworthy that the simple laminate joint demonstrates a higher E value in
both the experimental and numerical results. However, this is not the case for P, as the
numerical results indicate that the laminate joint with junction alignment present a B, value
higher than the simple laminate joint, a difference that is not reflected in the experimental
results. In consideration of the experimental and numerical results, which demonstrate
comparable P,,,, values for both geometries.
Table 36 - Mechanical properties of the simple laminate joint

Properties E [MPa] Pax [N]
Experimental 4360.4 29812.1
Numerical analysis 4935.3 33634.9
Variation +13.18% +12.82%

Table 37 - Mechanical properties of the laminate joint with junction alignment

Properties E [MPa] P nax [N]
Experimental 3780.7 28374.4
Numerical analysis 4736.7 34332.4
Variation +25.28% +21.00%

Table 38 presents the values of E and P,,,, that have been obtained through experimental and
numerical analysis of the double strap joint. As was evidenced in preceding results, the
numerical value exceeds the average experimental one. This discrepancy can be attributed
primarily to the omission of damage evolution in the model, in conjunction with the potential
for minor variations resulting from the positioning of the nails. When compared to the
previously analysed geometries, thus joint exhibits lower numerical values of E and B, than
both the simple laminate joint and the laminate joint with junction alignment, which is
consistent with the experimental findings.
Table 38 - Mechanical properties of the double strap joint

Properties E [MPa] P ax [N]
Experimental 3133.9 22712.3
Numerical analysis 3844.1 28589.6
Variation +22.67% +25.88%
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Table 39 presents the values of E and B,,,, that were obtained through experimentation and
numerical analysis for the fastened double strap joint with M4 wooden fasteners. Table 40
presents the corresponding values for the fastened double strap joint with M6 wooden
fasteners. Equally to the preceding instances, the numerical values exceed the experimental
values. This overestimation of joint capacity is primarily attributable to the absence of damage
evolution in the model. However, a similar conclusion can be drawn from the numerical results
as was previously determined from the experimental data, i.e. in the absence of adhesive, this
joint configuration exhibits a substantial decrease in mechanical performance in comparison to
the previously analysed geometries.
Table 39 - Mechanical properties of the fastened double strap joint with M4 fasteners

Properties E [MPa] Pnax [N]
Experimental 646.11 7368.4
Numerical analysis 830.12 10284.3
Variation +28.48% +39.56%

Table 40 - Mechanical properties of the fastened double strap joint with M6 fasteners

Properties E [MPa] Pnax [N]
Experimental 1010.1 8617.2
Numerical analysis 1175.4 12007.3
Variation +16.36% +39.35%

Table 41 presents the values of E and P,,,, that have been obtained through experimental and
numerical analysis for the bolted double strap joint with M6 bolts. Table 42 shows the
corresponding values for the bolted double strap joint with M10 bolts. In contrast to the
preceding cases, the numerical values for the M6 bolt configuration are lower than the
experimental results. This discrepancy may be attributed to the torque applied to the bolts
during the fabrication process, which was not recorded. Consequently, the assumptions
employed in the numerical model, particularly the absence pre-tightening in the bolts, may
have resulted in an underestimation of the joint's capacity. Conversely, as previously discussed,
for the geometry utilising M10 bolts, the assumption that the outer straps are bonded to the
central beams results relatively close values to the experimental ones. This finding indicates
that the torque applied during the fabrication process was likely to have been high. However, a
similar conclusion can be drawn from the numerical results as was observed from the
experimental data, according to which the implementation of M10 bolts results in a significant
increase in joint stiffness. Nevertheless, this does not result in a substantial enhancement in its
load capacity.
Table 41 - Mechanical properties of the bolted double strap joint with M6 bolts

Properties E [MPa] P ax [N]
Experimental 1429.4 22740.5
Numerical analysis 1230.9 20219.1
Variation -13.89% -11.09%
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Table 42 - Mechanical properties of the bolted double strap joint with M10 bolts

Properties E [MPa] Pax [N]
Experimental 4088.2 23584.0
Numerical analysis 4177.3 23149.1
Variation +2.18% -1.85%

Table 43 presents the values of E and P,,,, that have been obtained through experimental and
numerical analysis for the double strap joint with M4 fasteners. Table 44 presents the
corresponding values for the double strap joint with M6 fasteners. For both geometry variants,
there is a high degree of correlation between the experimental and numerical results. As
previously mentioned, the numerical values of £ and P, tend to exceed experimental ones to
a slight degree, primarily due to the absence of damage evolution in the model. A comparison
of the numerical results indicates that the utilisation of M6 fasteners results in an enhancement
of the mechanical properties of the joint. In addition, numerical and experimental data
demonstrate that this configuration provides comparable properties to those of adhesive-
based joints, despite the absence of any adhesive.

Table 43 - Mechanical properties of the double strap joint with chamfer using M4 fasteners

Properties E [MPa] Pax [N]
Experimental 3148.9 26204.5
Numerical analysis 3615.0 28257.7
Variation +14.80% +7.83%

Table 44 - Mechanical properties of the double strap joint with chamfer using M6 fasteners

Properties E [MPa] P nax [N]
Experimental 3491.3 28356.9
Numerical analysis 3821.6 33014.9
Variation +9.46% +16.43%

Finally, based on the experimental and numerical results, the simple laminate joint, laminate
joint with junction alignment, and the double strap joint with chamfer are recommended for
implementation in the studied pallet and for future applications.

3.5. Cost and sustainable analysis

Cost analysis

Once the experimental and numerical analysis provided the best geometries joint referring to
the mechanical properties and the fabrication procedure, a more advanced cost analysis is
conducted. The cost analysis follows the NEFAB'’s standard, which divides the cost in two parts:

e Direct material (DM), which determines the cost of the material used, based on the
volume (m3) produced;
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e Direct labour (DL), which is divided into cutting process, assembly process, and it also
includes the setup, which is divided by the five specimens of each joint.

To undertake the requisite cost calculations, NEFAB provides the constants (Table 45) related
to the cost of wood and plywood per cubic metre, in addition to the labour and setup costs. The
processes involved in the production of the specimens are cutting and assembly, expressed
respectively in m3/h and h/board. It is important to note that the cost of connection elements,
such as bolts, wooden fasteners and adhesives, is not considered, as their impact on the overall
cost is negligible. Another salient point is the average material waste. This value is utilised in
the calculation of the necessary material quantity to produce the specimen, as it is inevitable
that a certain amount of waste will be generated.

Table 45 - Constants for the cost analysis

Constants Wood Plywood

Cost [€/m?] 280 690

Cutting time [m3/h] 1 0.25
Average waste 15%

Assembly time [h/board] 0.025 0.042
Labour cost [€/h] 23.5
SETUP time [h] 0.17
SETUP cost [€] 7.99

Starting with the determination of the DM cost, it is necessary to calculate the cost of the
different materials used in the joints. Based on the dimensions of the various components
presented in Table 7, the volume of wood and plywood in each joint can be determined.
Subsequently, using equation 8, a waste factor is applied, since the volume required for
production is greater than that of the final joint

Joint material volume (8)

Production volume =
1 — Average waste

After the determination of the production volume for each material, the material cost can be
multiplied by the respective material cost. Consequently, Table 46 presents both the production
volume and the final cost of a joint, with the total value calculated by summing the individual
costs of each material.

Table 46 - Production volumes per material and DM cost per specimen

Wood Plywood
- - DM cost per
Geometry Production volume Production volume ]
specimen
[mm?3] [mm?3]
80x70 mm? wooden
0.0105 - 0.59 €
beam
100x80 mm?
0.0151 - 0.84 €

wooden beam
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Table 46 - Production volumes per material and DM cost per specimen (Continued)

Simple laminate
int 0.00753 0.00226 0.73 €
joi

Laminate joint with
) . . 0.00753 0.00226 0.73 €
junction alignment
Double strap joint 0.0179 - 1.00 €

Fastened double

. 0.0316 - 0.89€
strap joint
Bolted double strap
. 0.0241 0.00452 0.99€
joint
Double strap joint
0.0452 - 1.26 €

with chamfer

Following the calculation of the DM cost, the subsequent step is to determine the DL cost. The
cost of the DL is divided into three constituent parts: cutting, assembly, and setup cost. The
calculation of cutting cost is achieved by using equation 9, in which the previously calculated
production volume is used. In the subsequent step of the process, the assembly cost is
determined using equation 10. This equation is based on the joint component quantities listed
in Table 7, which are then multiplied by the number of specimens produced. Finally, the setup
cost is obtained by summing the setup values for cutting and assembly from Table 45, and then
dividing this total by the number of specimens produced.
Production volume

Cutting cost = - Labour cost 9
g Cutting time ®)

Assembly cost = Part quantity - Number of specimens - Assembly time - Labour cost (10)

Following the calculation of the cutting, assembly, and setup costs, the total DL cost can be
obtained by summing these values. To determine the DL cost per joint, it is necessary to divide
the total by the number of specimens produced. Table 47 presents the DL cost per specimen.

Table 47 - DL cost per specimen

Geometry DL cost per specimen
80x70 mm? 0.96 €
100x80 mm? 0.98 €

Simple laminate joint 3.14 €
Laminate joint with junction alignment 3.73 €
Double strap joint 2.75€

Fastened double strap joint 2.50€
Bolted double strap joint 331€
Double strap joint with chamfer 1.95€

Following the determination of the material, labour, and process costs per specimen, the total
cost can be calculated. Table 48 presents the final cost per specimen for each geometry.
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Table 48 - Final cost per specimen

Case Final cost per specimen
80x70 mm? 1.55€
100x80 mm? 1.82 €
Simple laminate joint 3.87€
Laminate joint with junction alignment 4.46 €
Double strap joint 3.76 €
Fastened double strap joint 3.39€
Bolted double strap joint 430€
Double strap joint with chamfer 3.21€

Finally, once having the overall cost per specimen for each geometry, the most financially viable
option can be identified. The 80x70 mm? and 100x80 mm? wooden beams are not included in
this analysis, as they do not constitute joint configurations. As previously mentioned,
connectors such as nails, bolts, and adhesive are excluded from the cost analysis due to their
negligible impact. It is evident, upon consideration of the aforementioned factors, that the
double strap joint with chamfer demonstrates the most cost-effective solution when compared
to other geometries. Meanwhile, the most used joint geometry at NEFAB, the simple laminate
joint, is the third most economical option. Consequently, the double strap joint with chamfer is
identified as the most financially viable geometry and recommended to the company for
implementation in the large dimension pallet.

Sustainable analysis

Following a cost analysis of each joint, a sustainability assessment was conducted utilising the
GreenCalc® software. In this instance, the global pallet illustrated in Figure 40 is taken into
consideration, with the type of joint being the only variable altered, with the objective of
isolating the environmental impact of the pallet based on the different types of joints. It is
hypothesised that the transportation of two pallets from Portugal to France (1350 km) is
undertaken exclusively by truck, with both pallets being shipped simultaneously. To proceed
with the project, it is necessary to determine the mass of each material used in the pallet. Table
49 presents the mass of each material, as well as the total mass of the pallet, which were
determined using IRON CAD® functionalities. It is important to note that nails are excluded from
the calculation due to their negligible mass compared to the other components. Furthermore,
the analysis is confined to joints that utilise M6 wooden fasteners and M6 bolts, as these are
the most prevalent sizes within the NEFAB range.

Table 49 - Mass per joint and total mass of the palette per joint

Case Wood Plywood Steel Total

Simple laminate joint 506 kg 6 kg - 512 kg
Laminate joint with junction alignment 506 kg 6 kg - 512 kg
Double strap joint 666 kg - - 666 kg

Fastened double strap joint 664 kg - 1kg 665 kg
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Table 49 - Mass per joint and total mass of the palette per joint (Continued)
Bolted double strap joint 660 kg 6 kg 4 kg 670 kg
Double strap joint with chamfer 668 kg - 2 kg 670 kg

It is therefore possible to utilise GreenCalc® to ascertain the most sustainable joint geometry.
In this context, geometries with lower mass are hypothesised to have a lower environmental
impact. Consequently, the following geometries are compared to the simple laminate joint, as
it consistently demonstrated robust performance throughout the study and possesses the least
mass. It should be emphasized that the laminate joint with junction alignment possesses
equivalent mass to that of the simple laminate joint. Thus, a joint analysis is performed with
these two cases. Figure 114 thus provides a comparison between the simple laminate
joint/laminate joint with junction alignment and the double strap joint. The results demonstrate
that the simple laminate joint results in an CO,e reduction of approximately 29% compared to
the double strap joint.

Products shipped per year Annua

NEm i o

Packaging Carbon Footprint (PCF)

-29%

ironmental Savings

Logistics flow CO0, reduction equivalence
> 66 Tree seedling
> // 3 Landfill

p
Portugal i
od L—
\ 3819kg

0% reduction " @ &)

> & L Co2 reduction

@ Eedot e = -1 ton
& - > @ aciagng = 2 s
p Proposed:
100% ./ p
666 kg wood

‘ Total of 666 kg

Current:
506 kg wood
6 kg plywood
Total of 512 kg
SimaPro - Current  Proposed

France

Figure 114 — GreenCalc® comparison between simple laminate joint/laminate joint with junction
alignment and double strap joint.

Figure 115 presents a comparison between the simple laminate joint/laminate joint with
junction alignment and the fastened double strap joint. It can be observed that, in this case, the
fastened double strap joint presents an increase in CO.e of 31%, when compared to the simple
laminate joint/laminate joint with junction alignment. This outcome serves to further
substantiate the finding that the simple laminate joint remains the most sustainable options.

Figure 116 presents a comparison between the simple laminate joint/laminate joint with
junction alignment and the bolted double strap joint. It can be observed that, in this case, the
bolted double strap joint presents an increase in COze of 39%, when compared to the simple
laminate joint/laminate joint with junction alignment. This finding provides further evidence
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that the simple laminate joint/laminate joint with junction alignment remains the most

sustainable options.

SAVING RESOURCES
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Products shipped per year

50
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Portugal

l

100%

l

France

ered
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® Pckaging - -4ton

Current Proposed

Figure 115 — GreenCalc® comparison between simple laminate joint/laminate joint with junction

alignment and fastened double strap joint.
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Figure 116 — GreenCalc® comparison between simple laminate joint/laminate joint with junction

alignment and bolted double strap joint.
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Figure 117 presents a comparison between the simple laminate joint/laminate joint with
junction alignment and the double strap joint with chamfer. It can be observed that, in this case,
the double strap joint with chamfer presents an increase in COze of 34%, when compared to
the simple laminate joint/laminate joint with junction alignment. This further demonstrates
that the simple laminate joint/laminate joint with junction alighment continues to be the most
sustainable options.

Products shipped per year Annual Environmental Savings

NEm o o
IV

Packaging Carbon Footprint (PCF)

3600 —
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grown for 10 years

Landfill
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© ()

0% reduction
Co2 reduction

Portugal

® Endoflife « -1 t1ons

@ Packsging = -4 tons
100% Proposed:
“e68kgwood
l 1.8 kg Steel rack,
galvanized
“Total of 669,8 kg
Current:
France W
“6kgplywood
. TTotal of 512 kg
SimaPro _— Current Proposed

Figure 117 — GreenCalc® comparison between simple laminate joint and double strap joint with
chamfer.

As demonstrated by the sustainability analysis of the joints, it can be concluded that the simple
laminate joint and the laminate joint with junction alignment exhibit significantly lower values
of CO,e emissions. This result makes these geometries the most sustainable options.
Conversely, the joint exhibiting the highest CO,e emissions is the bolted double strap joint.

3.6. Final proposal

Having completed the cost and sustainable analysis, the next step is to synthesise all the
information obtained from the experimental, numerical, cost, and sustainable analyses to
identify the optimal option for the pallet under study, as well as for future pallet designs. To
facilitate the comparison, Table 50 presents the properties obtained from both experimental
and numerical analyses, along with the cost determined in the previous section.
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Table 50 - Summary of the experimental and numerical results and the cost per specimen of each
geometry

Experimental Numerical
Case Geometry Cost
E[MPa] P, [N] E[MPa] P, [N]

80x70 mm?

3822.0 31667 3901.2 36495 1.55€
wooden beam

100x80 mm?

5354.9 39020 5497.4 49036 1.82 €
wooden beam

Simple laminate
oint 4360.4 29812 4935.3 33635 3.87€
join

Laminate joint
with junction 3780.7 28374 4736.7 34332 4.46 €

alignment

Double strap joint  » <iir’ 31339 22712 3844.1 28590 3.76 €

Fastened M4 | 64611 7368 830.11 10284

double ; /],;-;/, > 3.39€
strapjoint g . 10101 8617 11754 12007

Bolted M6 1429.4 22741 1230.9 20219

double 430€
strap joint  M10 ‘ 4088.2 23584 41773 23149

Double M4 3148.9 26205 3615.0 28258
strap joint Gy P 3.21€
chamfer M6 ~/ 3491.3 28357 3821.6 33015

A comparison of the different geometries reveals that the simple laminate joint offers good
mechanical properties at an acceptable cost and presents a low environmental impact
compared to the other geometries. The laminate joint with junction alignment demonstrates
enhanced ductility, attributable to the joint alignment. However, this characteristic is
accompanied by a marginal reduction in load capacity and an increase in manufacturing cost of
approximately 15.2% in comparison with the simple laminate joint. Among the other
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geometries, the double strap joint with chamfer is distinguished by its cost-effectiveness, as it
is the most economical to manufacture, but presents an increase of 34% of CO.e during
transportation, as seen before. It also exhibits commendable mechanical properties and a load
capacity that is closely comparable to that of the simple laminate joint.

In conclusion, the study demonstrated that the simple laminate joint and the double strap joint
with chamfer using M6 connectors were the two most relevant geometries, in terms of both
mechanical performance and cost, but the laminate joint distinguish by his environmental
impact. On the other hand, since the double strap joint with chamfer only presents one type of
material (wood) and no adhesive, disassembly and recycling at the end of its life cycle is easier.
Furthermore, the double strap joint with chamfer can potentially present higher mechanical
properties if combined with adhesive. Thus, the double strap with chamfer can become the
most advantageous geometry if the use of adhesive brings higher mechanical properties. Once
this option is not one the cases of the study, the simple laminate is the recommended joint for
the studied pallet and for possible future nonstandard pallets.
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4.1. Final conclusions

The main objective of this work was to respond to the large pallet’s problems, due to the
dimensional constrains of the wood-based components. The focus was the study of different
geometries and methods to join two wooden components, to create the desired length.

Initially, a comprehensive literature review was conducted, forming a robust foundation by
abording key aspects of the packaging industry, product development, and sustainable pallet
design. This review was imperative in guiding subsequent experimental and numerical phases
of the research. Moreover, NEFAB Portugal faces practical challenges related to standard wood
beam dimensions, which frequently exceed market standards. These dimensional constraints
necessitated investigating joint geometries as a practical solution to produce large dimensions
pallet structures. Thus, the study specifically focusses on a 10 m long pallet currently under
development by NEFAB Portugal.

The experimental phase consisted of static bending tests (three-point bending tests) carried out
on six distinct joint configurations. Each configuration was prepared according to realistic
production standards at NEFAB Portugal, closely simulating actual pallet conditions rather than
idealised laboratory conditions. The mechanical performance, including E, P4, and failure
mode, was evaluated and then compared between the different geometries. Among all tested
configurations, the simple laminate joint exhibited the greatest mechanical strength,
demonstrating the highest E, P,,,, and consistent reliability under test conditions, clearly
surpassing the other configurations.

After, a FEA was conducted to support the experimental results. One of the most important
parts of the modelling procedure is the correct definition of the materials properties. However,
a literature review was first conducted to find the materials properties of the wood, plywood
and adhesive, since the supplier do not present enough information about the mechanical
properties. An inverse method was used of the different materials, which will allow to more
accurately represent the real material behaviour. After the property’s determination, the FEA
for all the geometries can be conducted. The results from the FEA, such as E and P,,,,, are then
directly compared to the experimental ones. As for the experimental results, the simple
laminate joint presents the best mechanical properties and is the recommended joint for large
dimension pallets at this point. It is noteworthy that the double strap joint with chamfer also
presented good mechanical properties without the use of adhesive, which can be an advantage.
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Finally, cost and sustainability analyses were conducted using the GreenCalc® tool providing
essential information into the economic and environmental implications of each joint
geometry. As previously referred, the double strap joint with chamfer does not have an
adhesive layer, which simplifies the disassembly process for recycling. But, based on the
GreenCalc® results, the double strap joint with chamfer presented an increase in the CO,e of
34% compared to the simple laminate joint. Thus, the simple laminate joint again emerged as
the optimal solution, offering substantial advantages in terms of cost-effectiveness, ease of
manufacture, efficient material use, and reduced environmental impact. Consequently, this
joint represents a highly viable and sustainable option for large dimensions pallet production.

4.2. Limitations and future work

Following the conclusion of the study, its limitations and opportunities for future research could
be identified.

The initial major challenge was related to the use of orthotropic materials and adhesive in the
numerical model. It is evident that both solid wood and plywood exhibit orthotropic behaviour,
which complicates the accurate determination of their material properties. It is noteworthy that
even wood from the same tree can exhibit divergent properties depending on the region of the
trunk and the moisture content. Furthermore, given the lack of linearity exhibited by these
materials, the employment of more advanced modelling approaches, such as damage
evolution, is necessary to more accurately capture their mechanical response. About the
adhesive, cohesive behaviour was initially considered in this study. However, due to
convergence issues in the numerical model, simplifications had to be made, and the adhesive
was ultimately modelled as a solid, homogeneous material.

In consideration of these limitations, a study could focus on the joint geometries that
demonstrated optimal performance in the present study, namely the simple laminate joint, the
laminate joint with junction alighment, the double strap joint, and the double strap joint with
chamfer. For these joints, a more detailed FEA could be carried out, incorporating advanced
damage modelling techniques.

A subsequent study could be the chamfers impact in the joints. Based on this study, it is evident
that the double strap joint with chamfer exhibited satisfactory mechanical performance when
utilising wood exclusively and employing no adhesive. Consequently, it would be interesting to
investigate alternative types of chamfers, incorporating both adhesive and non-adhesive
applications, with the objective of expanding the NEFAB database.

Finally, a study could be carried out to replicate the joints analysed in this study but using
laminated veneer lumber (LVL) instead of solid wood and plywood, since LVL presents higher
structural strength and stiffness compared to plywood, although it is more expensive. As a
result, it would be possible to directly compare this solution with the current results and assist
in evaluating the potential of LVL in such applications.
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Appendix A

Table A.1 - Resulting cases of the 3-point bending test of the 80x70 mm? wooden beams

Specimen Front Back

Table A.2 - Resulting cases of the 3-point bending test of the 100x80 mm?2 wooden beams

Specimen Front Back
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Appendix

Table A.2- Resulting cases of the 3-point bending test of the 100x80 mm? wooden beams (Continued)

3
4
5
Table A.3 - Resulting cases of the 3-point bending test of the simple laminate joint
Specimen Front Back
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Table A.3 - Resulting cases of the 3-point bending test of the simple laminate joint

Table A.4 - Resulting cases of the 3-point bending test of the laminate joint with junction alignment

Specimen Front Back
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Table A.5 - Resulting cases of the 3-point bending test of the double strap joint

Specimen Front Back
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Appendix

Table A.6 - Resulting cases of the 3-point bending test of fastened double strap joint (M4)

Specimen Front Back

Table A.7 - Resulting cases of the 3-point bending test of fastened double strap joint (M6)

Specimen Front Back
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Appendix

Table A.7- Resulting cases of the 3-point bending test of fastened double strap joint (M6) (Continued)
z—-
-
| - -

Table A.8 - Resulting cases of the 3-point bending test of the bolted strap joint (M6)

Specimen Front Back
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Appendix

Table A.8- Resulting cases of the 3-point bending test of the bolted strap joint (M6) (Continued)

3
4
5
Table A.9 - Resulting cases of the 3-point bending test of the bolted strap joint (M10)
Specimen Front Back
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Table A.9 - Resulting cases of the 3-point bending test of the bolted strap joint (M10) (Continued)

Table A.10 - Resulting cases of the 3-point bending test of strap joint with chamfer (M6)

Specimen Front Back

| -
-

3

-—
‘

Table A.11 - Resulting cases of the 3-point bending test of strap joint with chamfer (M10)

Specimen Front Back

1
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Table A.11 - Resulting cases of the 3-point bending test of strap joint with chamfer (M10) (Continued)
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