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ABSTRACT 

 

 

 

 

Bone Tissue Engineering (BTE) scaffold is one of the methods used to repair bone 

defects caused by various factors. According to modern tissue engineering technology, 

three-dimensional (3D) printing technology for BTE provides a temporary basis for 

the creation of biological replacements. Based on the generated 3D BTE scaffolds 

from previous studies, environmental impact assessment has received less attention in 

research. Therefore, this research aimed to develop a Life Cycle Assessment (LCA) 

Model or cradle-to-grave technique for 3D BTE scaffold system boundary from raw 

material production, printing process, transportation to use and product disposal. 

Meanwhile, the digital light processing (DLP) 3D printing technology was used as the 

manufacturing process in the system boundary. The analysis of the LCA model was 

conducted using GaBi software. The parameters for the developed LCA model were 

determined by the system boundaries of DLP 3D printing technology. All emissions 

were identified such as emissions to air, freshwater, seawater, and industrial soil. From 

the output relative value emissions, it showed that the electricity grid mix contributed 

the highest emissions to deposited goods, air, fresh water and sea water. Meanwhile, 

the highest emissions to agricultural and industrial soil was from ethylene glycol and 

plastic waste on landfills. From the analysis, it showed that the Abiotic Depletion 

Potential (ADP) fossil has the highest value of 17.043 Mega Joules (MJ) with 96.35% 

for potential environmental impacts among others. Therefore, the results are expected 

to be used for improving the performance on the material and manufacturing process 

of the product life cycle. It is also to make the production process more 

environmentally friendly. 
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ABSTRAK 

 

 

 

 

Perancah kejuruteraan tisu tulang adalah salah satu kaedah untuk memperbaiki 

kecacatan tulang yang disebabkan oleh pelbagai faktor. Menurut teknologi 

kejuruteraan tisu moden, teknologi pencetakan tiga dimensi (3D) untuk kejuruteraan 

tisu tulang menyediakan asas sementara untuk penciptaan penggantian biologi. 

Berdasarkan kajian terdahulu tentang perancah kejuruteraan tisu tulang 3D, penilaian 

untuk menilai kesan persekitaran mendapat perhatian yang kurang dalam 

penyelidikan. Oleh itu, penyelidikan ini bertujuan untuk mengembangkan model 

penilaian kitaran hidup (LCA) untuk perancah teknik tisu tulang teknologi percetakan 

3D. Selain itu, projek ini menyajikan teknik analisis LCA dari “cradle-to-grave” 

untuk menilai kesan persekitaran yang berpunca dari pengeluaran bahan mentah, 

proses pencetakan, pengangkutan hingga penggunaan dan pelupusan produk. 

Seterusnya, teknologi pencetakan 3D pemprosesan cahaya digital (DLP) digunakan 

sebagai sistem sempdan bagi proses pembuatan ini. Analisis kajian ini dijalankan 

berdasarkan model LCA melalui aplikasi perisian GaBi. Parameter untuk model LCA 

ini juga ditentukan oleh batasan sistem teknologi percetakan 3D DLP. Semua 

pelepasan proses telah dikenal pasti iaitu pelepasan ke udara, air tawar, air laut, dan 

tanah industri. Pelepasan nilai relatif keluaran menunjukkan nilai campuran grid 

elektrik menghasilkan nilai pelepasan yang tertinggi kepada bahan tersimpan, udara, 

air tawar dan air laut. Selain itu, nilai pelepasan tertinggi kepada tanah pertanian dan 

tanah industri berpunca daripada etilena glikol dan sisa plastik di tapak pelupusan 

sampah. Analisis juga menunjukkan bahawaADP fosil menunjukkan nilai tertinggi 

untuk kesan nilai persekitaran dengan 17.043 MJ dan 96.35% dibandingkan dengan 

kesan persekitaran yang lain. Oleh itu, keputusan analisis data yang diperolehi 

diharapkan dapat digunakan untuk meningkatkan prestasi pada proses bahan dan 

pembuatan kitaran hidup produk. Ia juga membantu menjadikan proses pengeluaran 

lebih mesra alam. 
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CHAPTER 1 

 

 

 

 

INTRODUCTION 

 

 

 

 

1.1 Background of Research 

 
In the mid-1980s, additive manufacturing evolved and benefited from faster 

processing of products without the need for specialized tooling or dies. The use of 

additive manufacturing technology has become popular and proven ideal for Bone 

Tissue Engineering (BTE) (Bose et al., 2013). Tissue engineering continues to evolve 

to develop biological substitutes to restore, replace or regenerate defective tissues. 

Development of tissue is vital in directing biological functions. Cells, scaffolds and 

growth-stimulating signals are the key components of tissue engineering. Scaffold is 

typically made of polymeric biomaterials that provide structural support for cell 

attachments and subsequent tissue development (Chan & Leong, 2008). Since scaffold 

provides structural support for cells, the design properties are the key factor in BTE, 

and represent more than just a passive component. It will control cell and tissue growth 

by balancing mechanical functions (Butscher et al., 2011). In a previous research, Cao 

et al., (2015) stated that the regeneration of bone is complex as it involves number of 

molecular, cellular, biochemical and mechanical cues. Appropriate macro and 

microstructures are key features, and it could influence cell penetration, transportation 

of gases and nutrients. Tissue engineering in additive manufacturing is the bioprinting 

process combining tissue engineering and additive manufacturing technology. The 

process of joining materials to create objects from layer-by-layer 3D model data is 

called three dimensional (3D) printing, or also known as additive manufacturing and 

rapid prototyping.  
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Additive manufacturing (AM) or Rapid Prototyping (RP) was developed in late 

1980s and usually synonymous with AM in non-technical areas. It is a versatile 

technique to fabricate a wide variety of materials that can be used in many industrial 

applications such as BTE. 3D printing has attracted interest in biomedical field in terms 

of its versatility, ease of use and precise controls of the fabrication process. 3D printing 

is considered as the most advantageous techniques in fabricating tissue engineering 

scaffolds as it prints macro- micro structures that mimic the multi-scale structure of 

human body tissues (Cao et al., 2015). 3D technology has evolved throughout the 

years; hence, its manufacturing process has affected environmental ecosystem. Many 

researchers have begun to focus on environmental impact, and thus studies related to 

standard method to evaluate the inherent impacts have gained attention among 

researchers. 

Life Cycle Assessment (LCA) is one of the standard methods for 

environmental impact assessment and has been applied to existing or established 

product systems. It is a technique to evaluate the potential environmental impact 

associated with all the stages of the product life from raw material extraction through 

materials processing, manufacture, distribution, usage, maintenance, and disposal or 

recycling (Loiseau et al., 2018). The purpose of LCA analysis is to understand the 

matter and energy flows which are assignable to products and services by quantifying 

all the inputs and outputs of materials flow, and also to find out what are the 

environmental critical points and prevent them from using other materials or systems 

(Beltran et al., 2018). This research employed the ISO 14040:2006 to ensure that the 

standard LCA results were obtained. In addition, Gabi software was used for the 

development of LCA model as well as for obtaining the potential environmental 

impacts. It provides several benefits in conducting LCA analysis and provides a 

platform to conduct the analysis with wide range of features and capabilities even for 

model complex. Incorporates with Life Cycle Inventory (LCI) data, it give access to 

detailed information on materials, process and products. With its wide application, 

many organizations and industries start to assess this software in order to support 

sustainable decision of environmental impacts. 
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1.2 Problem Statement 

 

LCA has been applied to various products or services to assess their potential 

environmental aspects. Numerous researches have emphasized the use of LCA for life 

cycle and environmental performance of product. Among those studies are 

Labuschagne & Brent, (2005) and Mannheim & Simenfalvi, (2020) who proposed 

improvement at various stages to encourage closed loops in industrial systems by 

reducing waste, raw materials and energy inputs. The LCA model displays the emission 

and environmental impacts during the entire life cycle of a product. Khasreen et al., 

(2009) reviewed LCA from a building perspective attenuating its importance as a 

decision making support tool. LCA is a tool to evaluate potential environments for the 

manufacturing and also construction industries. The Identification of potential 

improvements during the design phase allows the designers to clarify the activities 

involved in product development and detect the activies that govern the environmental 

impact of a product (Penciuc et al., 2016). Studies on LCA of 3D technology are still 

scarce, but there was research on LCA of 3D printed technology conducted by Cerdas 

et al., (2017) focusing on products manufactured in a distributed manufacturing 

system. However, no studies have been found specifically on the environmental 

assessment of 3D BTE scaffold. The development of the LCA model is able to evaluate 

the possible environmental impacts associated with all phases of the life cycle of the 

product. 

The 3D BTE scaffold is one of the latest technologies to recover bone defects 

generated from various causes. BTE has been constantly evolving since the tissue 

engineering idea was proposed. Bose et al., (2013) summarized a few selected 

material-binder system combinations for bone scaffolds using 3D printing technology. 

The development of 3D bone scaffolds LCA involves the stage of material selection 

and manufacturing process that contribute to environmental exposure from energy 

consumption and emission to land, water, and air. Saade et al., (2020) explained that 

careful measures in 3D printing are mostly focused on its energy performances; 

therefore, the environmental performance of the product needs to improve at various 

points in the life cycle of the proposed tissue engineering scaffold'. Ford and Despeisse 

(2016) justified that additive manufacturing provides opportunities to improve 

resource efficiency through technical approaches, and this statement is also approved 

by Smith et al., (2007). In other studies, Butscher et al., (2011) and Moncal et al.,
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 (2018) focused on a wide variety of materials used in 3D printing from synthetic and 

natural polymers to ceramics as well as composite ink solutions. Most of the previous 

research has discussed the fabrication of BTE through the 3D printing process, but 

they did not emphasize the environmental impacts of BTE scaffold process and 

product life cycle. Thus, this research proposed the development an LCA model to 

analyze the potential environmental impacts of 3D BTE scaffold using GaBi software. 

 

1.3 Research Objectives 

 

The objectives of this research are: 

i. To develop an LCA model for 3D BTE scaffolds from cradle-to-

grave of system boundary. 

ii. To identify the environmental impacts for the whole life cycle model 

of 3D BTE scaffolds by using GaBi software. 

iii. To determine the factors that contribute the most to the environmental 

potential impact. 

 

1.4 Research Scopes 
 

The scopes of this research are as follows: 

i. This research uses cradle-to-grave LCA analysis technique to assess 

the environmental impacts covering material selection until the End 

of Life (EOL) cycle of 3D BTE scaffolds. 

ii. The analysis of LCA model is conducted using GaBi software. 

iii. This research focuses on the environmental impacts in Abiotic 

Depletion Potential (ADP) Fossil, Global Warming Potential (GWP), 

Acidification Potential (AP), Eutrophication Potential (EP) and 

Human Toxicity Potential (HTP). 

 

PTTA
PERP

UST
AKA
AN 
TUN
KU T

UN 
AMI
NAH



5  

1.5 Significance of Research 

 

LCA is one of the tools that help a product manufacturing process flow. In this 

research, LCA was used to identify the potential environmental impacts related the 3D 

BTE scaffold. Factors affecting the environmental aspects included raw material, 

energy consumption, manufacturing process and waste in the entire life cycle to sustain 

environment factors. By controlling and identifying the entire life cycle of the product, 

it may lead to a sustainable manufacturing process. 

GaBi software as one of the models uses in this research has benefit the user in 

providing extensive database while constantly updating life cycle inventory data. A 

complex life cycle models for product or process are easily can be create which enable 

users to assess environmental impacts from different regions. Moreover, application 

of GaBi software allowing to interpret the impacts of parameter assumptions and input 

data on LCA results while helps in identifying the uncertainties and variability within 

LCA model. 

This research identified LCA impacts to society, environment and industry. 

Additive manufacturing has been applied in different sectors such as aerospace, 

manufacturing and healthcare industries. According to Ford & Despeisse, (2016), 

additive manufacturing in 3D BTE promises a future where the value chain is shorter, 

smaller, more localized, more collaborative, and offers significant sustainability 

benefits. It also has potential sustainability advantages such as less material wastage 

during the manufacturing process, ability to optimize geometry, and reduce energy 

consumption and transportation costs. 3D printing helps medical industry especially 

in orthopedic implants and medical devices with biomaterials that are a purely 

sustainable process. There are several LCA studies on different types of biomaterials 

and manufacturing methods. It has been reported that 3D technology using 

biomaterials showed lower environmental impacts in the fabrication of orthopedic 

implants and medical devices (Yadav et al., 2020). 
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1.6 Summary 

 

This chapter explained research background related to the 3D BTE scaffolds and 

methods to assess potential environmental impacts via the LCA model. To identify the 

environmental impact, the stage of 3D BTE scaffolding requires the involvement of 

raw material production, pre-manufacturing stage, printing process, transportation 

until the end of the product life cycle which included the use and disposal of the 

product. The implementation of LCA will help to identify the potential environmental 

impacts and the weak areas related to environmental aspects. Therefore, tissue 

engineering scaffold technology can be improved to reduce the environmental burden. 
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CHAPTER 2 

 

 

 

 

LITERATURE REVIEW 

 

 

 

 

2.1 Introduction 

 

This chapter describes relevant literature for each subtopic in this research. It 

includes detailed concepts regarding LCA studies from previous research. In addition, 

this chapter explains in detail about 3D printing technology especially for the 3D BTE 

area. 

 

2.2 Life Cycle Assessment (LCA) 

 

LCA is one of the methods to evaluate the environmental impact. According to 

Sonnemann et al., (2004), LCA has been developed to analyzing the environmental 

performance of a product, determine its present status, and enable future 

improvements. According to the ISO 14040:2006, LCA is a tool for assessing the 

potential environmental aspects and potential aspects associated with a product or 

service. It is by compiling an inventory of inputs and outputs, evaluating the potential 

environmental impacts with those of inputs and outputs, and interpreting the results 

concerning the objectives of the study (ISO, 2006). LCA must be organized by 

dividing the manufacturing process into well-defined sections or phases, then 

identifying afterwards the part of the process responsible for each environmental 

effect. The early application of LCA helps to gain an insight of environmental 

performances and potential challenges at early stages (Yao et al., 2020). 
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The focus throughout the entire life cycle includes extraction resources, 

processing raw materials through manufacturing process, and final process in products 

disposal. Resource extraction in the product life cycle can be identified and quantified 

as energy released into air, water and soil. All of the resource extraction can cause 

environmental emissions. The emissions that have been quantified represent the sum 

of impacts from emissions then hit different ecosystems in different parts of the world 

and reflect the potential contributions to actual impacts to the environment (Finnveden 

et al., 2009). 

There are two common types of uses in LCA, namely general uses and 

particular uses. For general use, it helps to compare alternative options and identify 

points for environmental enhancement. It also counts on a global perspective and is 

able to understand environmental consequences of human activities. Moreover, the 

general use of LCA establishes a picture of the interaction between products and the 

environment, and to support information for identifying environmental improvement 

opportunities. Meanwhile, particular use of LCA helps define the environmental 

performance of a product during its life cycle. Identifying the most relevant steps in 

the manufacturing processes related to a given environmental impact and comparing 

environmental performance with others are also particular use of LCA. 

According to Sonnemann et al., (2004), an overview of the LCA history was 

not easy to describe precisely when studies related to the methodology later known as 

LCA started. One of the first studies was from the work of H. Smith as described by 

Consoli et al., (1994), where the calculation of energy requirements for the 

manufacturing of final and intermediate chemical products entered the public domain 

in 1963. LCA, as an environmental management tool, started in 1960s in different 

ways and with a variety of names, but the concept to explore the life cycle of products 

was initially developed in the United States in the fifties and sixties within the realm 

of public purchasing (Huppes & Curran, 2012). The origin of life cycle thinking has 

become a trademark for the US defense industry, and has been used to consider the 

operational and maintenance costs of systems (Khasreen et al., 2009). Novick (1959) 

stated that the first mention of the life cycle concept was in a report by the RAND 

Corporation that focused on Life Cycle Analysis of weapon system costs. It also has 

its early roots in packaging studies and focused mainly on energy uses and low 

emissions, spurring a largely un-coordinated method development in US and Northern
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Europe (Bjørn et al., 2017). In 1969, Coca-Cola was one of the earliest companies that 

carried out a study to quantify and determine the type of container with the lowest 

environmental effects of packaging. The LCA study was carried out by Midwest 

Research Institute (MRI) (Consoli et al., 1994). 

Over decades, numerous case studies have been carried out by companies and 

organizations to increase environmental awareness to the public. Numerous 

publications and conferences by organizations, such as Society for Environmental 

Toxicology and Chemistry (SETAC) and International Standard Organization (ISO), 

played a role in developing LCA methodology to be used in a practical manner by all 

product and service sectors (Khasreen et al., 2009). From the initiatives to standardize 

the LCA methodology, the most recognized standards were published by the 

International Standard Organization (ISO) (ISO, 2006). The ISO framework in LCA 

is explained in detail in Section 2.2.1, which is the LCA framework and ISO14000 

patterns. 

 

2.2.1 LCA Framework and International Standard 
 

International Standard Organization, (ISO) standardized the LCA methodology and 

technical framework in the 1990s. It is the most recognized standard and followed by 

the entire globe. To date, the development of ISO for LCA methodology continues to 

expand and be revised. The development of ISO for LCA as per below: 

i. ISO14040: Environmental Management LCA, Principles and framework 

(1997). 

ii. ISO14041: Environmental Management LCA, Goal definition and inventory 

analysis (1998). 

iii. ISO14042: Environmental Management LCA, Life-cycle impact   assessment 

(2000). 

iv. ISO14043 Environmental Management LCA, Life-cycle interpretation   

(2000). 

v. ISO14044 Environmental Management LCA, Requirements and guidelines 

(2006). 
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Finkbeiner et al., (2006) mentioned that the publication of new standards, namely ISO 

14040 and ISO 14044, have technically revised and replaced the former four standards 

as written above. However, according to the scope of revision, the core parts of technical 

contents remain unchanged. The two new standards, ISO 14040 and ISO 14044, 

reconfirm the validity of the main technical content of previous standards. 

The steps of LCA are distributed along with ISO patterns: ISO 14044 (2006) 

provides a general framework for LCA; ISO 14041 (1998) explains a guideline to 

determine goal and scope of LCA; ISO 14042 (2000) deals with the life-cycle impact 

assessment step; and ISO 14043 (2002) provides a statement to interpret results from 

LCA and the latest ISO 14044 (2006) mentioned specific requirements and guidelines 

for LCA that illustrate how to apply it proportional to the LCA framework and affect 

the other phases in some way. Figure 2.1 shows the general methodology of LCA 

framework. 

 

Figure 2.1: General Methodological Framework of LCA (Khasreen et al., 2009) 

ISO 14041, in 1998, provided guidelines to determine goal and scope of LCA 

while conducting study. It was designed to obtain the required specifications and 

define the strategic aspects concerning LCA study. There were procedures that needed 

to be followed in the guideline. It is crucial to define the purpose of LCA study to have 

an efficient LCA process, which in turn recognizes the type and quality of the data 

easily. The purpose or goal of LCA will determine what information or what functional 

unit, which is the quantitative reference is needed for the study since it can affect the 

results of LCA (Khasreen et al., 2009). Then, the scope of study identified is able to 

establish spatial limit between product system and its neighborhood. Details of the 

product system will be simplified in drawing, or known as unit process flowchart.  

Impact Assessment 

Inventory Analysis 
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