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Preface 

Sustainable Manufacturing (SM) ensures manufacturing products that are environ-
mentally safe, economically viable, and socially benign. The current technological 
disruptions and pandemic outbursts have kindled the need for transforming the manu-
facturing process to be more sustainable. This book comprehends the progress in 
the field of sustainable manufacturing by addressing the challenges in transforming 
manufacturing processes to be sustainable and factors affecting the sustainability 
of the manufacturing process. This book provides a digital roadmap for ensuring 
sustainability in manufacturing, which helps manufacturing organizations in their 
transformation towards Industry 4.0. 

This book is unique as it focuses on key challenging factors and strategies that 
ensure sustainability across the product lifecycle. This book details the role of 
digital technologies in ensuring sustainability in manufacturing and provides a digital 
roadmap for ensuring sustainability in the manufacturing. 

The first chapter Introduction to Sustainable Manufacturing explains the evolution 
of sustainable manufacturing over the years and need for sustainability. Also, it 
emphasizes the impact of sustainability in manufacturing processes along with tools 
for measuring the impact. 

The second chapter Sustainable Material Selection focuses on processes included 
in sustainable material selection. It analyzes the sequence of processes involved 
in conventional material selection to contemporary processes which focuses on 
sustainability. 

The third chapter Sustainable Product Design for Electric Vehicles concentrates 
towards the shift in manufacturing industry towards e-vehicle manufacturing and 
challenges involved in it. It also deeply analyzes the various kind of batteries involved 
in manufacturing, and its life cycle using various scientific tools from the design stage. 

The fourth chapter Sustainability Assessment of Organizations Based on the Orien-
tations of Product Sustainability gives a sustainability assessment model for manu-
facturing organization by considering manufacturing material, product design, and
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manufacturing methodology changes. The best alternative was identified using 
combination of various tools such as Fuzzy VIKOR, ECQFD, and LCA. 

The fifth chapter Sustainability in Manufacturing focuses on pillars of sustain-
ability (Environmental, Economical, and Social). It discusses about the sustainable 
manufacturing practices related to proper utilization of various resources related to 
manufacturing and role of Industry 4.0 in sustainability 

The sixth chapter Experimental Investigation of Machining NIMONIC 80 Alloy 
by WEDM Process via Multi-objective Optimisation Techniques: A Sustainable 
Approach explains the need for multi-objective optimization techniques in the wire 
EDM process for the selection of optimal parameters in manufacturing process to 
enhance the sustainability in the entire process 

The seventh chapter Prediction and Optimization of Sustainable Production 
Processes for Automotive Components focuses on the sustainable production of 
powertrain using prediction and optimization in manufacturing. Utilizing proper 
materials leads to lesser material wastage and carbon footprint which increases the 
sustainability. 

The eighth chapter A Brief Review of Sustainable Composites for Food Packaging 
Applications presents a detailed review about various sustainable composites used 
for food packaging applications focusing on superior biodegradability, renewability, 
bioavailability, and non-toxicity. This chapter details various biopolymers and their 
various application areas in food packaging 

The nineth chapter Improving the Sustainability of Autogenous Pulsed Current Gas 
Tungsten Arc Welding discusses about optimized utilization of pulsed current gas 
tungsten arc welding considering factors such as peak current, base current, percent 
on-time, pulse frequency, and welding speed. 

The tenth chapter An Integration of Smart Technology in Manufacturing details 
about the need for smart technology inclusive of Industry 4.0 and Big data analytics 
to enhance the sustainability in manufacturing firms. 

The eleventh chapter Embracing New Digital Technologies to Ensure Sustainability 
in Manufacturing explains the various contemporary technologies and their impor-
tance in sustainability. The authors detailed technologies such as cloud computing, 
additive manufacturing, artificial intelligence, and autonomous robots were playing 
a crucial role in sustainable improvement aspects. 

This book will be a useful resource to researchers, students, and sustainability 
practitioners in understanding the recent advancements in the field of sustainable 
manufacturing. Finally, we thank all the authors who contributed to this book and 
the readers who will be using this book. 

Vellore, India 
Vellore, India 
Aveiro, Portugal 

Jayakrishna Kandasamy 
Aravind Raj Sakthivel 

J. Paulo Davim
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Introduction to Sustainable 
Manufacturing 

Hrishikesh Dutta , J. Jayaramudu, Kishore Debnath , 
Deba Kumar Sarma, Pubali Chetia, and S. Periyar Selvam 

Abstract Sustainability refers to the use of available resources in such a way 
that their scarcity does not affect the future generation. Nowadays, another word 
that goes hand in hand with sustainability is “Green”. Though sustainability and 
green have different definitions, they are used synonymously in the context of the 
present scenario in manufacturing. In the manufacturing industry, the application of 
less polluting energy sources, recycling of raw materials, and using processes that 
are less harmful to the environment are some of the methods that can contribute 
toward achieving sustainability. Sustainable manufacturing is a concept that has 
been evolving continuously since its inception. To realize sustainability in manufac-
turing, the idea of sustainability must be accompanied by certain tools and methods 
along with implantation policies. One such method to maintain sustainability is to 
reduce the amount of carbon emission during manufacturing. This chapter discusses 
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different aspects of sustainability in the context of manufacturing. The strategies 
to attain the goal of achieving sustainability in manufacturing have been explained 
elaborately. Moreover, different approaches adopted to maintain sustainability in the 
field of manufacturing have been reviewed and extensively discussed. 

Keywords Sustainable manufacturing · Outcome · Impact · LCA ·Methods ·
Tools 

1 Background and Rationale 

These days, humans are consuming the natural resources available on the earth at 
such a rapid pace that it has become an alarming situation for whole mankind as 
it takes centuries for these resource materials to get generated. From years 1950– 
2005, the worldwide consumption of natural gas and oil increased by 14 times and 
6 times, respectively. If this trend of increasing consumption of natural resources 
continues like this, then our future generation will have to face the unavoidable 
circumstances of the scarcity of resources. Moreover, the lifestyles of the developing 
society around the globe upgraded by the advanced technologies play a vital role 
in maintaining the limit of resource consumption. These all concerns lead to the 
necessity of sustainability which means utilization of the resources in such a way 
that it does not compromise the fate of our future generation. We, humans, must 
be concerned about maintaining the balance of nature keeping the fact in mind that 
nature may be both rigid and fragile at times. The more we exploit nature the more we 
are closing toward the threshold point where the ecological balance will be shattered 
and it will affect every specie on the planet. 

The definition of sustainability was first proposed in the year of 1987 (Brundtland 
report) which mentioned that unwanted changes were occurring in our surroundings 
including the atmosphere, animal habitat, forest, water, and soil [1]. In the context of 
manufacturing industry, a sustainable approach of manufacturing a product encom-
passes the minimization of wastes that are produced during the entire life cycle of 
the product and the reduction of its adverse effects on the environment. 

2 Why Sustainable Manufacturing?

Sustainable manufacturing has emerged as one of the most important areas of research 
during the last few decades. It is a concept that encompasses the design of manufac-
turing processes and products along with their planning and control which lead to 
the identification, quantification, assessment, and management of the manufacturing 
waste flow to the environment with the ultimate aim to reduce the impact on the 
environment while also giving efforts in maximizing the efficiency of the available 
resource on the planet earth.
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Fig. 1 Possible outcome of sustainable manufacturing

The development of a country vastly depends on its manufacturing sector which 
creates numerous opportunities of employment, enhances the standard of living, 
and adds to the growth of the country economically. Therefore, manufacturing is 
regarded as the driving factor for the prosperity and welfare of a society. But, at the 
same time due to its dependency on natural resource consumption and uncontrolled 
generation of wastes and gaseous emissions, manufacturing creates concerns for the 
very existence of our environmental balance. The direct and indirect contribution 
of manufacturing to the depletion of the resources available in the nature leads to 
deteriorating the effect on the health of human and other living beings and most 
importantly it affects the ecosystem. Therefore, there is an urgent need to understand 
and implement the concept of sustainability in the manufacturing sector. The motive 
of sustainable manufacturing is to make products using the minimum amount of 
energy and available resources. Sustainability must be exercised not only during the 
production stage but throughout the whole life cycle of the product. 

Today, from the pen to the airplane, everything needs to be manufactured. In 
fact, it is impossible to imagine a world without manufacturing industry. For every 
manufactured product, we need resources and energy and with each gram of resource 
consumption, there comes the concern over the limited natural resource that is avail-
able on earth. Therefore, it is very important to realize sustainability in the context 
of manufacturing throughout the whole life cycle of the product. Sustainability can 
enhance the efficiency of the manufacturing processes by cutting down the cost that 
is involved in resource and energy consumption and also by reducing the wastes 
involved in a manufacturing process. A manufacturing industry can also avail the 
benefit of less costs involved in different environmental regulatory if it adopts sustain-
ability at the very beginning of its setup. Other benefits of adopting sustainability
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in a manufacturing industry include better hiring of employees and their enhanced 
retention rate. In sustainable manufacturing, the emphasis is also on minimizing the 
number of parts that consumes resources. In other words, we need to optimize the 
use of materials to get the required product which demands more efficient use of 
the available resources. To reduce the harm that a manufacturing process can bring 
upon the environment, sustainable and green manufacturing is the need of the hour. 
Figure 1 presents the possible results of adopting sustainable manufacturing. 

3 Impact of Manufacturing Processes on Environment 

The most concerning effects of manufacturing processes on the environment are 
consumption of natural resources at a rapid pace that may lead to an imbalance 
in nature and also disturb the demand and supply chain, rise in the emission of 
greenhouse gases leading to unwanted changes in the climate worldwide, and increase 
in the industrial waste resulting in environmental pollution. There are many tools for 
assessing the environmental impact of a manufacturing process or a product, carbon 
footprint analysis, the impact equation, and life cycle assessment being a few of 
them. Manufacturers around the globe have started understanding the importance of 
sustainable manufacturing and hence, efforts are being made to counter the issues 
related to environmental impact of the manufacturing industry. But the harsh truth 
is that even if manufacturers succeed in reducing the amount of substances that are 
potential to pollute the environment, it will be a long way to arrive at sustainability. 

3.1 Carbon Footprint Analysis 

The factor that contribute mostly to global warming and climate change is the level 
of emission of carbon and its compound [2]. The rise of the automobile section of 
the manufacturing industry has immensely contributed to the emission of greenhouse 
gases (GHGs) and this is true for the entire world [3]. Carbon foot prints (CF) repre-
sents the amount of carbon emission that are potentially polluting the atmosphere 
during every operation that is performed on a product starting from raw material to 
its disposal. Carbon footprint analysis (CPA) involves the process of determining 
the quantity of GHGs produced during the life cycle of a manufactured product and 
it is presented as equivalent carbon dioxide (eCO2) [4]. The protocol that is to be 
followed regarding emission of GHGs was developed by World Resources Institute 
and World Business Council for Sustainable Development and it is considered as 
the prevalently used standard for the measurement of emission of carbon worldwide 
[5]. In recent times, the concept of CPA has become popular worldwide among the 
general section of people in context of their responsibilities in prohibiting global 
warming [6].
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So, we now understand that CPA is an analytical method to quantify the effect 
of carbon emissions including GHGs produced by various industries or organiza-
tion. For any organization, the emission of GHGs can be categorized as—(a) direct 
emission, (b) indirect emission, and (c) emission due to electricity [7]. 

On a global basis, the production sector is responsible for 20% of overall carbon 
emissions which consumes 54% of the total energy worldwide from various sources. 
Product carbon footprint (PCF) is a concept where the total emission of GHGs is 
measured for a particular product and it is considered as the very initial step towards 
minimizing CF in a manufacturing industry [8]. Some of the most emitted GHGs are 
briefly explained here: 

(a) Carbon dioxide (CO2): CO2 emissions generally result due to burning of solid 
waste, fossil fuels, and products made of wood and tree. It can be also observed 
in the chemical reactions involved in manufacturing of cement. 

(b) Methane (CH4): This gas is released while producing and transporting natural 
gas and coal. It can also be emitted from landfill decay, livestock, and agricultural 
activities. 

(c) Nitrous oxide (N2O): this type of emission is the result of emissions result of 
industrial and agricultural activities. Combustion of solid waste and fossil fuels 
is also a reason for such emission. 

3.2 The Impact Equation 

There is another technique to assess the impact of technology on the environment 
which is known as the impact equation [9]. The main components of the impact 
equation are (i) population (P), (ii) affluence (A) measured by gross domestic product 
per person, and (iii) technology (T) measured as impact per unit of gross domestic 
product. As much cannot be done about population growth and also people cannot 
be discouraged from aspiring for more affluence, the only factor responsible for 
reducing the impact is technology. 

3.3 Life Cycle Assessment 

In order to implement the concept of sustainability in manufacturing emphasis should 
be given to the life cycle assessment (LCA) of the product. LCA is a method applied to 
analyze and quantify the impact of a process, product, or activity on the environment. 
In the beginning of civilization, human used to believe that there was an inexhaustible 
amount of resources on the earth and they had little idea of what consequence their 
daily activities can bring upon the environment. Later, people started to realize the 
limitation of the quantity of available resources that can be used to meet their needs. 
Also, the pollution created by the wastes produced in industries started being noticed 
by people and they started understanding its menacing effect on the environment.
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With time, different tools to study and assess the impact of a product or a process on 
the environment got developed by scientists and researchers, LCA being one among 
them. LCA is used to study the overall impact of any process or product on the 
environment which is the sum of the different stages throughout the whole life cycle. 
According to ISO 14040-14,044, the goal of LCA is to compare the environmental 
performance of products in order to be able to choose the least burdensome. The term 
“life-cycle” refers to the notion that for a fair, holistic assessment the raw material 
production, manufacture, distribution, use, and disposal (including all intervening 
transportation steps) need to be assessed. The concept can also be used to optimize 
the environmental performance of a single product (Ecodesign) or that of a company 
as per ISO 2006 [10]. 

LCA, in fact, is one kind of analysis tool used for the evaluation of the potential 
effect of a material or a product on the environment or the ecological system to be 
precise, right from the production stage to its end of life. It is a tool which is accepted 
internationally from the perspective of environment as it is a holistic approach having 
standardized and scientific methodology. LCA facilitates an assessment of goods, 
products, and services which is systematic and quantitative, in terms of impact on 
environment, human health, and consumption of resources. In Fig. 2, the four steps 
of LCA study according to ISO 14040 are shown. All the inputs and outputs of the 
boundaries of the system are needed to be quantified and they should be assigned to 
the various processes and stages of the products. The typical inputs are raw materials 
and energy and typical outputs are emissions (air, water, and soil) and wastes. The 
basic steps to be followed while performing LCA (according to ISO: 14,044:2006) 
are presented in Fig. 2.

4 Methods and Tools to Maintain and Assess Sustainability 
in Manufacturing 

Although, by now, the importance of sustainability in manufacturing has been under-
stood all over the globe, there must be some well-designed systematic approaches or 
methods that can help a manufacturing industry or organization to fathom the envi-
ronmental impact of any manufactured product or the processes involved in manu-
facturing it and provide a solution to improve its environmental performance. These 
methods and tools help the organization to understand the way the product interacts 
with the environment. These tools are generally termed environment management 
tools. The determination of the effectiveness and wastage resulted from a product by 
considering the inputs given to manufacture it along with the plausible output is also 
important. Moreover, the cost consideration is also an aspect to be considered while 
using these tools. The total cost related to a product consists of the costs related to 
acquiring raw materials, labor cost, cost of using energy, and cost of waste disposal. 
Product life cycle of also an important aspect with respect to its environmental impact. 
It is important for the manufacturers, as well as the users, to understand that short
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Definition of the product system in terms of 
system boundaries and a functional unit 

Data collection and calculation procedures to 
quantify the relevant inputs and outputs of the 
product system 

Connecting inventory data with specific 
environmental impact categories and the 
respective category indicators 

Compilation of findings from both LCI and 
LCIA to provide conclusions and 
recomendations 

1.Goal & Scope 

2.Inventory   Analysis 

3. Impact Assesment 

4. Interpretation 

LCI: Life cycle inventory 
LCIA: Life cycle inventory analysis 

Fig. 2 Steps for LCA study according to ISO: 14,044:2006

life cycle of a product leads to a reduced adverse impact on the environment. The 
processes required to get the desired product can be divided into three phases. The 
first phase is the conceptualization of the required product and then designing it in 
detail. Then, comes the production or manufacturing phase. The last phase is the 
operational use and system support. 

In the manufacturing sector, there is a concept of three “R”s to maintain 
sustainability and those are Reduce, Reuse, and Recycle. 

Reduce: 

(a) We must reduce using non-degradable disposable products. 
(b) We should also try eliminating the excess use of materials for packaging. 
(c) Using soft copy (email) instead of hard copy (paper) when exchanging 

information or data is another important thing to be considered. 
(d) We should opt for buying products that are durable and repairable. 
(e) Increase the efficiency of the raw materials while using them. 

Reuse: 

(a) We should think about how we can reuse waste/scrap materials. 
(b) Try to repair the old instrument or machine rather than buy a new one.
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Recycle: 

(a) We should accustom us to use recycled materials such as plastics, metals, and 
papers. 

(b) Use of hazardous materials or products should be avoided. 

Studies on sustainability reveal that there is a diversity of various approaches 
for developing sustainability assessment tools. In the study carried out by Feng 
and Joung, [11], an analysis of 13 mostly discussed indicators that are used for the 
assessment of sustainability was performed. It was concluded from the study that 
most of those indicators focused on only the externally developed reports and not on 
the internal information that can be used by the decision-makers. In another study 
[12], researchers carried out an analysis of eight different tools for the assessment 
of sustainability and found that some of those tools focused more on the assessment 
of the product rather than the adopted manufacturing processes. A few of the other 
tools helped in assessing the environmental characteristic of the product. Some other 
factors that are used to measure sustainability are index for sustainable development 
of composite [13], indices for sustainable production [14], index for sustainable 
manufacturing [15], etc. 

Marconi and Menghi [16], in their article, proposed a tool and method for sustain-
able manufacturing. The application of the tool was discussed in the context of 
manufacturing industry that dealt with components of automobiles. The proposed 
too worked on the process of mapping of the activities involved in manufacturing 
a product with the used resource materials. The method was based on Resource 
Value Mapping (RVM) as explained by Papetti et al. [17]. The first step of the RVM 
method is defining the goal consisting of all the data and information required for the 
subsequent steps. In the second step which is basically mapping of the processes, it 
is required to analyze the production system in order to finalize the layout for plant 
or production line. All the important data are collected in the third step. The fourth 
step involves assessing the key performance indicators of the system and their repre-
sentation in simple and easy-to-interpret ways. The last step is about identification 
of the scope of improving the ways of mitigating the complexities recognized in 
the previous step and also, verification of the potential efficiency, environmental and 
economic benefits. 

5 Degree of Sustainability 

The degree of sustainability may be defined as the extent to which a process or 
product is made green or sustainable. For example, if a person is using a product that 
is solely made from a bio-based and biodegradable polymer, it can be considered 
that the product has the highest degree of sustainability or degree of greenness. The 
reason is that using a bio-based and fully biodegradable polymeric product results in 
two positive outcomes. First, it totally avoids using synthetic polymer which is made
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from fossil fuel and minimizes the consumption of the available resources. Secondly, 
being fully biodegradable, it eliminates the adverse impact on the environment totally. 

There are certain products that are partly sustainable. Let us take an example of a 
product which is made of a composite material containing biodegradable polymer as 
the matrix phase and a ceramic powder as the reinforcement or the filler materials. 
Now, after the useful life of the product, when it is disposed of for biodegradation, 
it cannot degrade fully due to the presence of non-biodegradable ceramic content. 
Therefore, it can be said that this product was partly green or sustainable or the 
degree of sustainability is less than that of the previous example. There is another 
category of products or materials which are totally non-biodegradable, for example, 
single-use plastic bags or plastic water bottles. These materials can never degrade 
naturally and therefore another approach such as incineration is taken to degrade 
them which may eventually create more hazards for the environment. These types 
of products are said to have zero degrees of sustainability. 

6 Conclusion 

This chapter describes the role of sustainability in manufacturing sector. Different 
ways to assess the impact of manufactured products or processes were explained 
extensively. The most important factors for assessing the impact of manufacturing 
on the environment are carbon footprint analysis and life cycle assessment. There are 
different methods of maintaining sustainability in an organization, particularly in a 
manufacturing industry. Also, different tools are adopted to assess the sustainability 
or greenness of a product or process. The concept of reduce, reuse, and recycle is 
the need of the hour for every manufacturing around the globe in order to achieve 
sustainability. With the understanding of the approach of sustainability, one must be 
aware of the degree of sustainability that a product exhibits. Finally, it can be said 
that survival of mankind and all the creatures on earth depends greatly on the fact 
that it’s time we chose a greener and sustainable lifestyle. 
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Sustainable Material Selection 

Yashwant Singh Bisht 

Abstract Sustainable manufacturing is defined as the production of manufactured 
goods using cost-effective procedures that reduce negative environmental conse-
quences while preserving energy and natural resources Sustainable business strate-
gies are bringing significant financial and environmental benefits to an increasing 
number of manufacturers. Employee, community and product safety are all improved 
by sustainable production. With finite resources, the growth of complicated products 
and services has put a strain on our environment, leading to an increasingly unsustain-
able lifestyle. These are primarily brought on by overpopulation, Overconsumption, 
Resources being limited. Pollution Scientists and politicians have a poor grasp of 
the impact on our ecosystem and world due to a lack of or restricted habitat restora-
tion. A growing number of businesses are included ‘sustainability’ as a fundamental 
goal in their strategy and operations to increase growth and global competitive-
ness. This movement has grown to encompass many well-known organizations from 
many industries, far beyond the small group of corporations that have tradition-
ally positioned themselves as ‘green’. In a variety of situations, these measures are 
having a significant impact. It covers many well known industries. These initiatives 
are yielding major effects in several circumstances. Automakers are attempting to 
decrease the number of different types of plastics used in autos to four or five to 
make recycling easier. This will be a difficult engineering challenge. Automakers 
are attempting to decrease the number of different types of plastics used in autos to 
four or five to make recycling easier. This will be a difficult engineering challenge. 
With finite resources, the growth of complicated products and services has put a 
strain on our environment, leading to an increasingly unsustainable lifestyle. These 
are primarily brought on by Overpopulation and Over-consumption Resources are 
limited. Pollution Scientists and politicians have a poor grasp of the impact on our 
ecosystem and world due to a lack of or restricted habitat restoration. Automakers 
are attempting to decrease the number of different types of plastics used in autos 
to four or five to make recycling easier. This will be a difficult engineering chal-
lenge. Take, for example, plastics, which are made from a variety of raw ingredients. 
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There are fifty-eight different families of plastics, with over one thousand different 
grades, many of which are specialized for specific applications. The design and 
development of products with a low environmental impact are known as sustainable 
product development. This necessitates a comprehensive approach that examines 
a product’s whole development and life cycle employing analysis (LCA). Design 
criteria for selection lowering the number of raw materials cut down on the number 
of parts lower the energy consumption of the products lengthen the useful life cycle 
use as many renewable and recyclable materials as possible evaluate and reduce the 
product’s environmental impact across its full life cycle Technologies that make it 
possible Design as a criterion for selection lowering the number of raw materials FEA 
stands for finite element analysis. Cut down on the number of parts DFMA stands for 
Design for Manufacturing and Assembly. Rapid prototyping for modelling lowers 
the energy consumption of the products and increases the useful life cycle through 
thermal analysis. Life cycle testing Analysis of Failure Modes use as many renewable 
and recyclable materials as possible evaluate and reduce the product’s environmental 
impact across its full life cycle Cambridge Materials Selector Software Okala Ecode-
sign (Ecological concerns). There are several raw materials to pick from, and the list 
continues to grow. Materials selection is usually a compromise between opposing 
factors. As a result, it’s critical to remember a few key points: all materials are recy-
clable, though some are more difficult to recycle than others; reuse and recycling 
of raw materials reduce energy consumption, pollution and human injury; design 
for disassembly must be an integral design consideration; material selection must 
include a complex set of considerations and proper eco-labelling, such as recycling 
codes, is beneficial. There are several raw materials from which to choose, and the 
list continues to grow. Regardless, designers and the general public must recognise 
that, in addition to functional considerations, material selection must be done with 
environmental impact in mind. 

Keywords Methods ·Models · Types · Characteristics · Selection criteria ·
Benefits 

1 Introduction 

When we look back a decade or two, we can see an immense technological advance-
ment in the industrial sector. This advancement has not only boosted the revenue of 
the industrial sector as each and every sector has also gained major advancement and 
because of this sudden giant leap in technology and advancement we have skipped the 
twentieth century and have entered the twenty-first century after the nineteenth. This 
is a very important factor for the industries as because of this they are now practising 
smart and innovative manufacturing and are able to get high revenue and profits. 
This advancement in manufacturing helps in many ways such that it helps to bring 
new methods and ideas for manufacturing and one such method of manufacturing is 
sustainable manufacturing.
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When we discuss about sustainable manufacturing then in simple words, we can 
say that sustainable manufacturing is the production of goods through those processes 
which do not harm the environment and help in conserving the energy used for manu-
facturing and also it helps in creating less wastage of raw materials [1].  Due to this  
application many organizations are able to make high income and good profits, also in 
today’s day and age many industries are practising the method of sustainable manu-
facturing as it requires lesser amount of raw materials, lesser energy for production 
which then brings down the cost of investment and also there is a lot less wastage 
of materials while a product is being manufactured and all of this in turn helps to 
increase the profits of the organization and the salaries of employees which helps in 
creating a good working environment [2]. 

Also, the companies that are practising the trend of sustainable manufacturing 
call themselves as ‘GREEN’ and this trend now is being well followed by other 
companies in the market. The ‘GREEN’ world here simply refers to the less harm 
that a product is causing to the environment by not wasting so much raw material and 
also by conserving energy to its maximum extent and not wasting it in the course of its 
production [3]. One must ask that why all these steps are being practised by big and 
small companies all over the globe even after they have already reaped good profits 
before, this is because now even the customers are aware and have become highly 
educated. Therefore, these days customers are choosing to buy products which are 
‘GREEN’ because they think that these types of products are environment friendly 
and ultimately these products will cause less harm to the environment in some way 
or the other. Also, now people are willing to help save the environment in any way 
possible as now they know that harm to the environment is an ultimate harm to 
mankind [4]. Sustainable manufacturing has several other benefits and one of the 
most important ones is less wastage or usage of raw materials. 

In the nineteenth century, industries did not care so much about raw material 
because they had plenty and they did not know that some of these raw materials can 
be exhausted from the earth if used lavishly. But in today’s industrial age almost all 
the industries know and are aware of the state of the natural resources that are left 
on the earth and therefore important steps are being taken to reduce their wastage so 
that they may be there for future generation to use [5]. Also, in this industrial age 
a very common but powerful phrase is used and that is ‘work smarter not harder’, 
Industries these days are relying on working smarter in this age as it saves the energy 
of their employees and also helps in reducing the total energy usage be it electricity 
or in some other aspect and it greatly helps in increasing the revenue of the company 
[6]. All of this comes down to show us that there are many benefits of practising 
sustainable manufacturing such as increase in efficiency of operations which then 
reduces the cost of production and less wastage of materials; it helps to build new 
and loyal customers for the company and all of this helps to build up a name and 
reputation of the organization [7]. The practise of sustainable manufacturing also 
helps in bringing innovation for the advancement in production of its products and 
its manufacturing, and this helps the company to focus and achieve its long-term 
goals. It also greatly helps in increasing the revenue and profit of the company which 
in turn helps the company to pay its employees fairly well and also helps to build a
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Fig. 1 Steps for new product design using sustainable material 

good infrastructure for its employees while providing them with several other benefits 
like health insurance, loans, etc. This helps in creating a very good workspace for 
the employees and when a person has a good salary and a good workspace then he 
is very satisfied and happy and is able to work at his full potential which helps to 
increase the production or yield of the company to bring in more revenue and profit 
[8] (Fig. 1). 

But even in today’s day and age, there are several organizations who are not aware 
of the benefits of sustainable manufacturing. Also some of the organizations are aware 
but are simply not applying it in their industries as the process of sustainable manu-
facturing can be a little bit expensive due to the changes that these companies have 
to make in their infrastructure and as these changes also take time to be implemented 
therefore, these organizations are not willing to make the sacrifice due to the losses 
that they will face. But they do not know that the little losses that they are not ready to 
bear today can lead their companies to destruction tomorrow also they do not know 
the gains and profits that they can get by practising sustainable manufacturing today 
which will help in the long run of their company. Hence, sustainable manufacturing 
is a very important part of manufacturing and it should be practised and accepted by 
everyone because it provides benefits not only to ‘MAN’ but also to the environment 
where we all live and also will our generations to come [9].
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2 Sustainable Material 

Sustainable materials are those materials which are used by industries and they can 
be produced or used in the quantity required by the industries. The main point of 
sustainable materials is that they are used in such a way that there is no exhaustion 
of non-renewable resources and also, they are not used in such extent that they cause 
harm to the environment, in simple words they do not disturb the equilibrium of nature 
or the environment. Such materials in today’s world are plenty such as strong fibres 
or polymers which can be produced in labs, also many sustainable materials have the 
property by which it they can be reused or recycled such as glass can be recycled again 
and again and does not have the need to be produced every time. The main agenda 
of sustainable materials is mainly to synthesize maximum number of materials in 
labs that can be used in production instead of the resources we acquire from the 
earth. By doing this there would be less and less need to extract raw materials from 
the earth and thus our environment’s equilibrium will not be disturbed, and the non-
renewable resources will not get exhausted [10]. Also, in the process of extracting 
raw materials from the earth there is a lot of harm to the environment and also there 
is a lot of pollution caused and by using sustainable materials in manufacturing this 
also will be reduced to a great extent (Fig. 2). 

Fig. 2 Model for sustainable material
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3 Types of Sustainable Materials 

There are many types of sustainable materials and some of them are recycled 
metals, ceramics, synthetic polymers, elastomers, natural organic materials, e.g. 
wood, composites, etc. Now let us study some of their properties:

. Metals: metals such as steel, aluminium and titanium fall under the category of 
sustainable materials. They have several advantages over metals like cast iron 
which is the simplest type of metal. 

# Some of the advantages of these materials are as follows:

. Some of these metals are not so expensive therefore, they can be used widely.

. Also, they have several other beneficial characteristics like ductility, malleability, 
etc. and therefore they are easy to work with and ac be easily shaped and formed.

. These metals show much more resistance to corrosion as compared to simple 
metals like cast iron.

. Also, these metals can be made based on the characteristics required by the buyer 
or the clients. For example, if the buyer wants a metal with high temperature 
bearing property or a low melting point then such metal can be made by mixing 
of metals with such properties to get the desired metal. 

– These metals also have some disadvantages, and they are as follows:

. Even though these metals have several advantages, they also have some disad-
vantages and some of them are that there have been limited innovations that have 
been made with respect to these materials and also, they do not have the strength 
to bear loads according to their weight. 

– Ceramics: Ceramics are those objects which are made hard, brittle, heat-
resistant and corrosion resistant in nature. They are made by shaping as in 
the case of pottery and then they are heated in high-temperature ovens for 
curing and finishing. 

# Some of the advantages of ceramics are as follows:

. These objects are non-toxic in nature as they are mostly made from mud or clay 
mixings.

. They are hard and are also durable in nature.

. They have resistance to corrosion which is much more than metals.

. They can withstand high temperatures while being used as they are made and 
cured in very high temperatures.

. They can shape into various shapes easily depending on the requirement of the 
customer or the client. 

# Some disadvantages of ceramics are as follows:

. There are limited number of materials from which ceramics are made.

. They are brittle in nature.
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. Ceramics are also very hard to work with on machines as they are brittle in nature, 
and they tend to crack easily. 

– Thermoplastic polymers: Thermoplastic is a type of plastic which when heated 
gets soft and when it is cooled then it gets hard. Also, these materials are easily 
recyclable, and their chemical properties do not change even when heated and 
cooled again and again. Some of the examples of thermoplastics are acrylic, 
polyester, nylon, etc. 

# The advantages of thermoplastics are as follows:

. They are light but also tough in nature.

. They are easy to mould, shape and can be formed and machined easily.

. They are cheap and affordable and therefore raise the standard of living.

. They also have a great resistance to corrosion. 

# Some of the disadvantages of thermoplastics are as follows:

. They have a low strength-to-weight ratio.

. Also, cannot bear very high temperatures and are hence temperature sensitive. 

– Thermoset polymer: a thermosetting polymer is a polymer that gets perma-
nently set once it gets hardened and the shape of these objects is set during the 
moulding process and therefore it cannot be softened again. Some of the examples 
of thermosets are Bakelite, melamine-formaldehyde polymers and polyurethane. 

# Some of the advantages of thermoset polymers are as follows:

. They are light and very tough in nature.

. They are also cheap and affordable.

. They can also be moulded, shaped and machined easily.

. These materials are also highly corrosion resistant in nature and they have a higher 
heat bearing capacity than thermoplastics. 

# Some of the disadvantages of thermosets are as follows:

. These plastics also have a very low strength-to-weight ratio.

. Also, these materials release toxic fumes when they are burnt and this causes great 
extent of air pollution. 

– Elastomers: elastomers are rubbery materials which have a chemical structure 
made up of long chain-like molecules that have the property of returning to their 
original shape after being stretched to great extents. Some of the examples of 
elastomers are polyisoprene, neoprene, isoprene, etc. 

# Some of the advantages of elastomers are follows:

. They are light and tough in nature and also have very great impact bearing property.

. They can also be moulded, formed and shaped easily.
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. They are affordable and cheap.

. They are also corrosion resistant in nature.

. They are undergoing constant innovations and new materials are being created. 

# Some of the disadvantages of elastomers are as follows:

. They are temperature sensitive and therefore they have a fixed temperature range 
between which they work.

. They also have a low strength-to-weight ratio. 

– Composites: composite materials are those materials that are defined as the mate-
rials formed by combining two or more different material constituents macro-
scopically that are distinct in properties, and they do not dissolve into each 
other. Some of the examples of composite materials are graphite-epoxy and 
polyester-fibreglass. 

# Some of the advantages of composites are as follows:

. They have a very high strength-to-weight ratio.

. They also have very good resistance to corrosion.

. These materials are undergoing several innovations and have given good results 
and new materials are being produced rapidly.

. They have also been studied and tested, therefore can be used widely and wisely 
according to their requirement. 

# Some of the disadvantages of composites are as follows:

. Since these materials are expensive to produce, therefore, they are not affordable. 

4 Characteristics of Sustainable Materials

. Its effect on human body: 

We use various materials in our day-to-day lives for different purposes such as the 
clothes we wear, the cell phones that we use and the cars we drive. For example, 
let’s say if a person is allergic to cotton products and does not wear them, then he/ 
she can wear products made from organic cotton which will not harm him/her. Also, 
in India artificial jewellery is worn commonly, but most of the females can’t wear 
them because it can cause infection due to some element in the jewellery hence, the 
jewellery can be made in such a way that it does not contain that harmful element and 
then it will be harmless. In such a way, there are many possibilities and applications 
that we can apply in the products that we use daily [11].

. The workers: 

All these resources that we use today like diamond, gold, silver, etc. are all mined 
and extracted from the earth. But the working condition of the workers is very bad,
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most of them develop lung diseases like asthma, pneumoconiosis, etc. during the 
course of their work. On the other hand, if the materials can be made and produced 
in labs then there will be no need for mining and there will be no harm to health 
of the workers. Heavy equipments and machines are used in mining, and there is a 
probability of getting injured by these machines or equipment in comparison to a 
person working in a lab [12].

. Effect on environment: 

The main advantage of using sustainable materials is that it does not cause harm to 
the environment as most of these materials are being synthesized in labs and they 
do not need vast amount of raw materials to be produced also the materials taken 
from the environment are taken in such quantity and way that they do not harm the 
environment. By doing this it shows that the equilibrium of the environment is not 
disturbed by them as they only borrow raw materials in a limited quantity and also 
there is less depletion of non-renewable resources.

. Durability: 

Sustainable materials have much more resistance to environmental factors such as 
rain and sun. Let us take the example of wood. Natural wood if not treated with 
chemicals will not be able to withstand environmental factors such as rain for a very 
long time but on the other hand when we make doors and windows for our houses 
if they are treated properly with chemicals that are needed to withstand and resist 
factors like rain, sun, dust, etc. and they last much longer than natural wood.

. Economical: 

Sustainable materials are also economical and are cheap as compared to natural 
materials since they are produced in a lab and are not dug out of the ground hence, 
they are cheaper and also are much more durable.

. Price comparison: 

Sustainable materials are also responsible for raising the quality of life of people. It 
is because now the products can be synthesized and are easily available and also are 
cheaper when compared to the same products which were being extracted from the 
earth as the price of the operation is very high so eventually the products ended up 
being expensive, but this is not the case in sustainable materials. They are economical 
to produce and therefore more and more people are able to buy them and use these 
products to raise the standard of their lives (Fig. 3).

. Renewable resource: 

One of the main benefits of sustainable materials is that these materials fall into the 
category of renewable resources in other words it means that these materials can be 
synthesized or can be produced again and again. This is a very beneficial as there is 
no need to worry as these materials will never be exhausted, and they can be used 
according to the needs of people. For example, Wood is a natural resource and if
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Fig. 3 Low-carbon industrial and manufacturing system for sustainable Development

used lavishly can be exhausted but on the other hand materials such as plastic cannot 
be totally finished as it is made in labs and can be produced several times.

. Reuse and recycle: 

Sustainable materials have a very good property by which they can be reused and 
recycled. Recycling and reusing are a property by which a certain product can be 
recycled and can be made fit to use once again without the need of making a new 
product. This helps to reduce the usage of new raw materials to produce new goods 
every time. Also, by doing this the non-renewable resources do not deplete and there 
is no disturbance caused to the equilibrium of the environment. For example, glass 
can be recycled again and again during its life cycle and the waste of glass has worth 
even after it has been used but on the other hand wood ones rotten has no longer a 
purpose and cannot be recycled and reused is only fit for burning. 

5 Method of Selecting Materials

. When we talk about the methods for sustainable material manufacturing then 
before that we should know what sustainability really is. In simple words, we 
may say that sustainability is preserving of the environment’s materials for our 
generations to come and so that they can live peacefully and will not have to 
worry about some materials being finished due to misuse. Also, sustainability can 
be followed by the rules which are also called the 3 Es, and they are environment, 
equity and economics. In this the Environment is the place that we are making 
continuous efforts to maintain. Equity is what gives fairness when we are taking
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something from the environment and Economics is generally related to the well-
being of the environment as well as mankind.

. To acquire sustainability or a sustainable environment, the method of selecting 
sustainable materials is very important as this is the process that will determine the 
sustainability of the material that we are choosing to work with and the material 
should also have the following characteristics: 

1. Cost: 

Cost is a very important factor for the benefit of the company since, if the cost of 
raw material will be high then the cost of the finished product will also be very high 
and this will not be good at all for the company as only a few selected people would 
be able to afford the product hence, it will not be profitable. Therefore, choosing a 
cheaper material is always beneficial. 

2. Ease of manufacturing: 

Ease of manufacturing can be related to the process where a material is easy and 
simple to work with. This is also an important factor while selecting a sustainable 
material as when we work on a material then we are using energy (electrical energy) 
through machines and various other factors and if the material will be very hard to 
work with then the machines will have to put more effort and more time will be 
required in making the material into a finished product and this is how much more 
energy will be used as compared to the energy used for a simpler material. Also, 
the technician may not be able to give his best and may get frustrated, but the main 
impact will be on the production line as it will be very slow as it will be hard to 
produce a large number of goods for the market and therefore if a low number of 
products reach the market, then the income and the profits will be low leading to an 
unstable organization. 

3. Impact on the environment: 

Whenever we are selecting a sustainable material or any material, the main impact or 
the main thing that gets affected is the environment. This is a very crucial decision to 
make while selecting a material as the environment is very important for our lives and 
we simply cannot survive without it. Therefore, the materials should be chosen and 
extracted in such or way that there should be no negative effect on the environment 
because if we are extracting materials from the environment without considering its 
equilibrium and also without considering the exhaustion of these materials then one 
day, we might not have any of these materials left to use or to work with which will 
not be good for us and for the generations to come. So, it is very important to maintain 
the equilibrium of the environment and not to harm the environment while extracting 
materials from it as our next generation and theirs will live in this environment. 

4. Fabrication and processing: 

Materials that we are choosing should have a simple form as it will be easy to fabricate 
and process to make them into very good products. In other words, manufacturing
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fabrication and processing are very important steps in the making of a product. Also, 
it is very important that these steps are done fast and quickly and this can only be done 
when the chosen material will be simple to use as this will help the worker to work 
easily and swiftly. This will also allow human error as in the process if the worker 
makes some mistake, then that will not be a big problem as the material chosen is 
easy to work with and another material will be able to take its place. 

5. Design: 

Design also plays an important role in the process of material selection. It is important 
because to make any product we have to select the raw material then only we can 
work on it and then we have to prepare a very good finished product for the market 
so that the people will buy our product and we may earn profit. But in this process 
the duration of making the product may take a long time depending upon the raw 
material that we are using. Thus, we can just make little change by selecting the 
material with a specific design that is according to our product and by doing this 
the time required for manufacturing will be reduced greatly and we will have more 
products to put in the market which will then help us to provide more customers with 
our product and with greater sale we will get greater profits. 

6. Durability: 

Durability is also a very important factor when we are in the process of selecting 
a material for manufacturing. It is important because when we work on a material 
in the industry then it must be durable and it must not be very weak and brittle as 
then it will be harder to work on as it will may break if the employee or the worker 
makes even a little mistake and then we will have to repeat the whole process again 
which will be a waste of time while also there will be wastage of material as we 
would require more material from the environment and this will cause harm to the 
environment. Also, these days customers have to become very aware and unforgiving 
and if they do not get a durable product for the money that are paying then they will 
no longer buy the product which will then result in bad profits for the company and 
also will bring down the reputation of the company. 

7. Reusability: 

In today’s world reusing and recycling has become a very important factor for a 
company. The people in today’s world are aware and they know what product to buy 
and most of them are attracted towards the product that can be reused or recycled. 
Reusability is very important and also it is a very important factor while selecting 
a raw material as when we select a reusable material then we are helping the envi-
ronment as the same material can be reused again and again and there is not the 
same requirement for the material to be extracted from the environment. This also 
helps to reduce the usage of energy as to produce the product again and again we 
require more energy instead in the case of recycling and reusing, so overall it is very 
beneficial for the environment.
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6 Selection Criteria for Sustainable Material 

Selection is the process of choosing the right product for the work that is to be done, 
in this age selection of materials has become a little bit simple for the industries as 
they have already set the basic rules and parameters that the material should fall into. 
This helps greatly in selecting and helping companies to know that if the material is 
fit for their manufacturing process or not. Also, even though the process of material 
selection is very important to the industries but it is still a very integral part of various 
operations required to make a product. Thus, it is also a very important task to select 
the right type of material because a balance has to be created while manufacturing 
their products because manufacturing does not only depend upon one thing. Also, 
when we select these materials, it is very important for us to see if it satisfies various 
factors accordingly and some of them are as follows. 

1. Efficiency: 

Efficiency plays a very important role in the process of material selection as when 
there is no efficiency provided by the selected material in any process then there 
will be a lot of wastage in the process while manufacturing. Since the whole idea of 
sustainable manufacturing is to prevent wastage of materials and to use them to their 
maximum potential hence, while choosing the demanded material the responsible 
person should be properly specify the proportions and requirements, in the other 
words we should have proper idea and measurements according to what we want 
the materials for so that there is very less wastage of the materials. Sometimes the 
materials can also be designed according to the requirement of manufacturing and 
thus this also helps in reducing waste which ultimately brings down the cost of 
production as there is less material being required to manufacture and there is less 
material that is needed and then the equilibrium of the environment will be not 
disturbed and there will be lesser impact on the environment. 

2. Flexibility: 

When we are manufacturing a product, we can make mistakes sometimes during the 
development stages and then we have to make changes or adaptations to the existing 
designs while manufacturing. This is an important step to discuss as in the process 
of manufacturing there are many mistakes that we can make while developing a 
new product and also there is one great factor that we always have to watch for 
and that is human error. Mistakes or errors are common things when we talk about 
making a new product; therefore, a material which is flexible should be chosen as 
a raw material for production. It means that the material should have strength and 
other required characteristics also should have flexibility by which we can change 
the designs according to our requirement between the process of manufacturing 
and also if we want to modify our product or if we want to make any adaption 
design to it the material should have the flexibility and characteristics to be able to 
support these changes. Flexibility of material greatly helps as now we will be able 
to make adaptations and modifications on the basis of our requirements and there 
is no requirement of new material also the material should be low in maintenance.
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By doing all this we will be saving a lot of raw material which will ultimately be 
beneficial for the company and also to the environment. 

3. Biodegradable and Recyclable: 

Suppose if we make a product and then millions of people love and purchase it then 
that is very good thing for the company but if that product is neither bio-degradable 
nor recyclable, then in this case we cannot even imagine the waste that our product 
will create in their environment. For example, Plastic was a revolutionary product 
a few years back and also it was a cheap and easy material to manufacture but it 
was not a bio-degradable material so that is how can we see plastics everywhere in 
dumps and other places even today. And even though it is a recyclable material but 
then the speed at which people are using and littering the environment with it is much 
faster than the speed at which it is being recycled and this is why there is so much 
plastic pollution in the world today. So, therefore, the material that we are choosing 
for manufacturing process must be bio-degradable and also recyclable because even 
after it has served its purpose it should not cause harm to the environment by causing 
pollution. 

4. Skill: 

In the process of manufacturing, skill is a very important factor as without skill the 
work performed can neither be efficient nor can it be completed according to the 
required standards. Hence while choosing the materials to work with, we must know 
and be aware that if our employees have the skillset and expertise to work with the 
material and then we must choose the material according to it. This is an important 
factor as now there are thousand types of materials to choose from and one must 
know and have the expertise to understand the material and should know what he is 
working with. Also skilled labour is also very important because in the process of 
manufacturing there is a lot of wastage and the skilled people are the people who 
help to reduce the wastage of the material and this in turn causes less harm to the 
environment as less material is required for manufacturing which keeps the balance 
in the environment while also profiting the company. 

5. Availability: 

Availability is also a very important factor for sustainable manufacturing as we all 
know that making of a product requires materials, and these materials are transported 
from different places throughout the globe. So, availability is an important factor as 
without the material we will not be able to produce any products and also the materials 
that we require for manufacturing should not be very far from the industry as the 
cost of transportation can add up greatly to the final cost of the product which then 
gets to expensive to buy and customers will then eventually not buy the product and 
it will create less profits for the company and can even lead it to lose.
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7 Environment Benefits of Using Sustainable Materials 

In today’s world, the use of sustainable materials has become very important as we 
have to start seeing the harm that has been caused to our environment when we used 
its resources lavishly and now, we have to correct our mistakes and now we have to 
preserve it for our better future. These days almost all the industries have become 
aware of the sustainable materials and sustainable manufacturing therefore, more 
and more organizations are using these materials for making their product and using 
them in construction works cause using these materials not only prevent us from 
the harm that we are doing to the environment but also, they give us several other 
benefits and advantages that are helping to profit us and also the environment. Some 
of them are as follows. 

1. Financial improvement: 

Financial conditions play a very important role in the life of a person because it is 
through finances a person’s living standards are determined. We can improve our 
financial state by choosing sustainable materials over cheap materials as sustainable 
materials have a very long life and they benefit the environment greatly. If a certain 
product on sale is not made from a sustainable material, then we must avoid buying 
it and instead we should buy the product made from sustainable materials as saving 
a few bucks and buying the cheap product is never beneficial in the long run as the 
cheap product will not have a longer life then the product made from sustainable 
materials. Therefore, we must spend a little but extra and must buy a sustainable 
product that works for a long time: For example, plastic water bottle should not 
be brought daily from a store instead we must buy a stainless steel bottle and fill 
water every day and use it which will have a very long life and will profit us and the 
environment in the long run. 

2. Better health: 

Health is also a very important factor in our lives because if a person is not healthy 
then what is he living for. So, we can improve our health through many factors such 
as using sustainable materials in our day to day to lives. Suppose let’s take simple 
example of our house. These days we want the best looks of our houses inside and 
outside but that comes at a cost. Researches are being conducted these days and have 
also given results that the air inside the houses is much more toxic than air that is 
outside and this study is from the cities where there is less air pollution. This is purely 
because of the paints and chemicals we use to make our houses look beautiful but 
as they say beauty comes at a cost hence, there are several ill effects that are being 
caused to our health. So, instead we should use natural materials like wood to finish 
the inside of our houses. 

3. Reduce waste: 

We all know that when we work with a certain material, and we go on to make a 
finished product. In between the process there is lot of waste created and this leads to 
low profit and also harms the environment. Hence, we should always use sustainable
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materials in which the waste produced is low and also this results in profit to the 
company and also to the environment as less material is being used. Also, we must 
use materials that are reusable and recyclable as it will reduce the need to extract 
more raw material from the environment and will also decrease the amount of waste 
created as in this case the amount of waste created is being recycled and reused and 
it overall increases the financial state. 

4. Good feeling: 

As human we make many mistakes during the course of our lives and many of those 
mistakes live in our conscience throughout our lives, but on the other hand if we do 
some good deeds we are also comforted in our hearts, minds and we become peaceful. 
Researchers and Scientists have found out through conducting several experiments 
and studies that buying sustainable products or ‘GREEN’ products has a very good 
and positive effect on a person as by doing this we are helping the environment to 
sustain and grow and we are not responsible for its depletion. This effect is known as 
‘warm glow’ and it increases the positivity of a person and it also helps and benefits 
us when we do well for our environment. Also, a positive and calm person is able to 
make many good decisions in his life which ultimately leads to his/her benefit. 

5. Longer use of materials: 

The word sustainability has the meaning that a particular material can be used for 
a long time. By using sustainable materials in our houses and for our construction 
buildings we are giving our houses and buildings a long life and also, we are creating 
a good environment for people to work and live in as the materials are ‘GREEN’ OR 
eco-friendly in nature. By using these materials, there is also a significant improve-
ment to our health and also people develop more positivity as they feel good and 
thus this increases the productivity of a person while also it increases the profits side 
by side. By using sustainable materials for building, we are decreasing the overall 
cost in the long run as sustainable materials last very long and also, they require low 
maintenance and thus, the materials or the structure does not have to be changed 
again and again which is beneficial for the environment and ultimately beneficial to 
us. 

6. Less energy usage: 

When we use sustainable materials for construction, we not only are benefiting by 
getting a long life and less maintenance that it has but also in maximum cases when 
we use sustainable materials to build houses there is more insulation provided to the 
houses. Insulation is a very important factor as when building a house if there is poor 
insulation then we will require much more energy to maintain the temperature of 
the house. Suppose if the insulation is poor than in the summers, we will need air 
conditioners to cool down the house in which will in turn release chlorofluorocarbons’ 
(CFC) and heat to the environment and CFCs are very harmful for the environment 
as it is responsible for ozone layer depletion which stop the ultraviolet rays from 
entering the earth’s atmosphere, also in winter we would need much more heating 
than required as poor insulated homes get very cold. All of these result in the wastage
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and misuse of energy. Also, we should use solar panels to create energy ourselves as 
we have a better source of energy that is not being created by the environment and 
it is not going to finish anytime soon and that is the sun which also falls under the 
category of green energy and is very good source of energy only if we know how to 
use and harness it and also it reduces the overall load on the energy being created 
by the environmental materials. It is sustainable and even though it is expensive to 
setup but it has low cost of maintenance and is economical and beneficial in the long 
run. 

8 Future of Sustainability 

As by now we all know that sustainability is the process or the path that we follow 
which means that in sustainability we are preserving the resources for the needs of 
our generations to come. Sustainability has become a very important topic as to this 
day we have been using our resources lavishly and have exhausted some of them 
and also have we have depleted them greatly while also causing a great harm to the 
environment. In today’s day and age people have become educated and aware of the 
situation, the availability and the importance of these resources. 

People have learned that if they do not stop the abuse of the resources and of 
the environment then there is nothing going to be left for the future generations 
and who knows mankind could even go extinct because if there is no environment 
left, for example, the air that we breathe, the food, clothes, etc. We get it from the 
environment; therefore, it has become very important to preserve the environment 
and its resources while also use it’s them cautiously. This can only happen through 
sustainable manufacturing that is done which sustainable materials which helps to 
keep the balance of resources and materials in the environment. Sustainable manu-
facturing uses sustainable materials that are not harmful to the environment. Also, 
most of these materials are recyclable and reusable; hence, there is not much need to 
create the same new products and this helps greatly in resources preservation of the 
environment and maintaining its balance. When these types of products are usable 
and recyclable then there is very less waste created and this helps a great deal in 
keeping the environment clean. So, through all this we know that sustainable manu-
facturing as well as sustainable materials are very important for the future as well as 
the present. 

Also, nowadays people have realized the importance of ‘GREEN’ products/ 
sustainable products and even they are contributing greatly as they are buying and 
using them. They now understand why sustainability is very important for the future 
and one important thing to consider is that even though sometimes sustainable prod-
ucts might be a little expensive but on the long run they have always proven to be 
economical and more beneficial for us and for the environment. For example, water 
is a very essential part of life and therefore our bodies require daily water intake, but 
something that we never realize when we are outside is that, when we need water to 
drink, we simply buy the package water bottle and never notice the waste that we
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are creating by continuous usage of these plastic bottles. Even though they are recy-
clable but still resources and energy are needed to recycle them. We should instead 
use stainless steel bottles and even though they may be expensive but still they do 
not create waste and can be reused again and again and this is profitable in the long 
run. 

In the same way, sustainable manufacturing is also very important for the future 
as in this type of manufacturing sustainable products are created and to make them 
sustainable materials are used. Also, in this case of sustainable manufacturing, it 
is done in such a way that there is less consumption of energy and also there is 
less wastage; hence, this is very good manufacturing process for the future as this 
helps in maintaining the balance in the environment while also using less resources 
from it. These days even construction companies are also applying the knowledge of 
sustainability and they are using sustainable materials for their construction works, 
in return the reward they get is the low cost of sustainable materials than the conven-
tional ones and it helps to bring down the budget of the projects that they are doing. 
Sustainable materials greatly decrease the maintenance costs of the infrastructure, as 
well as providing it with a long life and also discussed before as people are buying 
‘GREEN’ products/ sustainable products they are also helping to create a sustainable 
future and are also helping themselves as now they feel better about themselves as 
they are helping the environment in one way or other. This helps in bringing positivity 
in their lives and as a result positivity eventually brings happiness. All in all, sustain-
ability is very important for the future of our environment as through sustainability 
only we can preserve the environment for our future. 

9 Conclusion 

From everything that we have discussed and said we can say that sustainability is 
very important for our future and sustainable manufacturing is a very important 
part that helps to increase and practise sustainability in this world. Also, it is only 
through sustainability that it will be possible to save the environment for our future 
generations and to undo the harms that were and are being done to the environment 
due to man’s greedy and selfish nature and now it has become very important to start 
practising sustainability and also to protect the environment as it is the environment 
that helps us to live and be with our loved ones. 
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Sustainable Product Design for Electric 
Vehicles 
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Abstract Product design and development for technology plays an important role 
in the economic growth of the country. Sustainable products are the products that 
are compatible with the environment and nature throughout their entire life cycle. 
Traditionally, during product design, the manufacturing industry mainly focuses on 
the overall reduction of cost, but due to government pressure and by considering 
environmental problems and awareness of sustainability, manufacturers are now also 
considering the environmental and sustainability criteria in their decision-making 
process of product development. Automotive manufacturing industries need to adopt 
sustainability principles to survive in a globally competitive environment. Sustainable 
product design tools are needed to enhance the environmental, social, and economic 
performance of products. Researchers and practitioners have done a lot of research on 
product design and development, by considering the sustainability and environmental 
aspects need to be explored to achieve the triple bottom line of sustainability. In this 
context, the aim of this chapter is to categorize into three main areas of sustainability: 
environmental, social, and economic, and analyze with different tools for the product 
design of the electric vehicle. This chapter will provide a roadmap for the sustainable 
product design of electrical vehicles and discuss the issues, challenges, and future 
research direction. 

Keywords Sustainable product design · Electric vehicle · Sustainability ·
Eco-design 

D. Suman · S. Rajak (B) 
Department of Mechanical Engineering, National Institute of Technology Patna, Patna 800005, 
India 
e-mail: sonu.production@gmail.com 

D. Suman 
e-mail: diwakars.phd20.me@nitp.ac.in 

© The Author(s), under exclusive license to Springer Nature Singapore Pte Ltd. 2023 
J. Kandasamy et al. (eds.), Progress in Sustainable Manufacturing, Management 
and Industrial Engineering, https://doi.org/10.1007/978-981-99-0201-9_3 

31

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-99-0201-9_3&domain=pdf
mailto:sonu.production@gmail.com
mailto:diwakars.phd20.me@nitp.ac.in
https://doi.org/10.1007/978-981-99-0201-9_3


32 D. Suman and S. Rajak

1 Introduction 

In the last two decades, concept of sustainability, sustainable development, and 
sustainable product design achieving more awareness among manufacturer and 
researchers [1]. Today carbon waste reduction is important for all organizations. 
Nowadays, researchers try to develop product design processes that are less toxic, 
better efficient, and safe. In recent decades, environmental issues like air pollu-
tion and global warming have been critical. With an increase in the environmental 
awareness, organizations have difficulties reducing the ecological impact involved 
in the manufacturing industry. Recently, electric vehicle (EV) concept has come 
to the market because they improve engineering and environmental impact [2]. In 
the initial stage of product design and development, designers need to use environ-
mental aspects simultaneously with conventional design. For sustainable product 
design, researchers have to improve social, economic, and environmental factors 
like cost, capacity, manufacturing time, product yield, and pollutants. The design 
of electric vehicles has been given attention because of the sustainable system they 
want to reduce energy consumption and pollution. Electric vehicles are widely used 
as public transport in recent decades. The battery creates some challenges in electric 
vehicles because of regular and expensive maintenance and a shortage of charging 
facilities. Various component of the electric vehicle battery is the key component 
that requires proper inspection and repair for better battery life and stability. Plug-in 
electric vehicle battery pack standardization is used to improve sustainability. Tsang 
et al. [7] applied fuzzy-based product life prediction for sustainable product design 
in EVs. Hybrid EV gives a better alternative to fuel vehicle because they reduce 
air pollution and improve battery life. Kang [8] developed the relation between 
customer requirement and hybrid electric vehicle product design by using Kansei 
engineering. Kansei engineering goal is to develop and improve products by trans-
lating the customer requirement. The researcher has applied morphological analysis 
and a rough set to fulfill customer needs. Ultimately, vector regression is applied 
for optimal design with the highest Kansei value [8]. Sustainable design tools are 
used for products to be designed with no negative effect on environment. Although 
designers should consider all aspects of the product’s life cycle when designing a 
product. Researchers discussed some tools for a separate phase in the product design 
process. Ahmad et al. [1] deal with the tool behavior and the paper is based on newly 
developed tools. The selection of tools is based on the triple bottom line of sustain-
ability. Therefore, tool is divided into partial sustainable design tools and sustainable 
design tools because partial sustainable design tools do not give a triple bottom line 
of sustainability. 

Sustainable design is necessary for the innovation of products along with 
decreasing the negative impact on the environment simultaneously. Sustainable 
design is applied to create new products and services as well as they have consid-
ered ecological, social, and economic effects from the initial product design to the 
final design. Three aspects of sustainable product design, environmental, social, and 
economic, have a link with each other. The connection of three aspects in sustainable
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Table 1 Three elements to achieve sustainability in product design 

Element Explanation 

Ecological 
aspect 

Ecological design targets the reduction of negative impact on the environment 
from initial to final product development 

Social aspect Social aspect targets to tackle human safety. Its aim is to save industrial workers, 
machinery, and environment 

Economic 
aspect 

The economic aspect of product design targets the design of excellent quality 
innovative products with better price and cost 

design reduces the negative effect on the environment [9]. The three elements to 
achieve sustainability in product design are shown in Table 1. 

The objective of the chapter is to discuss the importance of electric vehicle, and 
sustainable product design with sustainability tools. In this chapter, we have to discuss 
different sustainability tools and compared them with each other to choose the best 
design tools to achieve sustainability. Several papers have been published with indi-
vidual sustainable tools for sustainability and some of the researchers have integrated 
tools for sustainable design. Many authors have defined the sustainable design of 
automobile vehicle parts rather than the sustainable design of EV parts. The main 
area of this study is focused on the sustainable design of EVs, sustainable design of 
EV parts and tools. The main area of this study is focused on the sustainable design 
of EVs, Sustainable design of EV parts and tools. Basically, the chapter is aimed 
at the idea of tools for sustainable product design. Our major questions from this 
research area are:

• How will you classify sustainable product design tools and partial-sustainable 
design tools for EV?

• How can we apply sustainable product design in the field of EV parts?
• How to analyze the EV components for integrating sustainability tools? 

Further, the chapter is structured as follows: An overview of electric vehicles is 
presented in Sect. 2. Section 3 performs the literature survey on EVs and sustainable 
design. Recent development based on eco-design, partial-sustainable product design 
(SPD), and SPD is discussed in Sect. 4. Section 5 includes future research areas and 
conclusion is discussed in Sect. 6. 

2 Electric Vehicles (EVs) 

Electric automobiles are powered wholly or partly by a source of energy in the form 
of battery packs and vary from typical automobiles in that they are propelled by an 
electric motor rather than an internal combustion engine (ICE) [19]. Electric vehicles 
are less expensive to operate because they have fewer moving parts to maintain, and 
they are also more ecologically friendly since they use little or no fossil fuels such 
as diesel or petrol [20]. NiMH (nickel-metal hydride) or lead-acid battery packs are
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used in some EVs, but lithium ion-based batteries are used and considered a standard 
alternative for modern-day batteries-based electric vehicles because these batteries 
have a longer lifespan or longevity and are excellent at maintaining energy [21]. The 
electric vehicles are designed in a way to customize the problems were facing by the 
ICEVs. Based on how far they’ve advanced through the manufacturing process from 
performance to production, the EV fleet may be categorized into four groups [22]. 
The many forms of electric vehicles are as follows: 

A. BEVs (Battery Electric Vehicles) 
B. HEVs (Hybrid Electric Vehicles) 
C. PHEVs (Plug-In Hybrid Electric Vehicles) 
D. FCEVs (Fuel Cell Electric Vehicles) 

A. BEVs (Battery Electric Vehicles): 

BEVs are also known as AEVs (All-Electric Vehicles) since they employ technology 
that is entirely reliant on a battery power source to power the electric powertrain, 
with no supplementary sources of propulsion such as fossil fuel, gasoline, hydrogen 
fuel cell, etc. [23]. The EVs have been produced utilizing a variety of batteries, such 
as NiMH (Nickel-Metal Hydrid) or lead-acid battery packs, and currently, manufac-
turers have expanded the range and charge storage by using lithium-ion batteries, 
indicating that the focus has turned to sustainability. Solid-state batteries, the next 
generation of batteries, are now in the experimental stage [24]. The energy is stored as 
chemical energy in a rechargeable battery pack, and the electricity utilized to power 
the vehicle is stored in a huge battery pack. The battery pack is charged simply by 
plugging it into an electrical outlet. Electric motor, inverter, battery, control module, 
and drive train are the main components of a BEV. Tesla Model 3, TATA Nexon, 
Mahindra E20+, Hyundai Kona, and TATA Tigor are examples of BEVs [25]. 

The electric motor is powered by the EV’s DC battery power, which is converted to 
AC. A signal is transmitted to the controller when the EV’s accelerator is pushed. The 
controller then controls the accelerated speed by changing the AC power frequency 
from the inverter to the electric motor, which causes the motor to create torques, 
causing the wheels to spin via the cog [26]. When the brakes are used or the auto-
mobile is decelerated, the engine acts as an alternator and creates electricity, which 
is utilized to charge the battery while driving. 

B. HEVs (Hybrid Electric Vehicles): 

The HEV has two engines: an electric motor-based engine and an internal combustion 
engine. In HEVs, there is no need to plug in to charge the battery pack; instead, 
regenerative braking and the ICE charge the battery pack [27]. The IC engine, gasoline 
tank, electric motor with battery pack, inverter and controller, and control module 
are the main components of an HEV. Hybrid buses are used as public transportation 
in many countries, while HEV vehicles such as the Toyota Prius, Kia Optima, Honda 
CR-Z, and others are examples of HEV cars [28]. This car uses both BEV and ICEV 
technology, so it can operate in either mode.
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C. PHEV (Plug-In Hybrid Electric Vehicles): 

Plug-in hybrid vehicles feature both an internal combustion engine (ICE) and an 
electric motor. It is up to the individual to choose the running engine power source, 
such as gasoline or diesel, or an alternative fuel such as biodiesel [29]. It also contains 
a rechargeable battery pack that can be charged externally as a power source. The 
electric motor, battery pack, inverter, control module, and battery charger are the 
main components of a PHEV (onboard charging options). Fuel tank, engine Porsche 
Cayenne S, BMW 330e, Chevy Volt, Ford C-Max, Mercedes C350e, Mini Cooper 
SE, Audi A3 E-Tron, and more are examples of PHEVs [30]. 

PHEVs may be driven in one of two modes:

• All-electric mode, which uses the battery pack for power.
• Hybrid mode, which uses both electricity and gasoline or diesel. 

The PHEVs get power from the battery pack or start-up in an electric mode and 
may be run until the battery is depleted; once the battery is depleted, the ICE takes 
over and the vehicle resumes normal operation [31]. This vehicle may be charged 
via the engine, regenerative braking, or by connecting to an external power source. 

D. FCEV (Fuel Cell Electric Vehicle): 

FCEVs are powered by hydrogen, one of the most abundant substances on the planet. 
Although fuel-cell cars are powered by electricity, they are not the same as battery-
powered or plug-in hybrid vehicles [32]. The FCEVs are filled with pure hydrogen 
gas from a storage tank in the vehicle. It can offer a driving range of up to 300– 
400 km, once it is filled. The main components are an electric motor, fuel-cell stack, 
storage tank for hydrogen, battery, converter, controller, etc. [33]. Miraj from Toyota, 
Hyundai Tucson, and Nexo from Hyundai are such examples of FCEVs [34]. 

The FCEV’s operating premise is that a low-temperature fuel cell is employed 
to create electricity from hydrogen, electric energy is then either utilized to power 
the vehicle or saved in a storage device such as a battery pack or ultra-capacitors 
and in essence, energy is converted from chemical energy to electrical [35]. Water is 
produced as a by-product of such chemical processes. 

The electrification of the transportation industry fulfills the criterion to be a more 
environmentally friendly alternative to internal combustion engine vehicles (ICEVs). 
Since the beginning of the past few decades, several efforts have been made to break 
into the market with electric vehicle technology. Finally, an unexpected shift can be 
observed in the number of sales of electric vehicles all over the globe. This chapter 
outlines the many components of sustainable development while discussing the few 
requirements that electric vehicles must meet in order to successfully compete with 
internal combustion engine vehicles (ICEVs).
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3 Literature Review 

3.1 Electric Vehicle 

In recent decades sustainable design in EVs is very important in transportation 
because electric vehicle has better power consumption performance and it reduces air 
pollution or negative effect on environment. Since electric vehicles are replacing the 
internal combustion engine [7]. As electric vehicle can decrease the use of petroleum, 
it provides zero emission of pollutant gases in the environment. So many companies 
are developing the importance of electric vehicles in the transportation system [10]. 
Due to the decrease in natural resources and the increment of waste in the envi-
ronment, sustainable design has come to the market worldwide [11]. Combustion 
engine utilizes fuel and discharges nitrogen oxides, carbon mono oxide, and carbon 
dioxide which are dangerous for environment. The EVs have given more attention 
because of less carbon emission, high power efficiency, fuel-free, and environmental 
consciousness [2]. Most of the researchers have applied single tool for sustainability 
and some people have to integrate tools to achieve sustainable design. 

3.2 Sustainable Design 

Environmentally conscious quality function deployment (ECQFD) is mainly used 
as a tool for product design in the initial stage of product development. To attain 
sustainability and for sustainable product design, ECQFD has been implemented by 
Vinodh and Rathod [3]. At present, economic expansion design and implementation 
play an important role. Researchers and scientists gave sustainable design concepts 
by developing theories and tools to enhance the environmental, engineering, and 
economic impact of the product life cycle. Different practitioners used different tools 
to convert customer requirements into engineering characteristics. Vinodh et al. [3, 
4] discussed four phases of ECQFD and they integrated ECQFD, theory of inven-
tive problem solving (TRIZ), and analytic hierarchy process (AHP) for sustainable 
product design of automobile components. The ECQFD is applied to involve renova-
tion and environmental characteristics in the product design process and it comprises 
four phases. Phases 1 and 2 are related to identifying the main parts of EV that are 
essential for the environment and innovation. Phases 3 and 4 are used to examine 
what design modification is most effective among the alternative design option for 
electric vehicles. The TRIZ consists of 39 inventive principles [37]. The purpose of 
TRIZ was applied for innovative process design alternatives and AHP was applied 
for the selection of best design alternatives [4]. Integration of ECQFD and LCA has 
been applied by Rathod et al. [5] to achieve the sustainable product design of an EV. 
In this paper, ECQFD has been applied to control environmental aspects and conven-
tional requirements, and LCA is applied for estimating the environmental effects on 
product design and process. In this paper, researchers have used old product parts
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and developed a model by integrating production, technical rank, and environmental 
impact. In this paper, the result obtained from the case study gives equal impor-
tance to integrating ECQFD and LCA [5]. Sustainable design and development have 
allowed attention recently due to increasing customer demand to achieve sustain-
ability. In modern sustainable design, the circular economic model has focused on 
the aim to achieve environmental impact. The manufacturers and governments have 
applied circular economics in practice to achieve sustainability. Six key points of a 
circular economy are recycling (end-of-life treatment), design, production and re-
manufacturing, transportation, consumption, and collection [6]. Ahmad et al. [1] deal 
with the tool behavior and the paper is based on the newly developed tools. The selec-
tion of tools is based on the triple bottom line of sustainability. They have divided 
tools into partial sustainable design tools and sustainable design tools because partial 
sustainable design tools do not give a triple bottom line of sustainability. 

The term design with innovative activity to choose from different ideas and 
possibilities is known as sustainable product design. Conventional design process 
is divided into four stages. The first stage deals with problem identification and plan-
ning and the second stage is conceptual design. Conceptual design stage determines 
the product identification and alternative idea. The third stage deals with preliminary 
design, they select the best alternative concept. And last one is the final stage that 
provides a detailed design. This stage deals with product manufacturing and main-
tenance. To achieve sustainability, the researcher has to include sustainability aspect 
in all stages of conventional design. Conventional product design concentrates on 
product feature, customer requirement, product quality, and product cost. However, 
sustainable design focuses on the whole life cycle of product for social, economic, 
and environmental effects. Sustainable product design provides sustainability for the 
entire life cycle from selection of materials, manufacturing to end-of-life and recycle. 
The aim of sustainable design is to minimize resource material and also reduce the 
discharge of flue gases to the environment along with its aim to improve the social 
and economic effects on the entire life cycle. 

4 Recent Development 

The purpose of this chapter is to review the many recently developed product design 
tool with respect to the triple bottom line of sustainability. Also, review the design tool 
and EV-based paper in the earlier published article to give better sustainability perfor-
mance. The collection of the research papers is from “Web of Science”, “Science 
Direct”, “Google scholar”, “Taylor and Francis” by using different keywords. Then 
the collection of articles was selected on the basis of their relevancy. The search 
process was performed with many combinations of keywords like sustainable product 
design, product design, product development, electric vehicle, sustainable design 
tool, eco-design tools, sustainable manufacturing, design for environment, and life 
cycle assessment tools. Based on the keywords, relevant articles were assembled 
from the above-mentioned source. Based on these keywords, the topics were divided
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into two groups: sustainability and tools of product design. Now, the final stage 
for selecting a research paper is based on the most relevant papers selected on the 
basis of two parameters such as relevancy and journal rank. Top journals that are 
published in this area are such as “Resources, conservation & recycling”, “Com-
puters & industrial engineering”, “Journal of cleaner production”, “Applied soft 
computing”, “Sustainable production and consumption”, and “International journal 
of sustainable engineering”. 

4.1 Detailed Analysis of Literature 

Various studies have been focused on by researchers in the field of sustainable product 
design of EV and automobile vehicle parts. Many researchers have tried to focus on 
battery recycling and EV charging infrastructure in different countries. Some scholars 
have developed the literature reviews on the main area of EVs such as charging 
infrastructure, battery recycling, and battery swapping. Some of the researchers have 
discussed recycling EV battery materials. 

4.1.1 Sustainable Design Tools and Issues 

The environment was the only factor in the early stage of sustainable product design. 
So, environmental and eco-design was implemented and many numbers of eco-design 
tool had developed to be applied in the early stage of product design. Previously 
focused much research has focused on the eco-design tool. Due to the introduction 
of social and economic aspects in product design, sustainable product design concepts 
give more attention in the current time. To fulfill this gap, this paper aims to differ-
entiate between eco-design tools and sustainable design tools. Actually, researchers 
have been interested in studying the important areas in the field of sustainable design 
and design tools but they did not give a better understanding of sustainable design 
tools, partial SPD, SPD, and eco-design tools. 

4.1.2 Eco-Design Tool 

There are many environmental tools have been developed. Eco-design and design 
for environment is a basic-level design tool. Eco-design tool is basically used in 
Europe and design for environment is used in the United States [11]. Actually, 
some of the eco-design tools are very comprehensive and give a detailed solution 
to improve sustainability. Apart from some tools, an eco-design tool performs a 
preliminary quantitative analysis to improve the design criteria. Devanathan et al. 
[36] have discussed and classified 30 eco-design tools into three parts, quality func-
tion deployment-based tool, life cycle assessment, and checklist-based tools. This 
article uses qualitative and quantitative criteria to classify. In the quantitative method,
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a large amount of product data is required for product development process and it 
enters the design process at the late stage. Qualitative method is relatively simple 
in the early stage of product development process. Life cycle assessment is mainly 
a category of quantitative tools and quality function deployment is the category of 
qualitative tools. 

4.1.3 Partial Sustainable Design Tool 

The impact on the environment was considered after conventional product design 
approaches has been applied. In recent years, the demand for sustainable product 
design tool is different from the previously focused tool. Then the transformation of 
tool from eco-design tool to a more comprehensive tool that includes environmental 
factor with social or economic factor. These tools are called partial sustainable design 
tool because they did not fulfill all dimensions of sustainability. Previously, most of 
the researchers have already discussed some of the partial-SPD tool has been only 
depending on cost and quality parameters without the aspect of sustainability. Quality 
parameter has been part of traditional product design which gives only economic 
gains in product design. Thus, some of the expended version eco-design tools were 
considered as a partial-SPD tool. Types of tools used tool categories, and the different 
types of problem considered in the EVs problem is shown in Table 2. Majority of 
the partial-SPD tools were dependent on QFD. Most of the partial-SPD tools were 
integration of different tools from other fields and it was also common in SPD tools. 
In this table, most of the partial-SPD and SPD tools are quantitative in nature and 
only quality function deployment is qualitative in nature. Here, we have seen that 
mostly partial-SPD tools were used for the early stage design like problem definition, 
conceptual design but SPD tool like life cycle sustainability assessment were used 
on detailed design and later design stage.

4.1.4 Sustainable Design Tool 

Sustainability is the process in which the social, environmental, and economic 
concerns should be addressed simultaneously in the product design process. The term 
partial sustainable design tools is considered limited economic analysis. Similar to 
partial-sustainable design tool, SPD tool was also the integration of different tools 
from several fields. SPD tools give a triple bottom line of sustainability because they 
fulfill all three aspects of sustainability to the environment. These tools are future 
tool because most of them gives the idea of early-stage design and development. 
Partial-SPD tool is based on the QFD tool but these tools give the triple bottom line 
of sustainability and these tools are mainly used in industry. The types of sustainable 
design tools used for the different types of problem considered in the EVs problems 
are shown in Table 3.
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Table 2 Categorization of eco-design and partial-sustainable product design tool for electric 
vehicle 

Tool Tool 
categories 

Description Analysis Design stage 

Life cycle 
assessment 

Eco-design Life cycle assessment is a 
method of estimating 
environmental factors 

Quantitative Problem 
definition, 
conceptual 
design, and 
detailed design 

Quality 
function 
deployment 
[12] 

Eco-design QFD is applied during the 
design phase to ensure that the 
requirement from the customer 
or market accuracy 

Qualitative Product 
planning 
Product 
development 
Process 
planning 
Production 
planning 

ECQFD [13] Partial-SPD ECQFD is applied for 
translating voice of customer to 
engineering characteristics 

Quantitative Entire design 
stage 

ECQFD and 
LCA-based 
method 

Partial-SPD Elements such as voice of 
customer, engineering metric, 
etc., are included 

Quantitative Entire design 
stage 

LCA 
integrated 
with the 
Monte Carlo 
simulation 

Partial-SPD It integrates environmental, 
economic, and technical aspects 
and LCA is used to evaluate 
environmental performance 

Quantitative Conceptual 
design 

Integrated 
ECQFD, 
TRIZ AND 
AHP 

Partial-SPD Integrate ECQFD, TRIZ, and 
AHP for sustainable product 
design 

Quantitative Conceptual 
design 
Problem 
definition 

Integrated 
QFDE 

Partial-SPD Integrated QFDE with fuzzy 
decision making 

Quantitative All design 

Fuzzy 
eco-QFD 
[14] 

Partial-SPD Integrate QFD with LCA in 
product design process and use 
fuzzy method to translate 
customer need into technical 
attribute 

Quantitative System-level 
design

5 Future Research Directions 

We have seen that previously developed product design tool for EVs is mainly related 
to eco-design. This paper would reduce the effort of researchers in selecting the tools 
for sustainable product design of electric vehicles. The selection of the tool is very 
important to achieve the best result. This study would also improve the understanding 
of the tool in the field of electric vehicles. The table includes the application of most
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Table 3 Categorization of sustainable product design tool for electric vehicle 

Tool Life cycle phases Description Analysis Design 
stage 

Life cycle 
sustainability 
assessment 
[15] 

Raw material 
extraction, design 
and 
manufacturing, 
transformation, 
use, end of life 

It gives triple bottom line of 
sustainability. Its gives 
relation between life cycle 
analysis, life cycle cost, and 
cost–benefit analysis 

Quantitative Detailed 
design 

Fuzzy QFD 
[11] 

Design and 
manufacturing, 
end of life 

It is two-phase method and it 
depends on sustainability 
requirement and design 
consideration and useful for 
early-stage design and 
problem definition 

Quantitative Problem 
definition, 
conceptual 
design 

Sustainable 
platform for 
product 
family design 
[16] 

Material 
extraction, design 
and 
manufacturing, 
transportation, end 
of life 

Measures risk value to 
calculate the robust 
component for redesign 

Quantitative Conceptual 
design 

Fuzzy 
sustainability 
evaluation 
method [17] 

Material 
extraction, design 
and 
manufacturing, 
transportation, 
use, end of life 

Method depends upon 
three-dimensional stage of 
sustainability during detailed 
design 

Quantitative Problem 
definition

of the tools in the field of automobile and industrial areas. To achieve the best result 
in the sustainable product design of electric vehicles, the selection of the appropriate 
tools is very important. 

There is much research done on sustainable product design of automobile vehicle 
parts but the sustainable design of EVs with different tool considerations will give 
future research direction. Sustainability analysis of EV parts like traction motor, 
battery, and motor controller with a different integration of tool is also a gap that 
may be performed for future research. Parameters like the voice of customers (VOC) 
and engineering metrics (EM) can be modified as per the product and process can 
be taken for the study. Identifying the best SPD tool in place of the partial-SPD 
tool can be taken because most of the researchers have applied the partial-SPD tool. 
Previously, ECQFD was used for the sustainable design of EVs but, in the future, 
the study can be focused on parts of EVs to improve sustainability. Future research 
may also base on the development of electric vehicle parts in CAD software with the 
integration of three aspects of sustainability like the environmental, economic, and 
social aspects [18]. More research is focused on the social aspect in comparison to 
environmental and economic.
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6 Conclusion 

Sustainable product design is a prevalent field of research area now a day. This chapter 
presents the literature and recent development on sustainable design and tools used 
for electric vehicles. This chapter provides better knowledge for researchers and 
practitioners working in this field by providing a systematic literature review of the 
published article in the renowned journal in the area of sustainable product design of 
EVs. It gives depth knowledge on sustainable design of EVs and sustainable design 
tools and techniques used to achieve sustainability. Previous research on the electric 
vehicle in the field of sustainable product design was based on the eco-design tool 
and partial-SPD tool. So, there was the need to apply recently developed SPD tools 
in electric vehicles to attain triple bottom line of sustainability. In this chapter, tools 
are categorized by different pillars of sustainability. Some authors have considered 
only two pillars of sustainability, viz. environment and economy. In this study, tools 
were categorized as partial-SPD. And some authors considered all three aspects of 
sustainability and in this study, such problem tools were categorized as SPD tools. 
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Sustainability Assessment 
of Organizations Based 
on the Orientations of Product 
Sustainability 

Jayakrishna Kandasamy, Barathi Venkatesh, and Aravind Raj Sakthivel 

Abstract The main goal of this research paper is to develop sustainability assess-
ment model for a manufacturing organization by considering manufacturing material, 
product design, and manufacturing methodology changes. Matrix Evaluation Method 
(MEM) is used as an assessment tool for measuring the sustainability level. The 
changes in three orientations are achieved by implementing the best alternatives. The 
best alternative for material, design, and manufacturing process was determined using 
Fuzzy VIsekriterijumska optimizacija iKOmpromisno Resenje (VIKOR), Environ-
mentally Conscious Quality Function Deployment (ECQFD), and Life Cycle Anal-
ysis (LCA), respectively. The sustainability level, after performing the study has also 
been done. The model considers the changes in three perspectives such as material, 
product design, and manufacturing process for a product. This study showed that 
alternate material, product design, and manufacturing process for the instrument 
panel are, respectively, polypropylene, product design modifications in eco-friendly 
aspects, and vacuum forming as a replacement for injection molding. The sustain-
ability index of the present and proposed models are 7.6 and 9.15, respectively. The 
conduct of the study enabled the practitioners to systematically assess sustainability 
level of the alternatives and select the best alternative. An attempt has been made to 
integrate Matrix Evaluation Method and Multiple Criteria Decision-Making tool for 
assessing the sustainability level and selecting the best alternative material, design, 
and process. 
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Nomenclature 

Si Utility index 
Ri Regret index 
Qi VIKOR index 
f ∗ 
i Best value 
f − 
i Worst value 

vri Improvement rate 
AG Aggregated value 
DM Decision-Maker 
CR Customer Ratings 
EM Engineering Metrics 

1 Introduction 

Sustainable development is a development that meets the needs of the present without 
compromising the ability of future generations to meet their own needs [2]. Sustain-
ability assessment is a tool that can help decision-makers and policymakers decide 
what actions they should take and not take in an attempt to make society more 
sustainable [7]. Sustainability is also defined as the intersection of people, environ-
ment, and profit. Sustainability assessment is a tool that can help decision-makers 
and policymakers decide what actions they should take and not take in an attempt 
to make society more sustainable. In the present study, the economic and environ-
mental dimensions of sustainable development are given importance; although social 
dimension of sustainability is also being concentrated by the case organization. The 
product life cycle in a manufacturing organization mostly depends on three factors 
such as material, design, and manufacturing process. The sustainability assessment 
was carried out by considering these three factors. In this method, the first step is 
to get the weights for the three factors from the decision-makers of the organiza-
tion. One of the factors in sustainable development is material usage, i.e., resources 
utilization should be less and it should be recoverable. Decision made during the 
product design plays a major part in the resource consumption and waste generation 
and sustainability in manufacturing could be achieved through the selection of the 
best manufacturing process. 

2 Literature Review 

A literature survey was carried out extensively on sustainability assessment 
approaches carried out using MCDM techniques. The following subsections discuss 
the available literature.
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2.1 Sustainability 

Yang et al. [37] described the term sustainability assessment in a clear way by consid-
ering the philosophies that underscore various approaches available for sustain-
ability and discussed the origin of sustainability assessment and existing methods 
for assessing sustainability. Mebratu [18] discussed the definition of sustainable 
development and pointed out the misconception regarding some of the definitions. 
Székely and Knrisch [29] explained various tools for sustainability evaluation such 
as sustainability indices, award schemes, accountability, and internal and external 
communication tools. These tools are majorly used by 20 German companies. The 
authors measured the sustainability performance of the case organization by consid-
ering three aspects of sustainability such as the economy, environment, and society. 
Vinodh [32] used multi-grade fuzzy approach for assessing sustainability in a manu-
facturing organization from the triple bottom line. Industrial implications of the case 
study are also explained. Labuschagne et al. [16] reviewed the sustainability methods 
such as global reporting initiative and presented the criteria considered under social, 
economic, and environmental dimensions for the assessment of sustainability. Becker 
[3] presented a conceptual framework for sustainability assessment of a land use 
system by considering four indicators such as economic, environmental, social, and 
composite and described the scope of different assessment tools using time and 
space matrix. Tseng [30] measured sustainable production indicators using a novel 
approach for a printed circuit board manufacturing sector and is composed of fuzzy 
set theory and a hierarchical structural model and they conducted a survey in two 
stages, in the first stage the researchers were asked to rate the ambiguity and clarity 
based on the outcome again they modified the instrument and in the second step, they 
repeated the same steps in order to have an accurate result. Musango and Brent [19] 
proposed a framework that incorporates a technology assessment approach, namely 
system approach to technological sustainability assessment (SATSA) that integrates 
three key elements: technology development, sustainable development, and dynamic 
systems approach. Ren et al. [27] proposed to rank the prior arrangement of biomass-
based technologies for hydrogen production by using a sustainability assessment 
method. 

2.2 VIKOR 

Prato [23] explained the disadvantages of stochastic and nonstochastic approaches 
used for the sustainability assessment and to overcome those disadvantages, they 
introduced fuzzy logic methods to assess and rank the management alternatives. 
Phillis and Andriantiatsaholiniaina [24] developed a model called Sustainability 
Assessment by Fuzzy Evaluation (SAFE), which combines both human and ecolog-
ical inputs and treated them together with the aid of fuzzy logic to provide an overall 
measure. Hîncu [11] modeled the urban sustainable development using fuzzy sets by
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implementing some new steps in the SAFE and used trapezoidal fuzzy numbers for 
their evaluation. Girubha and Vinodh [10] developed a framework to select the best 
material for the particular application. They concluded that polypropylene was the 
alternative material for the instrument panel by using MCDM and VIKOR assessment 
methosd. Devi [8] discussed VIKOR method is extended to the intuitionistic fuzzy 
environment and to solve multiple-criteria decision-making problems. For appli-
cation and verification, this study presents a robot selection problem for material 
handling task. 

2.3 ECQFD 

Heijungs [12] developed a framework to incorporate different models for environ-
mental analysis including the social and economic aspects and they analyzed the 
cost expenditure from private to societal. They concluded that the life cycle sustain-
ability assessment is the sum of life cycle costing, social life cycle analysis, and 
life cycle analysis. Bereketli and Genevois [5] reviewed to identify the improved 
strategies in sustainable development by integrating a multi-aspect QFD and Envi-
ronment (QFDE). Pope et al. [22] compared two types of approaches used for the 
assessment of sustainability such as triple bottom line approach that includes Environ-
mental Impact Assessment (EIA)-driven integrated assessment, objectives-led inte-
grated assessment, and assessment for sustainability and principle-based approaches 
and concluded that the appropriate assessment can be done by principle-based 
approaches. Wu and Ho [35] used to integrate green quality function deployment 
and fuzzy theory for assessing sustainability in green design. Green mobile phone 
design suggestions of the case study are also explained. Waheed et al. [34] discussed 
different approaches to select a framework for the effective sustainability assessment 
and mainly discussed the advantages and disadvantages related to the linkage-based 
frameworks and the driving force-state-exposure-effect-action (DPSEEA) frame-
work. Mir et al. [21] proposed the MCDM methods to evaluate the finest munic-
ipal solid waste management method for matching and ranking the scenarios. They 
concluded that the anaerobic digestion and a sanitary landfill with Electricity Produc-
tion (EP) methods are the favorite choices for MSWmanagement. Romli et al. [28] 
proposed a framework that integrates eco-design decision-making (IEDM) method-
ology it is formed by life cycle assessment, an eco-design process (Eco-Process) 
model, and an enhanced eco-design quality function deployment process. 

2.4 LCA 

Xu et al. [36] proposed to improve the service quality of the customers by assessing 
the service performance of EVS programs. They conducted sensitivity analysis 
and a comparative analysis of different methods and conclude that the proposed
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method is capable to assess service performance of EVS programs. Ameknassi et al. 
[1] discussed the implementation of DfE activities to offer an integrated approach 
to support designers efficiently. Little differences in the PDP structure are made 
to express the organizational behaviors of the approach to providing modernized 
specific detail, and to make an order of the system in the communication among 
executors and proponents of DfE. Paju et al. [25] proposed a value stream mapping, 
life cycle analysis, and discrete event-based assessment tool, termed Sustainable 
Manufacturing Mapping (SMM). The main phases included in this work are goal 
definition, identification of the sustainability indicators, and modeling the current and 
future state maps. Zhao et al. [38] introduced technology assessment as a feasibility 
study tool for sustainability and to increase its application, included the instruments 
such as LCA, EIA, or environmental audit, and the interactions between them. Kalhor 
et al. [15] investigated the life cycle assessment to evaluate the chicken meat gener-
ation at slaughterhouse gate per mass-based functional unit and the environmental 
effect of broiler generation at farm gate in summer and winter periods. The outcomes 
of environmental problems of chicken meat generation in winter were higher than 
summer period. Isaksson and Garvare [14] proposed a framework model to assess 
the sustainability of cement manufacturing units and they listed out the effects of 
CO2. They concluded that energy and material consumption was high in machine 
tools and suggested ways to overcome those effects. Tadić et al.  [31] explained about 
the city logistics concept frame work selection which would be most suitable for 
different participants, stakeholders, and which would fulfill with attributes of the 
surroundings. 

2.5 Literature Gap 

Based on the literature review it is found that the researchers have focused on devel-
oping product-based sustainability model using multi-criteria decision-making tech-
niques. But in this research, a new attempt has been made in computing the product 
sustainability index using fuzzy VIKOR, Environmentally Conscious Quality Func-
tion Deployment (ECQFD) and Life Cycle Analysis (LCA) across the three major 
orientations of product sustainability (i.e. material, product design and manufacturing 
cost). 

3 Methodology 

The case study was carried out in an automotive component manufacturing industry 
located in Bengaluru, India. An automotive component manufacturing was chosen 
because it was more susceptible to sustainable development and more benefits could 
be obtained if the research is properly conducted. The study was carried out on the
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instrument panel. The instrument panel is the dashboard and includes all the equip-
ments such as speedometer which is situated directly ahead of the vehicle’s driver. 
The industry has initiated steps to find out the best material, product design, and the 
manufacturing processes. Before implementing the changes, the organization was in 
need of assessing the sustainability level. Therefore in this study, the assessment is 
carried out by considering those factors by getting the inputs from the past analysis 
and decision-makers. The decision-makers involved all sections of the organization 
starting from the top chain to the last chain in order to get all the information required 
to carry out the required research such as Chief Executive Officer, Chief Technical 
Officer, Head of Departments and Site Supervisors. The decision-makers partici-
pated in the study possess wide experience regarding the operational culture of the 
organization. Inputs for the methodologies used in this study were gathered from 
the decision-makers. The inputs were provided by the decision-makers considering 
the sustainability characteristics prevailing in the organization as well as to improve 
the competitive position of the organization. The methodology followed during this 
study is shown in Fig. 1. The study begins with exploring the sustainability assess-
ment model for incorporating the three sustainable manufacturing concepts. Matrix 
evaluation model was used in this case study. The model compares the sustainability 
level before and after implementing the alternatives for each concept. The alternate 
material is determined using Fuzzy VIKOR methodology. Then the product design 
modifications have been implemented using ECQFD and finally, the manufacturing 
process selection was based on LCA.

3.1 Sustainability Assessment Model 

The assessment work was carried out with material, product design, and manu-
facturing process using matrix evaluation model. This project aims at achieving 
sustainability in material, design and manufacturing process levels. So the sustain-
ability level needs to be measured before and after incorporating the alternatives for 
three orientations. 

3.2 Formation of the Evaluation Matrix 

The evaluation matrix was formulated by considering three main criteria and their 
sub criteria i.e., at two hierarchical levels. The model used for the evaluation was 
shown in Fig. 2. The alternatives for three concepts such as material, product design 
and manufacturing process were chosen by Fuzzy VIKOR [4, 26] ECQFD [6, 20]and 
LCA [13]. The sub criteria were chosen by taking these three aspects into account for 
evaluation using the metrics achieved in the above three methods. The weighting for 
each criterion was obtained from the decision-makers. They provided the weight by
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Sustainability assessment model selection based on literature review 

Matrix evaluation model for sustainability assessment 

Sustainable manufacturing concepts 

Product design 

Alternate concept selection methodologies 

Material Manufacturing 

Product design 
(ECQFD) 

Computation of sustainability index 

Material 
(Fuzzy VIKOR) 

Manufacturing process 
(LCA Analysis) 

Fig. 1 Methodology for the study

considering the importance of the criteria with respect to manufacture of a sustainable 
product.

3.3 Material Selection Using Fuzzy VIKOR 

The current material used by, the organization is ABS. To improve the sustainability 
level of any product, there exists a need to find an alternate material. Therefore, the
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……………………………….                                  …………………………………           ………………………… 

Main criterion 3 

Aggregate value 

Main criterion 1 

Sub criterion 1 Sub criterion 2 Sub criterion 3 

Fig. 2 Matrix evaluation model

decision-makers suggest using an efficient fuzzy-based MCDM tool for the mate-
rial selection. This leads to the selection of fuzzy VIKOR for the material selection 
problem [4]. The selection is made among four materials including the current mate-
rial. The inputs required for the selection of materials are acquired in the form of 
fuzzy numbers in order to avoid vagueness associated with inputs. Trapezoidal fuzzy 
numbers are used in this selection process. The linguistic variables and the corre-
sponding fuzzy sets are as follows Very Poor (VP) − (0.0, 0.0, 0.1,0.2), Poor (P) − 
(0.1, 0.2, 0.2, 0.3), Medium Poor (MP) − (0.2, 0.3, 0.4, 0.5), Fair (F) − (0.4, 0.5, 
0.5, 0.6), Medium Good (MG) − (0.5, 0.6, 0.7, 0.8), Good (G) − (0.7, 0.8, 0.8, 0.9), 
Very Good (VG) − (0.8, 0.9, 1.0, 1.0) [9]. 

By considering the functionalities of the component, it is evident that the following 
eight criteria have to be taken into account for the material selection. Temperature 
withstanding capability (C1), Capability to recycle (C2), Price (C3), Strength to 
Weight (C4), Thermal conductivity (C5), Tensile strength (C6), Stiffness (C7), Eco 
friendliness (C8) [4, 33]. 

The inputs have been collected in two forms, first one as weights of the criteria and 
the second one deals about the decision-makers view about the material with respect 
to each criterion. An excerpt of the weights of the criterion is shown in Table 1 and an 
excerpt of the ratings of criterion against each material provided by decision-maker 
1 is shown in Table 2.

After getting the linguistic variables as inputs from the decision-makers, the inputs 
have to be aggregated into a single set of value. In order to get a crisp value, an average 
of the four numbers is used and the crisp values are shown in Table 3.
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Table 1 Excerpt of the weights of the criteria 

Decision maker DM 1 DM 2 DM 3 DM 4 DM 5 

Criteria 

C3 G G MG MG G 

C4 G MG VG G G 

C5 G VG G VG G 

Table 2 Excerpt of the ratings of the criteria against each material by decision maker 4 

Criteria C1 C2 C3 C4 C5 C6 C7 C8 

Material 

M1 FH H FH H FH FH H FH 

M2 FH FH H H H H FH H 

M3 VH VH H H VH VH H H 

M4 H VH H H H VH H H

Table 3 Crisp values of the weights and ratings of the material 

C1 C2 C3 C4 C5 C6 C7 C8 

W 0.77 0.77 1.79 0.77 2.13 1.76 2.11 1.76 

M1 0.69 0.72 1.73 0.70 1.73 1.79 1.73 1.73 

M2 0.65 0.61 1.68 0.66 1.68 1.63 1.57 1.60 

M3 0.87 0.87 2.13 0.85 2.13 2.16 2.13 2.11 

M4 0.80 0.87 2.13 0.80 2.13 2.13 2.16 1.84 

The best and worst values among the material for each criterion are found and it 
is shown in Table 4. The calculation of utility, regret and VIKOR index is shown in 
Table 5 using Eqs. 1–3 [4]. 

Si = 
n∑

j=1 

wo 
j

(
f ∗ 
i − fi j

)
(
f ∗ 
i − f − 

i

) (1) 

Ri = max 
i

(
wo 

j

(
f ∗ 
i − fi j

)
(
f ∗ 
i − f − 

i

)
)

(2) 

Qi = 
v(Si − S∗) 
S− − S∗ + 

(1 − v)(Ri − R∗) 
R− − R∗ (3)

The ranking of material is shown in Table 6 and it shows the current material 
occupies the second position and the proposed material is selected as the best material. 
i.e., the current material being used is ABS, which occupies the second position;
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Table 4 Best and worst values 

f ∗i 0.87 0.87 2.13 0.85 2.13 2.16 2.16 2.11 

f − 
i 0.65 0.61 1.68 0.66 1.68 1.63 1.57 1.6 

Table 5 Calculation of utility, regret measure and VIKOR index 

M1 M2 M3 M4 

Si 9.2 11.9 0.11 1.4 

Ri 1.8 2.1 0.11 0.93 

Qi 0.85 1.00 0.00 0.35

Table 6 Ranking of materials 

1 2 3 4 

Si M3 M4 M1 M2 

Ri M3 M4 M1 M2 

Qi M3 M4 M1 M2 

whereas Polypropylene is selected as the best material, since it occupies the first 
position. 

3.4 Design Modifications Using ECQFD 

ECQFD can be applied to find out the environmentally friendlier modifications for 
a product [33]. The design modifications of the instrument panel are made using 
ECQFD. Currently, the case organization is giving more importance to four major 
aspects such as increased life, reduced weight, volume and number of parts. In 
order to increase the sustainability level, three new environmental aspects are taken 
and compared with the current attempt to modify the design form environment 
perspective. The three new environmental aspects include biodegradability, the toxi-
city of materials and increased hardness. The result shows that the new environ-
mental perspectives could improve the sustainability than the present attempt. The 
methodology of ECQFD is explained below. 

3.4.1 Environmental Voice of Customers (VOCs) and Environmental 
Engineering Metrics (EMs) 

Reduced material usage, energy consumption; increased durability; easy to disas-
semble during the maintenance stage; harmless to the living environment of the
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users during manufacturing and use; and ease of dispersibility represents the Envi-
ronmental VOCs of the case component. The technical characteristics of instrument 
panel assembly, such as reduced weight, volume, the number of parts, increased life, 
hardness or strength, biodegradability and toxicity of materials used represents the 
Environmental EMs of the case component. 

3.4.2 Identification of Parameters for Product Design Improvement 

This section describes the application of ECQFD for changes in product design and 
process sustainability. 

ECQFD Phase I 

Phase I explains the application of ECQFD to the instrument panel assembly. The 
normal raw score for each object is shown in Table 7. For example, EM Engi-
neering Metrics such as “increased life”, “reduced weight”, “reduced volume” and 
“reduced number of parts” with normal raw scores of “0.137”, “0.127”, “0.131” and 
“0.140” respectively are reasonably important to satisfy the user requirements than 
the “increased hardness or strength”, “biodegradability” and “toxicity”.

ECQFD Phase II 

Options I and II with respect to Phase II, as decided by the design engineers are shown 
in Tables 8 and 9. The two design options selected were based on the outcomes of 
phase I and II and incorporating the following combinations of components and EMs 
Engineering Metrics.

The correlating points between the target EM and components are shown in 
Tables 8 and 9. The improvement rate of each EM Engineering Metrics item ‘mrj’ 
was obtained from Eq. 4, [33]. 

mr j =
∑K 

k=1

(
b j,kc j,k

)
∑K 

k=1

(
b j,k

)

(J = 1, 2, .  .  .  ,  J ) 

(4) 

where 

k is the index number of component 
J is the index number of EM 
bj, k is the relational strength between EM item j to component k 
cj, k is the improvement rate of EM Engineering Metrics item j to component k and 

originally allowed to take the real number from 0.0 to 1.0
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Hence, for simplicity, cj, k can take the binary numbers: 
cj, k = 1 (improvement possible) 
cj, k = 0 (improvement impossible). 

ECQFD Phase III 

The improvement rate for each environmental VOC ‘vri’ is obtained from the 
following Eq. 5, [9]. 

vri =
∑J 

j = 1

(
mr j ai , j

)

∑J 
j = 1

(
ai , j

)

(i = 1, 2,  . . . ,  J ) 

(5) 

where J is the index number of EM item 
I is the index number of a VOC item 
ai,j is the relational strength between VOC item I and EM Engineering Metrics 

item j. 

Evaluation of Design for Environment Options 

The design improvements such as increasing bio degradability, reducing the toxicity 
of materials and improving the hardness and strength can be modified by choosing 
the appropriate material for the instrument panel. Here in this context, these changes 
can be fulfilled by the usage of polypropylene. 

The improvement effect of the VOCs and their respective weight was calculated 
based on environmental perspective through phases II and III. From this case study, 
the scores 14.568 and 8.561 were obtained for options I and II respectively and it 
was confirmed that option I is higher compared to option II. This indicates that three 
new concepts can be considered in order to increase the sustainability level. 

3.5 Process Sustainability Using Life Cycle Assessment 

For comparing the manufacturing processes from the sustainability perspective, an 
analysis was made using GaBi, a Life cycle Assessment (LCA) software package. It 
mainly deals with the LCA of the two processes such as vacuum forming and injection 
molding. Currently, the organization is using injection molding for manufacturing the 
instrument panel. Therefore in this study, an attempt was made to compare vacuum 
forming and injection molding processes.
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An attempt was made to study the sustainability of a process using GaBi. Two life 
cycles were modeled for the same product. The parameters and units of measurement 
are provided in Tables 10 and 11.

3.5.1 Inferences from LCA 

On comparing vacuum forming with injection molding the following influences are 
being derived. 

• The energy required for injection molding process was high when compared to 
vacuum forming and it is shown in Table 12.

• Emissions which affect the atmosphere that are caused by injection molding are 
high when compared with vacuum forming process and it is shown in Table 13.

The overall sustainability of vacuum forming process is better than the injection 
molding process. 

4 Sustainability Index Calculations 

The three criteria are inter-related so they are included as a sub criterion for the 
three factors. The quantifiable details are entered as the sub criterion values and the 
normalized matrix is formed. 

The comparison between the alternative for three concepts are taken from the 
above three methodologies such as fuzzy VIKOR, ECQFD, and LCA. The best 
alternate and the present technology have been taken for the comparison purpose 
and this forms the metrics for the evaluation matrix and is shown in Table 14.

The aggregated value is calculated using the equation Eq. 6, [37]. 

AG =
∑I 

i=1

{
wi

(∑J 
j=1 

vi j∑
max(vi j  (k))

)}

∑I 
i=1 wi 

(6) 

where 

vij refers to the normalized value obtained for every sub criterion 
Wi is the weight obtained by the MCDM method for every main criterion 
I, J denotes the maximum number of criterion and sub- criterion. 

The aggregated values of the three criteria are presented in Table 15. The aggre-
gated value for beneficial criteria is calculated by finding out the sum of present and 
proposed values in Table 14, and then by dividing the respective values with the 
sum, yields the corresponding value in Table 15. The aggregated value for rest of the 
criteria is calculated by finding out the inverse of the proposed and present values.
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Table 12 Energy resource consumption 

Energy resources Injection molding Vacuum forming 

Non renewable energy resources 100.35 76.362 

Renewable energy resources 0.0004 0.00015 

Non renewable elements 7.01 4.04 

Non renewable resources 1268.714 1151.581 

Renewable resources 1993.23 1928.375

Table 13 Comparison of emissions 

Emissions Injection molding Vacuum forming 

Emissions to air 360.36 100.265 

Emissions to fresh water 2.369 1.023 

Emissions to sea water 0.356 0.956 

Emissions to industrial soil 9.95E-05 3.23E-05 

Heavy metals to air 0.000125 0.000123 

Inorganic emissions to air 313.077 260.53 

Organic emissions to air 0.0145 0.0093 

Other emissions to air 800.36 432.23 

Particles to air 0.0198 0.009

The final assessment of the alternate concept from the evaluation matrix is the 
aggregation of the weighted sum of all the sub-criteria evaluations with the non-linear 
normalizations. The result obtained from the computations is shown in Tables 16, 
17 and 18 and it shows that the sustainability index is 7.65 for the present concepts 
and for the proposed alternate is 9.15. This shows that there is an improvement in 
sustainability by substituting the alternatives for three concepts.

5 Practical Implications 

The conduct of the study will enable the industry decision-makers to understand 
the importance of MEM for sustainability assessment. Effective training needs to 
be provided on the selection of appropriate tools/techniques for three major sustain-
ability orientations. In the present study, the decision-makers gained knowledge on 
the practical propensity of deploying MCDM for selecting but material, ECQFD 
application for identifying best design options from environment viewpoint and 
LCA deployment for identifying potential components from a sustainability view-
point. Also, the study enabled the identification of appropriate criteria for three 
sustainability perspectives as well as the computation of sustainability index.
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Table 14 Metrics of the three orientations 

Orientations Criteria Present concept Proposed concept 

Material Criteria ABS PP 

Max temp limit 0.8 0.87 

Recyclability 0.87 0.87 

Elongation 2.13 2.13 

Weight 0.8 0.85 

Thermal conductivity 2.13 2.13 

Tensile strengt 2.13 2.16 

Cost 2.16 2.13 

Toxicity level 1.84 2.11 

Product design Criteria Option II Option I 

Reliability 0.97 1.79 

Durability 0.93 1.44 

Less energy consumption 1.38 1.22 

Ease of disassembly 1.29 1.07 

Less material usage 1.25 1.12 

Harmless to living 
environment 

1.22 1.31 

Asthetics 1.22 1.42 

Recycling of parts 1.15 1.31 

Ease of disposal 1.05 1.43 

Manufacturing 
process 

Criteria Injection molding Vacuum forming 

Non renewable energy 
resources 

100.350 76.362 

Renewable energy 
resources 

0.0004 0.00015 

Non renewable elements 7.010 4.040 

Non renewable resources 1268.714 1151.581 

Renewable resources 1993.230 1928.375 

Emissions to air 360.360 100.265 

Emissions to fresh water 2.369 1.023 

Emissions to sea water 0.356 0.956 

Emissions to industrial soil 0.00010 0.0003 

Heavy metals to air 0.00013 0.00012 

Inorganic emissions to air 313.077 260.530 

Organic emissions to air 0.015 0.009 

Other emissions to air 800.360 432.230 

Particles to air 0.020 0.009
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Table 15 Evaluation table with weights 

Main criteria Sub criteria Value of present 

concept vi j  (1) 
Value of proposed 

alternate vi j  (2) 
Weight 

Material Max temp limit 0.4790 0.5210 1 

Recyclability 0.5000 0.5000 

Elongation 0.5000 0.5000 

Weight 0.4855 0.5145 

Thermal 
conductivity 

0.5000 0.5000 

Tensile strength 0.4965 0.5035 

Cost 0.5035 0.4965 

Toxicity level 0.4658 0.5342 

Product design Reliability 0.3517 0.6483 2 

Durability 0.3925 0.6075 

Less energy 
consumption 

0.5312 0.4688 

Ease of 
disassembly 

0.5471 0.4529 

Less material usage 0.5278 0.4722 

Harmless to living 
environment 

0.4824 0.5176 

asthetics 0.4630 0.5370 

Recycling of parts 0.4664 0.5336 

Ease of disposal 0.4245 0.5755 

Manufacturing 
process 

Non renewable 
energy resources 

0.4321 0.5679 3 

Renewable energy 
resources 

0.2727 0.7273 

Non renewable 
elements 

0.3656 0.6344 

Non renewable 
resources 

0.4758 0.5242 

Renewable 
resources 

0.4917 0.5083 

Emissions to air 0.2177 0.7823 

Emissions to fresh 
water 

0.3016 0.6984 

Emissions to sea 
water 

0.7287 0.2713 

Emissions to 
industrial soil 

0.2451 0.7549

(continued)
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Table 15 (continued)

Main criteria Sub criteria Value of present

concept vi j (1)
Value of proposed

alternate vi j (2)
Weight

Heavy metals to air 0.4960 0.5040 

Inorganic emissions 
to air 

0.4542 0.5458 

Organic emissions 
to air 

0.3908 0.6092 

Other emissions to 
air 

0.3507 0.6493 

Particles to air 0.3125 0.6875

Table 16 Calculation of sum and maximum values 

Criteria Sum of present Sum of proposed Max of present Max of proposed 

Material 3.9303 4.0697 0.5035 0.5342 

Product design 4.1866 4.8134 0.5471 0.6483 

Manufacturing process 5.535077 8.464923 0.728659 0.782328 

Table 17 Multiplied present and proposed values 

Criteria Sum of 
present/max 
of present 

Sum of 
proposed/ 
max of 
proposed 

Weight Multiplied value 
of present value 
with weight 

Multiplied value of 
proposed value 
with weight 

Material 7.806016 7.618382 1 7.806016 7.618382 

Product design 7.652469 7.424533 2 15.30494 14.84907 

Manufacturing 
process 

7.596256 10.82017 3 22.78877 32.4605 

Sum 6 45.62188 54.94669 

Table 18 Calculation of 
sustainability index Sum of final present/sum of 

weights 
Sum of proposed/sum of 
weights 

7.603646 9.157782

6 Conclusions 

In order to achieve sustainability on the whole for a product, there is a necessity to inte-
grate three main orientations such as material, design, and manufacturing process of 
a product. The sustainability assessment studies reported in the literature do not focus 
on the three major orientations comprehensively to the best knowledge of the authors.
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Therefore, there is a need to select the best alternative in every concept. Various chal-
lenges were faced while performing this research which includes setting the goal 
while giving due consideration to the boundary conditions while performing LCA. 
Another challenge was making the concerned authority feel the need for sustainable 
development and then implementing the required changes. Sustainability assessment 
tool namely, matrix evaluation method is used to assess the sustainability level of the 
present and proposed alternatives for three sustainability manufacturing concepts. 
Fuzzy VIKOR was used as the material selection methodology it was proposed 
that Polypropylene could be the best alternative for ABS. ECQFD was used to find 
out the modifications in the design of the instrument panel and it was suggested to 
improve the Hardness/strength, increase biodegradability, and to reduce the toxicity 
of materials. LCA was carried out, in order to find out the best alternate manufac-
turing process for producing instrument panel and it was suggested that the vacuum 
forming could be the best alternative for injection molding. By taking these the new 
alternatives, the sustainability level was assessed by including the weights for the 
three orientations and it shows that the sustainability level before and after imple-
menting the changes is 7.65 and 9.165, respectively. The assessment shows that the 
sustainability is in the range of 7–8 for the present orientations and for the proposed 
alternates for the orientations, it is found to be in the range of 9–10. This shows that 
there is an improvement of 20% in attaining sustainability. Therefore, the sustain-
ability level of the product is increased by incorporating the changes in three major 
sustainability orientations. Making the sustainability index aids in benchmarking the 
industry to various other similar industries which would result in further improvement 
of the model. 

In the present study, matrix evaluation model was used as the technique for sustain-
ability assessment encompassed with the usage of appropriate technique in three 
sustainability orientations. In future, similar case studies could be conducted using 
the proposed approach for enhancing the cumulative effectiveness. 
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Sustainability in Manufacturing 

K. Raj Kumar Reddy, P. Kalpana, and A. Deiva Ganesh 

Abstract The world population is constantly increasing, it is a concern as natural 
resources are limited and economic imbalances are going higher. Given the situation, 
it is required to promote sustainability to ensure resource conservation for coming 
generations. Manufacturing accounts for the largest energy consumption and making 
the manufacturing processes sustainable can lead to great results. Sustainability has 
three verticals, i.e., Environmental, Economical, and Social. Manufacturers should 
focus on all three verticals to announce themselves as sustainability adopters, in 
fact, most of them are trying to follow sustainability norms in their practices, but 
the practices lack structuredness. Recent surveys show that millennials are willing 
to pay extra for sustainable products. This acts as motivation for makers to focus 
on sustainability and promote it through their products and campaigns. The main 
challenge in this process is how to measure the sustainability index along with finding 
gaps in their activities. The next challenge is how to improve sustainability and 
maintain transparency in documenting those. Data is the new oil. It is trivial for 
any technology adoption. Industry 4.0 techniques exactly enable the same, it starts 
with acquiring data and ends with useful recommendations. In recent times, emerging 
technologies are being adopted across industries to make a positive difference in their 
operations. Technologies like internet of things, data science, artificial intelligence, 
blockchain technology, and cyber security can reduce uncertainties and improve 
efficiency. This chapter focuses on measuring sustainability and technology’s role in 
ensuring sustainability in manufacturing, it throws light on Industry 4.0 automation 
techniques and how data can be leveraged to make a difference in manufacturing. 
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1 Introduction 

In the current modern era, things are changing rapidly, technologies are evolving 
within no time, and existing technologies won’t be relevant if they are not adding up 
any value to the ever-evolving ecosystems. Also, the world is going through tough 
times like geopolitical tensions, pandemics transitioning into endemic, most nations 
are interdependent and related in a globalized world (exports and imports are part 
of any country’s trade), and frequent occurrence of supply chain disruptions. On 
the other hand, the world is witnessing increased population density and economic 
inequality, which is driving supply and demand disparities and concerns over envi-
ronmental conservation [1]. Here come sustainability compliances, which define how 
resources should be utilized and ecosystems must be built. At the end of the day it’s 
up to responsible stakeholders to adopt and implement green and sustainable prac-
tices into the process for the greater good, as sustainable practices won’t always lead 
to profit. 

From the rock ages to the modern era, manufacturing remains constant as value 
addition and it will be trivial for the future too, as it is essential to fabricate and 
assemble the parts to make a product. So, making manufacturing processes a sustain-
able practice is very much essential to conserve the resources for the next generation 
and make manufacturing safer for the environment. Sustainable practices promote 
the usage of resources efficiently. They oppose exploitation in any manner including 
resources, environment, manpower, money, etc. According to reports, manufacturing 
processes utilize roughly 1/3rd of the world’s energy, so small changes can promote 
sustainability in practices [2]. Manufacturing is of multiple varieties, starting from 
small to mammoth setups. At any instance manufacturing is resource-intensive. It 
requires high energy, manpower, materials, and money. Any change in granular 
level can result in big change, for example, if one can monitor tool wear and tear 
effectively, it will have a huge role in reducing energy consumption. In situations 
like these, technology comes into focus. With the use of advanced technologies one 
can monitor, understand, and act on their manufacturing practices, which eventually 
produces encouraging results [3]. In current times, data about processes and products 
are more essential for manufacturers and customers, as people say data is the new 
oil.
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2 Sustainable Manufacturing 

Sustainable manufacturing or green manufacturing exists to ensure the minimum 
waste, efficient use of resources, usage of natural resources, and preserving them for 
the generations to come [2]. Also, sustainable manufacturing focuses on promoting 
green initiatives, regulating the manufacturing practices, and ensuring minimum 
waste during production. To make sure of these responsibilities, emerging tech-
nologies’ adoption is key. Nowadays more customers are interested in knowing the 
sustainability of the making process and the sustainability index of products and 
makers [4]. Post-pandemic, many are eager to encourage and engage in sustainable 
practices and products. Moreover, three out of four millennials are willing to pay 
extra for products and services if makers comment on improving the environment in 
a positive way [5]. So measuring sustainability is also a challenge and the same will 
be an opportunity if the measuring is done properly. 

2.1 How to Measure the Sustainability 

Sustainability must be measured to reflect on the sustainability index [4]. Sustain-
ability needs to be measured from three perspectives, i.e., Environmental, Econom-
ical, and Social [6]. The detailed metrics are as follows: 

1. Environmental aspects deal with the effectiveness of material usage, reduction of 
waste produced, energy consumption in the process, and effective usage of assets 
including tools and machines. If machine tools are not in desirable condition, it 
maximizes energy consumption, can increase waste, and cause damage as well, 
so it is essential to monitor machine tools in manufacturing processes in near 
real-time to ensure good conditions of machine tools and parts produced. 

2. Economical aspects deal with the optimization of equipment and their cycle 
times, reduction of machine downtimes, and effective deployment of labor. 
Cost-saving should be done, but it shouldn’t impact the environment and social 
sustainability of the firm. 

3. Social aspects deal with the firm’s contributions toward society, it can be corpo-
rate social responsibility (CSR) activities or ensuring no disturbances to society 
through manufacturing activities, i.e., Noise emission, disposing of waste without 
proper measures, etc. Social sustainability is mostly an overlooked aspect of 
sustainability among all [6], yet it measures the sustainability of an entity 
accurately. 

Once sustainability is measured, the next important thing is how to improve the 
sustainability index and what are the practices to ensure things are in the right place.
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2.2 Sustainable Manufacturing Practices 

1. Understanding and optimizing the utilization of every grain of raw material, 
the units of power consumed, and the time spent by labor to finish a task is 
essential and valuable. So, planning the tasks and maximizing the utilization of 
assets and manpower is key to ensuring profitability and sustainability [5]. 

2. Lowering pollution and reducing the amount of waste: Ensuring the minimum 
waste and taking care of the waste produced, i.e., not letting the waste disturb 
the environment and cause any form of pollution [5]. 

3. Recycling: Whatever waste is produced should get disposed of efficiently and 
the waste particles should be recycled accordingly to ensure conservation of 
resources by efficiently using them. Also, manufacturers can print their product’s 
raw material combination on top of their goods, so that they will get recycled 
after usage. For example, to dispose of batteries from electric vehicles, manu-
facturers can transparently print their raw material combination so that batteries 
get disposed of efficiently after usage [5]. 

4. Adopt time saving techniques: Firm management should be aware of the 
production lead time and machine tools’ condition to perform the specified task. 
It can be done by understanding the condition of machines through data and the 
complexity of tasks they are going to perform [5]. 

Along with this management, integrity is trivial to ensure sustainability in manu-
facturing, they should adopt technology in their practices to ensure better and 
transparent results. 

2.3 Management Integrity 

Management integrity is required in adopting sustainable manufacturing, it is trivial 
to estimate manufacturing facilities’ carbon profile to understand the baseline of envi-
ronmental footprint. Companies should prepare their consumption data and enhance 
visibility from most of their manufacturing activities, to promote compliance in a 
transparent manner. Also, data should be prepared in a way that it can be audited, 
which can provide proof to clients and customers about their level of sustainability 
in all three verticals [6]. Management should brainstorm on resolutions, execute 
their thoughts by appointing corresponding people (New roles such as sustain-
ability officer, addition to Quality, Production, Maintenance, and Safety people), 
and reflecting on the results to fine-tune the process even more.
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3 Role of Technology 

Adopting emerging technologies is necessary for ensuring efficient operations, and 
data is essential for any technology adoption. Industry 4.0 [7] encourages indus-
tries and people to automate their practices to generate data from their manufac-
turing processes, which can be used to understand the discrepancies in the process 
and establish visibility and transparency in manufacturing activities. This approach 
takes several steps to implement in a real-world manufacturing setup, which is cost-
intensive, but on the same scale results can be obtained. Automation can be broadly 
categorized into three steps [3], i.e., 

1. Machine Automation: Automating the manufacturing equipment and estab-
lishing a way to acquire the data from machines. This is an equipment-rich 
step, which requires PLCs, computing devices, and acquisition and transmission 
devices to create the ecosystem. 

2. Information Automation: Acquired data must be stored in centralized or decen-
tralized databases, which also carry the analysis algorithms to examine the data 
and make decisions [14]. This step comprises decision automation and action 
automation as well. 

3. Knowledge Automation: This step is far superior compared to others, with only 
a few requirements. It deals with incorporating knowledge into the machine, 
which provides autonomy of decision making to the machine itself. It involves 
rigorous analysis to build a robust process, otherwise, this can be destruction [8]. 

With machine automation in place, firms can acquire data through IoT devices and 
sensors from machines and manufacturing processes, then store the acquired data in 
databases. The data stored needs to be subjected to detailed analysis, only then the 
real value around data be unlocked. In most cases the acquired data is not subjected 
to detailed analysis, as it is being used for process log fulfillments and regular checks 
[3] (Fig. 1).

Coming to the technology stack, data science, machine learning, and artificial 
intelligence are at their peak in most of the applications [9]. Through these tech-
nologies predictions can be performed and intelligence can be incorporated into the 
machines. On the other hand, distributed ledger technologies such as Blockchain 
technology (BCT) are booming, which can couple trust, visibility, accountability, 
transparency, and traceability in manufacturing processes and finished goods [10]. 
Technology can be used to control and monitor manufacturing processes, and also 
to track input material consumption, machine condition, equipment wear and tear, 
energy usage, any discrepancies, etc. Adopting digital twin and digital thread frame-
works can result in efficient overall equipment efficiency (OEE) [11]. The digital 
twin ensures the synchronization of physical setup with virtual representation; digital 
thread ensures the information delivery to the right place at the right time [11]. 

Manufacturing is the most happening industry, with machinery with advanced 
technologies being deployed to ensure the quality, accuracy, and precision of finished 
goods, which can be labeled as the primary indicator of customer satisfaction. With
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Fig. 1 Automation systems in manufacturing (industry 4.0)

the level of complexity in applications, sustainable practices can go deviated at times, 
but technology utilization for manufacturing practices can serve as a bridge. There 
is a debate around the sustainability of technologies themselves, many claim that 
crypto mining is not a sustainable practice, it is a challenge to draw a line, where 
technology should stop, and others take a front seat. 

After technology, the next key thing in sustainable manufacturing is renew-
able energy [12]. As the name suggests renewable energy is energy collected from 
resources that are naturally replenished, it includes sunlight, wind, tide, waves, rains, 
thermal heat, etc. Promoting renewable resources in manufacturing can result in 
resource conservation, unlike fossil fuels, renewable sources are the most sustain-
able [12]. Through technology, one can maintain transparency in power purchasing 
agreements, and meet compliance to label the manufacturing setup as sustainable 
[10]. How much positive change renewable energy resources can bring is still a 
question mark. 

3.1 Technology Use Cases in Manufacturing 

Technology can be adopted with the right data from facilities available. Following 
are a few use cases of technology for sustainable manufacturing: 

1. Real-time monitoring of machinery and equipment: Through data acquired, 
the firm must establish real-time monitoring systems to ensure the right condition 
and working of machines and smooth flow of manufacturing. The use of data 
visualization systems is trivial for employees to be informed about the progress 

2. Diagnostic analysis and root cause analysis: The data must be utilized for 
drill-down analysis to understand and inspect every step of the manufacturing.
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Through a detailed analysis, the firm can understand the critical problems and 
root causes causing those issues. 

3. Predictions on machine health, tool life, and quality and predictive and 
preventive maintenance: With historical data, the firm should understand the 
risks machines can cause and maintain those in time to reduce their downtime. 
Through predictive and preventive maintenance firms can achieve unplanned 
machine stoppages. The difference between them is that predictive maintenance 
is done periodically, whereas preventive maintenance is scheduled at regular 
intervals to ensure the right conditions of machines [13]. Also, predictions must 
be performed on tool and machine life. 

4. Optimizing process route, cycle time: Effective utilization needs optimiza-
tion of sources and processes, so that efficiency goes up and waste produced 
goes down. Utilizing data, firms can focus on optimizing manufacturing tasks 
with existing infrastructure, and advanced optimization algorithms can facilitate 
efficient operations. 

5. Maintaining transparency on sustainability index: Once the firms make efforts 
on sustainability toward environmental, economic, and social aspects, the activ-
ities and the impacts must be documented in a transparent manner, so that it 
acts as a front face to attract the customers. BCT can be leveraged to maintain 
transparency. BCT can be used to track sustainability activities efficiently and 
measure the sustainability index transparently [14]. 

Along with these other use cases also can be considered with the availability of 
data and criticality of the problem. Firms can utilize design thinking techniques 
to understand existing situations, root causes, and potentiality of ideas to solve 
problems. 

4 Automotive Manufacturing 

Let’s dive into automotive manufacturing. It is one of the most complex manufac-
turing processes. It involves multiple suppliers who supply spare parts, transporta-
tion, and original equipment manufacturers (OEM) who make the finished product. 
Automotive manufacturing is resource, capital, and manpower intensive. A small 
difference in machine or process can lead to a lot of wastage of material and energy 
[10]. So, airtight manufacturing is required to ensure efficient usage of raw material 
and machines. The number of raw materials used in car manufacturing is mammoth. 
Recycling some of them to a certain extent can lead to very fruitful results and 
many can utilize those to fulfill their needs. OEMs are bound to follow circular 
economy [15] principles, i.e., reducing the waste being produced from manufacturing 
processes, and if waste is produced it must be recycled and reuse must be enabled. 
The steps in the circular economy are to eliminate or reduce waste produced from 
the process, enable circulation of used materials and products, and regenerate [15]. 
Circular economy enables sustainability in the manufacturing processes, as every
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raw material, component, and product carries a value in automotive manufacturing. 
OEMs must recover them at the end of their life. 

On top of this, cars on the road do emit a lot of greenhouse gasses and a lot of carbon 
footprint. To address this issue manufacturers came up with environmentally friendly 
cars, i.e., Battery Electric vehicles (BEV), plug-in hybrid vehicles, and vehicles based 
on hydrogen fuel cells. Among these, BEVs are the most happening and attractive 
vehicles, due to the sustainable practices it is offering when it is on the road. 

BEV manufacturing is no different from conventional vehicles, so the sustain-
ability of BEV manufacturing is not a question, but the question is how sustainable 
the battery manufacturing is. The raw material for BEV can be cadmium, cobalt, lead, 
lithium, and nickel; these raw materials are not widely available and the demand for 
BEV is going up, causing mismatch in supply and demand. Most of these raw mate-
rials carry some side effects, so we can’t term these as eco-friendly materials. BEVs 
may be built for environmental conservation and to reduce pollution levels, but usage 
of these materials won’t assure the sustainability of the future. 

5 Conclusion 

Sustainability is very much relevant in ensuring the conservation of goods for coming 
generations. Since manufacturing consumes the world’s 1/3rd amount of energy it is 
essential to promote sustainable manufacturing to conserve the resources. Moreover, 
post-pandemic there is huge interest from consumers toward sustainable products, 
also millennials are ready to pay extra for products which are promoting sustain-
ability. To ensure sustainability in manufacturing, emerging technologies come as 
resourceful. Under Industry 4.0 initiatives, many industries set up machine automa-
tion systems, which acquire data from machines and manufacturing processes. But 
that data is rarely utilized fully to make the real difference, it was being used mostly 
for occasional checks. Through the data, most of the emerging technologies like 
data science, AI, Machine learning, and BCT can be leveraged to ensure the right 
conditions of machines, reduction in waste, reduction in lead time, etc. Automation 
is of three levels, i.e., machine automation, information automation, and knowledge 
automation. Based on industry and scope the level of automation can be achieved. In 
this chapter, we suggested the verticals to measure sustainability and ways to improve 
sustainability through emerging technologies. Here, only conceptual discussions are 
being presented, with the existing infrastructure, firms should look at things from 
a sustainability perspective, so the next steps for this context are leveraging the 
discussion here to practical implementation.
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Experimental Investigation of Machining 
NIMONIC 80 Alloy by WEDM Process 
via Multi-objective Optimisation 
Techniques: A Sustainable Approach 

Bikash Ranjan Moharana , Bikash Chandra Behera , 
Shoeb Ahmed Syed, Kamalakanta Muduli , and Shubham Barnwal 

Abstract Sustainable machining should address manufacturing sustainability. 
Sustainable means something can be sustained, or continue at the same level, 
in principle forever. Sustainable manufacturing is the production of environmen-
tally friendly, energy-and resource-efficient, and safely produced items. This term 
incorporates sustainable and eco-friendly product manufacturing. Sustainability in 
machining is the creation of items (components, etc.) using a non-polluting, minimal, 
and conserving subtractive cutting method. Conventional machining techniques are 
being phased out in favour of non-traditional machining processes due to increased 
demand for high surface polish and complicated form geometries. Wire EDM is 
a non-traditional machining method. Surface roughness, MRR, and kerf width are 
crucial in machining. This project summarises the Taguchi optimisation strategy, 
utility method, and confirmation test to optimise Wire EDM cutting parameters 
for NIMONIC 80 ALLOY. Optimisation aims to minimise Kerf breadth while 
maximising MRR and surface quality. NIMONIC 80 ALLOY is used in this work. 
Die electric fluid is DI water, and the tool is 0.25 mm brass wire. This project uses 
Taguchi’s L9 orthogonal array. Optimising pulse on, pulse off, wire feed, and feed 
wire tension. MRR, surface roughness, and Kerf were assessed. Multiple outputs 
make it difficult to choose a single ideal parameter setting. Taguchi-PSI and Gray 
Relational Analysis as the multi-optimisation approach are used to reduce ambiguity. 
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1 Introduction 

Sustainability in manufacturing should be considered while defining sustainable 
machining. Sustainable suggests that something can be maintained, i.e., continuing at 
the same level, in theory forever, according to the article on “sustainability.” Produc-
tion of manufactured goods that are environmentally friendly [1], save energy and 
natural resources, and are safe for the people who work with them and those who buy 
their products is considered “sustainable manufacturing.” This definition includes the 
production of sustainable products as well as the production of any product in an 
environmentally friendly manner. Sustainability in machining can be defined as the 
production of products (components, etc.) through a subtractive process based on 
cutting (material removal through the cutting action with a machine tool to create 
surfaces and features) in a way that is non-polluting, minimises and conserves; this 
definition applies to machining [1]. Conventional machining processes are currently 
being phased out in favour of non-traditional machining processes as a direct result of 
an increase in the demand for a high surface finish as well as the machining of complex 
shape geometries. One of the processes that is considered to be non-traditional form 
of machining is known as wire electrical discharge machining (WEDM) [2]. 

The most effective and efficient non-traditional method of material removal is 
known as WEDM. This method has been put to extensive use in the current metal 
working industries for the production of complicated profiles in dies and moulds 
used in tool and die manufacture as well as other sectors such as aerospace, automo-
tive, surgical component manufacturing, and so on. However, there are troublesome 
aspects that need to be properly explored so that the functioning precision may be 
improved. With wire electrical discharge machining (WEDM), the economics of 
machining and the pace of production are determined by the material removal rate. 
When configuring the machining parameters, the primary objective is to achieve 
the highest possible MRR and SF while maintaining the narrowest possible kerf 
width. The process variables notably electrical variables are more critical elements 
in choosing response values. It is required to forecast the response values of the 
machining process in order to select which input parameters should be provided in 
order to achieve precise and accurate machining. 

Because this is an expensive operation, the optimal selection of process parame-
ters is very vital in order to significantly enhance output rate while simultaneously 
decreasing the amount of time spent on machining. Material removal rate (MRR), 
kerf width, and surface roughness are the three most essential output metrics that 
determine how well machining is done. In natural settings, the rate at which material 
was removed from surfaces rose as the roughness of those surfaces decreased, and 
vice versa. 

When compared to the traditional electrical discharge machining (EDM) tech-
nique, which relies on an electrode to kick off the sparking procedure, the wire 
electrical discharge machining (WEDM) method is regarded as an innovative modi-
fication. On the other hand, wire electrode discharge machining (WEDM) makes use 
of a wire electrode that moves constantly and is composed of thin copper, brass, or
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tungsten and is able to achieve extremely tiny corner radii. A mechanical tensioning 
mechanism is used to keep the wire in tension, which reduces the likelihood of gener-
ating components that are erroneous. Because there is no direct contact between the 
work piece and the wire during the WEDM process, the mechanical stresses that 
would normally occur during machining are completely eliminated. The material is 
eroded in front of the wire. 

Since it was initially put to use more than three decades ago, the technique known 
as wire electrical discharge machining (WEDM) has seen enormous development. 
In 1974, D. H. Dulebohn created an optical line follower system for the purpose of 
autonomously controlling the form of components that were going to be machined 
using a WEDM process. By 1975, the industry had a greater understanding of the 
method as well as the possibilities it offered, which led to a significant expansion in the 
practice’s popularity. It wasn’t until the late 1970s that the computer numerical control 
(CNC) technology was first implemented into WEDM. Because of its extensive 
capabilities, it has been able to expand into the manufacturing industry, as well as 
the aerospace and automotive sectors, and almost all fields of machining conductive 
materials. This is due to the fact that WEDM offers the greatest choice, and in 
some cases the only alternative, for machining conductive, exotic, high strength, and 
temperature resistant materials, as well as conductive engineered ceramics, with the 
capability of producing complicated forms and profiles. 

WEDM has a huge amount of promise in terms of its use in the modern day metal 
cutting business. This is because it can achieve significant dimensional accuracy, 
surface polish, and contour generating aspects of goods or components. In addition, 
the cost of the wire only accounts for ten per cent of the total operational costs 
of the WEDM process. WEDM allows for the avoidance of the challenges that 
are typical of die sinking EDM by substituting the complicated design tool with a 
moving conductive wire and the relative movement of a wire guide. This allows for 
the elimination of the issues. 

The wire electrical discharge machining (WEDM) machine tool consists of a main 
worktable (X–Y ), an auxiliary table (U-V), and a wire driving mechanism. The work 
piece is clamped on the main worktable. The servo motors for the D.C. drive system 
are responsible for moving the main table along the X and Y axes. The travelling 
wire is continually supplied from the wire feed spool and collected on the pick up 
spool as it goes through the work piece. The travelling wire is maintained under 
tension between a pair of wire guides that are situated on opposing sides of the work 
piece. The lower wire guide is fixed in place, whereas the upper wire guide, which 
is supported by the U-V table, may be moved transversely along the U and V axes 
in relation to the lower wire guide. By rotating the quill, it is also possible to set the 
top wire guide in a vertical orientation along the Z axis. 

In order to electro erode the material of the work piece, a succession of electrical 
pulses that are created by the pulse generator unit are applied between the work piece 
and the travelling wire electrode. The X–Y controller moves the worktable, which is 
carrying the work piece, in a transverse direction along a route that has been defined 
and programmed into the controller as the process continues. The machining zone 
is continually cleansed with water that is going through the nozzle on both sides
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of the work piece as the machining process is carried out in a continuous fashion. 
It is essential that water does not ionise because of its role as a dielectric medium; 
this requirement must be strictly adhered to. Therefore, in order to maintain the 
conductivity of water and avoid the ionisation of water, an ion exchange resin is 
employed in the dielectric distribution system. This resin is utilised to maintain the 
conductivity of water. 

The wire electrode has to be angled in order to generate taper machining. This 
can only be done by hand. This is accomplished by moving the top wire guide in 
relation to the lower wire guide along the U-V axis. Through simultaneous control 
of the movement of the X–Y table and the U-V table along their respective specified 
pathways that are recorded in the controller, the required taper angle may be attained. 
The NC programme provides the controller with the route information of the X–Y 
table as well as the U-V table in the form of linear and circular components. Displays a 
diagrammatic representation of the fundamental concept behind the WEDM method. 

In wire electrical discharge machining, the mechanism of metal removal primarily 
involves the removal of material due to melting and vaporisation caused by the electric 
spark discharge generated by a pulsating direct current power supply between the 
electrodes. This discharge causes the electric spark. In WEDM, the negative electrode 
is represented by a wire that is constantly moving, while the positive electrode is 
represented by a dielectric liquid. WEDM makes use of water as a dielectric because 
of the low viscosity of water and the quick cooling rate of water. 

It has not been determined if a particular theory can adequately explain the intricate 
machining procedure. Empirical data, on the other hand, reveals that the applied 
voltage forms an ionised channel between the closest points of the work piece and 
the wire electrodes in the early stage. This occurs in the initial stage. In the subsequent 
step, the real discharge happens, and it involves a substantial flow of current. At the 
same time, the resistance of the ionised channel steadily reduces. The high strength 
of the current continues to progressively ionise the channel, which results in the 
generation of a large magnetic field. Because of the compression caused by this 
magnetic field in the ionised channel, localised heating is produced. Even with sparks 
that only last for a very little period of time, the temperature of the electrodes may 
locally increase to extremely high values, which can be higher than the material’s 
melting point. This happens because the kinetic energy of the electrons is converted 
into heat throughout the process. As a result of the high energy density, a portion of 
the material on both the wire and the work piece is eroded away by the process of 
locally melting and vaporising, and this is the predominate form of thermal erosion. 

2 Literature Review 

In preparation for this body of work, we have conducted a comprehensive literature 
review. In their study, Karsh and Singh [3] and colleagues found that the pulse on time 
and the pulse off time both had a substantial impact on the cutting rate. According 
to the results of the analysis of variance performed on the raw data, regulating the
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cutting rate requires a contribution of 68.15% from the pulse on time and 20.57% 
from the pulse off time. The cutting rate is raised either when the pulse on time is 
increased or when the pulse off time is decreased. The peak current doesn’t have much 
of an impact on the cutting rate. Kumar and Chauhan [4] conducted an experimental 
examination to evaluate the influence of several factors on the surface roughness of 
NIMONIC 90. These parameters were peak current, pulse on time, pulse off time, 
servo voltage, and wire feed. Based on the findings of the experiment conducted 
while utilising by changing only one variable at a time The surface roughness is 
affected more noticeably by the peak current, pulse on time, and pulse off time. The 
influence of WEDM parameters such as pulse on time, pulse off time, peak current, 
servo voltage, and wire feed on surface roughness was studied by [5]. In order to 
conduct an analysis of the outcome for SR, they rely on statistical methods. A portion 
of the study conducted on several different materials. The WEDM machining of high 
carbon high chromium was carried out by Bhatia et al. in 2017 utilising brass wire. 
There is an application of the Taguchi single answer optimisation approach. The 
Surface Roughness is calculated for each of the input parameters, such as the peak 
current, the on time, the off time, and the wire tension. The difference in the values 
of SR that were anticipated and those that were actually measured is 3.93%. The 
pulse off time has the most significant impact on SR. Input parameters pulse on time 
and pulse off time are both set to 131 μs, and peak current is set to 220 A in order to 
produce the minimal SR using the Taguchi approach. 

3 Experimentation Methodology 

3.1 Selection of Machining Conditions 

In the present study, the NIMONIC 80A super alloy was selected for the machining. 
Basically, the main compositions of NIMONIC alloys are nickel (Ni) and chromium 
(Cr). These alloys are well-known for their high-temperature, low-creep, and high 
performance. The dimension of the work piece material used in this study, i.e., 
NIMONIC 80A was 150 mm × 150 mm × 11 mm. Brass wire (CuZn37) of diameter 
250 μm was used as the electrode material. The brass wire is an alloy of zinc (37%) & 
copper (63%), having significant properties like relatively low cost compared to other 
electrode wires like copper, good mechanical properties, low conductivity, improved 
flush-ability, and higher tensile strength. The chemical compositions of work piece 
material and electrode wire are given in Tables 1 and 2, respectively. All the present 
experiments were conducted by ECOCUT® CNC wire-cut EDM machine using 
distilled water as dielectric fluid as shown in Fig. 1. The wire electrode, i.e., brass 
(CuZn37) used during machining is shown in Fig. 2.

From the extensive literature survey, it has been found that the several machining 
inputs affects the machining performance during WEDM process [6–8]. So, a 
controlled factor window should be carefully chosen for the improvement of the
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Table 1 Chemical Composition of NIMONIC 80a 

Element Ni Cr Co Mo Ti Fe C Others 

Weight % 51.43 20 19.5 5.6 2.2 0.25 0.043 0.997 

Table 2 Chemical composition of tool wire (CuZn37) 

Cu (%) Zn (%) Sn (%) P (%) Fe (%) Al (%) Ni (%) 

63 36.5 0.12 0.02 0.01 0.05 0.27 

Fig. 1 ECOCUT® CNC 
wire-EDM machine set-up 

Fig. 2 Brass electrode wire 
(CuZn37) used during 
machining
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Table 3 Process parameters with experimental design levels 

Parameters UNITS Symbol Levels 

L1 L2 L3 

Pulse on time μs Ton 110 115 120 

Pulse off time μs Toff 25 30 35 

Wire feed m/min WF 10 12 14 

Wire tension N WT 8 9 10 

machining performance. On the basis of literature survey and WEDM machine set-
up constraints, the input machining parameters with their range are shown in Table 
3. The input machine parameters included in the experimentation, i.e., Pulse on time 
(T on), Pulse off time (T off), wire feed rate (WF), and wire tension (WT), whereas 
the material removal rate (MRR), surface roughness (Ra), and kerf width (Kf) are 
considered as the output responses, i.e., WEDM performance measures. 

3.2 Experimental Design 

The experiments are conducted based on Taguchi orthogonal array design matrix. The 
advantage of Taguchi method over the other methods is that the number and levels of 
technological parameters involved in the experimental design matrix is large whereas 
the number of experiments is minimal which leads to reduction in experimental costs 
and the time of experiment. In this present research, L9 orthogonal design matrix 
(shown in Table 4) is selected for experimentation by taking 3 input parameters with 
3 different levels of variations as given in Table 3. 

Table 4 Experimental design matrix with output responses 

Expt. 
no 

Pulse on 
time (μs) 

Pulse off 
time (μs) 

Wire feed 
(m/min) 

Wire 
tension 
(N) 

MRR (mm3/ 
min) 

Ra 
(μm) 

Kf (mm) 

1 110 25 10 8 3.8949 2.052 0.362 

2 110 30 12 9 2.8205 1.937 0.310 

3 110 35 14 10 3.2478 1.819 0.373 

4 115 25 12 10 4.8835 2.824 0.295 

5 115 30 14 8 3.7728 2.614 0.287 

6 115 35 10 9 3.6874 2.605 0.284 

7 120 25 14 9 7.2405 3.270 0.365 

8 120 30 10 10 5.9096 3.120 0.332 

9 120 35 12 8 5.2503 3.111 0.315
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The experimentation is carried out by following standard procedure as manually 
setting the appropriate pulse on time, pulse off time, wire feed and wire tension. A 
square slot having dimension 10 mm × 10 mm × 11 mm was shaped on the work 
piece, the corresponding machining time was noted and final weight of the work 
piece was taken. The same procedure was followed for the whole set of experiments. 
After completion of all experimentation, three output responses are considered as 
the evaluator of the machining characteristics such as MRR, Ra, and Kf. As per the 
machining characteristics, MRR should be maximum whereas Ra and Kf should be 
minimum. Subsequently, these scenarios fall under multi-objective optimisation.

. MRR is defined as the volume of the material removal per unit time and formulated 
below (1): 

MRR = Wb − Wa 

ρ × t (mm3 /min) (1) 

where, 

Wb and Wa weights of work piece in grams before and after machining, 
respectively 

ρ density of work piece material (0.00819 g/mm3) 
t machining time in minutes

. The kerf width is calculated as formulated below (2): 

KF = MRR 

CR × T (mm) (2) 

where 

CR cutting rate in mm/min 
T thickness (11 mm) of work piece material.

. The average surface roughness (SR) was measured by using the Mitutoyo surface 
tester. 

The designing of mathematical and computational equations to assist imple-
menters is based on multi-objective prospects to make appropriate decisions on 
the importance of each indicator selected in the study. The multi-objective selec-
tion evaluation considers the selection, prioritisation, precedence order, and choice 
of appropriate solutions [9, 10]. The determination of precedence degrees in the 
parameters of the survey parameter is very necessary in making decisions.
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3.3 Methodology for Multi Objective Optimisation 
by Taguchi-PSI 

The PSI method used to determine different criteria is used in the following steps: 

Step 1 (Problem definition): Determine the appropriate goals and be aware of the 
important aspects as well as potential solutions that are associated with the current 
decision-making circumstance. 

Step 2 (Decision matrix formulation): Construct the first iteration of the decision 
matrix using the criteria that were chosen. If there are n total targets and m total 
experiments, then the decision matrix may be written by the equation “m n,” where 
m and n are the respective numbers of experiments and targets (3). 

X = 

⎡ 

⎢⎢⎢⎢⎢⎢⎢⎣ 

x11 x12 · x1 j x1n 
x21 x12 · x1j x1n 
· ·  ·  ·  ·  
xi1 xi2 · xij xin 
· ·  ·  ·  ·  

xm1 xm2 · xmj xmn 

⎤ 

⎥⎥⎥⎥⎥⎥⎥⎦ 

(3) 

Step 3 (Data Normalisation): In solving multi-objective problems the indicators 
need to be dimensionless quantity. For this purpose, indicators’ values need to be 
normalised varying from 0 to 1 [11]. In this step, the experimental results were 
first normalised as per the consideration of the response characteristics. “Larger 
values” are desirable for advantageous type qualities whereas “Lesser values” for 
non-beneficial type qualities, which may be normalised by following Eqs. 4 and 5, 
respectively. 

Nij = xij 
xmax 
ij 

(4) 

Nij = x
min 
i j  

xi j  
(5) 

where, xij is the value of the indicators in the ith row and jth column (i = 1, 2, 3, 
….., m and j = 1, 2, 3,…., n). The decision matrix is standardised by Eqs. (4) and 
(5), it depends on the findings of the problem. 

Step 4 (Mean value of the normalised data): For each characteristic the mean value 
of the normalised data may be determined as follows (6): 

N = 1 
n 

nE
i=1 

Nij (6)
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Step 5 (Compute the preference variation value): The preference variation value 
among the values of each indicator is calculated using Eq. (7): 

φ j = 
nE

i=1

(
Ni j  − N̄)2 

(7) 

Step 6 (Determine the deviation in preference value): The deviation of the priority 
level relative to each criterion is computed using Eq. (8): 

σ j = 1 − φ j (8) 

Step 7 (Compute the overall preference value): The overall priority value is 
determined for each attribute by using Eq. (9): 

W j = σ jEm 
j=1 σ j 

(9) 

Furthermore, it must be ensured that the value of the total overall preference must 
satisfy Eq. (10). 

mE
j=1 

W j = 1 (10)  

Step 8 (Compute the preference selection index): The preferred selection index 
(PSI) is calculated for each alternative by using Eq. (11). 

θ j = 
mE
j=1 

Ni j  × W j (11) 

Step 9 (Selection of appropriate alternatives for given application): Finally, the 
ranks are assigned to each choice according to the reducing value of the prece-
dence index (θ j ). The highest preferred selection index value will be ranked first, 
and it will be the optimal solution. 

3.4 Methodology for Multi-objective Optimisation by Grey 
Relational Analysis (GRA) 

The GRA has been used for multi-response optimisation. It gives an effective solution 
to the ambiguity, multi-input, and isolated data problem. The relationship between
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input parameters and outputs can be established using GRA. The various steps 
followed in the GRA are shown. 

In this methodology, the experimental outputs are first normalised based upon the 
response characteristics as follows: 

For “higher the better” characteristics: 

xi (k) = maxyi (k) − yi (k) 
maxyi (k) − minyi (k) 

(12) 

For “lower the better” characteristics: 

xi (k) = yi (k) − minyi (k) 
maxyi (k) − minyi (k) 

(13) 

where, 

xi (k) and yi (k) normalised and experimental values for ith experiment 
using kth response, respectively, 

minyi (k) and maxyi (k) are the minimum and maximum values of yi (k) for the kth 
response, respectively. 

Further, the Grey Relation Coefficient (GRC) “ϕi (k)” for  the  kth response 
characteristics in the ith experiment was calculated as follows (14). 

ϕi (k) = /\min + ϕ/\max

/\i (k) + ϕ/\max 
(14) 

where, 

“/\i (k)” is the deviation sequence of the reference sequence and “ϕ” 
is the identification coefficient that lies in between 0 and 1. 

“/\max” and “/\min” are the global maximum and minimum values of each 
arrangement correspondingly. 

Then in the final step, the Grey Relational Grade (GRG) “γ ” can be calculated 
using Eq. (15). 

γ = 1 
n 

nE
i=1 

ϕi (k) (15) 

4 Results and Discussion 

All the experimentations were conducted as per the Taguchi orthogonal design matrix 
as described earlier. After successful machining operation, the respective selected 
output responses were calculated accordingly as given in Table 3. In search of
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optimal condition for machining, two different multi-optimisation techniques such 
as Taguchi-PSI and GRA are applied in this analysis. 

4.1 Taguchi-PSI Approach 

First of all, the decision matrix was formulated based upon the selected criteria, 
followed by normalisation to generate the normalised matrix considering Eqs. 4 
and 5. Equal weightage was assigned to each criterion. Further, the mean value of 
normalised data, preference variation value, deviation in preference value and overall 
preference value were determined referring Eqs. 6, 7, 8, and 9, respectively. Finally, 
the preference selection index (PSI) was computed by following Eq. 11. The PSI 
values along with their respective ranking is presented in Table 5. 

The response table and optimal parametric setting drawn from Taguchi-PSI anal-
ysis is shown in Table 6 and Fig. 3, respectively. By considering the “Larger the 
better” criterion, the optimal set of process parameters is “115-25-12-9”. The prob-
ability plot of PSI (shown in Fig. 4) describes the fitness of the model. Using such 
findings, it was recommended that the pulse on time has the greatest contribution 
followed by wire tension, pulse off time, and wire feed (T on > WT >  T off > WF)  
(Table 7).

Table 5 Preference selection index (PSI) values with ranking 

Expt. 
no 

Pulse on time 
(μs) 

Pulse off time 
(μs) 

Wire feed (m/ 
min) 

Wire tension 
(N) 

PSI Rank 

1 110 25 10 8 0.7464 9 

2 110 30 12 9 0.7717 2 

3 110 35 14 10 0.7484 7 

4 115 25 12 10 0.7765 1 

5 115 30 14 8 0.7594 5 

6 115 35 10 9 0.7608 4 

7 120 25 14 9 0.7703 3 

8 120 30 10 10 0.7560 6 

9 120 35 12 8 0.7482 8 
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Fig. 3 Main effect plot for S/N ratios (PSI) 

Fig. 4 Probability plot of PSI 

Table 6 Response table for S/N ration (PSI) 

Level Ton Toff WF WT 

1 −2.436 −2.335 −2.448 −2.484 

2 −2.321 −2.357 −2.323 −2.297 

3 −2.406 −2.471 −2.392 −2.382 

Delta 0.166 0.136 0.125 0.146 

Rank 1 3 4 2
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Table 7 GRC and GRG calculation from experimental results 

Expt. no Normalised results Grey relational coefficient (GRC) GRG 

MRR Ra Kf MRR Ra Kf 

1 0.243 0.839 0.124 0.398 0.757 0.363 0.506 

2 0.000 0.919 0.708 0.333 0.860 0.631 0.608 

3 0.097 1.000 0.000 0.356 1.000 0.333 0.563 

4 0.469 0.307 0.876 0.485 0.419 0.802 0.569 

5 0.215 0.452 0.966 0.389 0.477 0.937 0.601 

6 0.196 0.458 1.000 0.383 0.480 1.000 0.621 

7 1.000 0.000 0.090 1.000 0.333 0.355 0.563 

8 0.699 0.103 0.461 0.624 0.358 0.481 0.488 

9 0.550 0.110 0.652 0.526 0.360 0.589 0.492 

4.2 GRA Approach 

The multi optimisation technique, i.e., Grey Relational Analysis (GRA) was imple-
mented by following appropriate steps as explained in Sect. 3.4. Firstly, the exper-
imental results of MRR, Ra, and Kf are normalised by following the “higher-
the-better” characteristics (MRR) and “lower-the-better” characteristics (Ra and 
Kf). Then these normalised data are considered for GRC calculation of respective 
responses. Afterward, the GRG is estimated from GRC and presented in Table 8. By  
following the GRG rule, “Higher is better” policy was computed for all the corre-
spondence [12]. The main effect plot is shown in Fig. 5. The optimal set of process 
parameters is getting “115-30-14-9”. The probability plot of GRA (shown in Fig. 6) 
describes the fitness of the model. Like Taguchi-PSI model, the GRA model also 
recommended that the pulse on time has the greatest contribution followed by wire 
tension, wire feed, and pulse off time (T on > WT > WF >  T off). 

Table 8 Response table for S/N ration (GRA) 

Level Ton Toff WF WT 

1 −5.076 −5.268 −5.429 −5.500 

2 −4.486 −4.992 −5.127 −4.483 

3 −5.794 −5.096 −4.801 −5.373 

Delta 1.308 0.276 0.628 1.017 

Rank 1 4 3 2
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Fig. 5 Main effect plot for S/N ratios (GRA) 

Fig. 6 Probability plot of GRA 

5 Conclusions 

In the present work, the impact of machine settings on MRR, Ra, and Kf during 
machining of NIMONIC 80 alloy using WEDM method has been studied. By 
adopting L9 Taguchi orthogonal array, the tests are carried out. Further, the experi-
mental findings were examined by adopting several multi criteria decision making 
(MCDM) methodologies to determine the ideal parametric settings to prevent the 
provocative aims like larger MRR, lower Ra, and lower Kf. The following findings 
are stated below as follows:

. We have been successful in implementing a more sustainable method for WEDM 
of NIMONIC 80 alloy.
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. The Taguchi orthogonal array-based L9 design matrix was taken into considera-
tion for this work in order to investigate the impact of MRR, Ra, and Kf of WEDM 
machining on NIMONIC 80 alloy using brass wire electrode and de-ionised water 
as the di-electric environment.

. The MCDM technique, also known as the Taguchi-PSI findings, indicates that a 
high MRR, a low Ra, and a low Kf may be achieved through WEDM processing 
of NIMONIC 80 alloy similar to the 4th experimental run, which had the highest 
grade of 0.7765. The sequential best parametric combination, which was deter-
mined to be T on: 115-T off:25-WF:12-WT:10, was discovered, and the findings 
also showed that “T on” seemed to be the most important factor, followed by WT, 
T off, and WT.

. In a similar manner, the GRA method likewise confirms that the “T on” is the  most  
significant component when compared to all of the others.

. The probability plot provides further evidence that the design model is adequate 
for any of the two MCDM methodologies. 
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Abstract This paper includes the study of power train components of an All-Terrain 
Vehicle. The research aims to optimize the designs and reduce the weight by iterating 
on different materials and designs using Finite Element Analysis. It also includes 
various studies of their manufacturing processes and compares them with additive 
manufacturing techniques to check the increase in sustainability and the reduction 
in material wastage. Reducing material wastage and reducing the carbon footprint 
using additive manufacturing techniques is the main target of the paper. In this work, 
a gearbox has been designed for a vehicle as an example. The loads have been calcu-
lated and the materials also have been selected for the gears and the casing. The 
materials selected are the materials that are commonly used in the present industry. 
Finite Element Analysis and optimization have been done to reduce the weight while 
maintaining a good safety factor at the same time. Sustainability analysis will further 
be done to compare the amount of carbon footprint by the two processes. From this 
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1 Introduction and Literature 

In the era of modern technology almost all optimization operations are taking place 
at a detailed design level that include optimizations of structures of metal gauges 
as well as beam cross-sections, topology optimization for the casted components, 
and calibration of engine. Even Though a lot of successes have been seen, opti-
mization is rarely used and also has a lesser impact than expected for most of the 
researchers. The reason behind the lesser impact may be due to poor connection 
between CAD and CAE software, accuracy of computer simulations are predictively 
insufficient, difficulties occurred during automation and computer analysis iterations, 
larger simulation times, and less availability of data. 

At the same time, sustainability has become a great word. Firstly, what is sustain-
ability and what is the need for sustainability? Sustainability mainly refers to the 
economic value of any product or component which means that the economic value 
of the product should be the same or higher over a period of time. Sustainability is 
important because it improves the quality of our lives. It not only benefits us but the 
environment, if the sustainability of a component is more then the waste produced 
becomes less and hence more environmentally friendly. 

Eckert et al. have performed a study on design of powertrain of electric hydraulic 
hybrid vehicle. The paper talks about an extensive strategy for optimizing an elec-
tric hydraulic mixture vehicle powertrain operating in series to control through the 
intelligent adaptive-weight hereditary algorithm technique. Factors of the hydraulic 
drivetrain and the electric framework have been considered advanced. Additionally, a 
fuzzy-logic regulator, that yields to the stage of the electric engine turn over stop and 
force that is applied to the siphon that compresses the gatherer, which is moreover 
thought to be in the detailing of the optimization issue to tune its membership capac-
ities, rules, and weights. The results of the optimization show that electric hydraulic 
half and half vehicle powertrain structures can be an extremely alluring impetus inno-
vation in regard to both manageable and conservative viewpoints, successfully less-
ening battery maturing by the utilization of a powerful thickness hydraulic gatherer, 
which goes about as a pinnacle power cradle unit [1]. 

Javorski et al. have made a study on gearbox design which is a multi-speed gearbox 
type and optimization of shifting control is also done so as to minimize the consump-
tion of fuel and losses in mechanical. The authors of the paper focused on optimization 
of an ICEV drivetrain using the multi-objective optimization techniques, and stuff 
moving control focusing on the fuel utilization minimization, emanations of exhaust, 
and power of the gearbox misfortunes. The issue in optimization is addressed by the 
(I-AWGA) and includes various plan factors of the multi-speed transmission and 
differential framework, thinking about helpful constraints. The model of the vehicle 
is assessed with a consolidated driving cycle, accordingly hearty powertrain arrange-
ments may be acquired by the interaction with optimization. The good compromise 
arrangement brings about the decrease of gas discharges in 2.32% HC, 3.44% CO, and 
23.78% NOx, alongside the 15.6% fuel investment funds, confronting the standard 
vehicle [2].
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Haishang et al. have made a work on AM of recycled plastics, many techniques 
were made for a more sustainable future. In this review, to alleviate any gamble 
brought about by creation speed, scaling, and speeding up the move towards the 
more limited recycling and assembling of plastic parts and parts, an assortment 
recycling-producing (CRM) model is worked to imagine the assessment of cycle 
stream as well as interaction joining. The review uncovers that AM sets out open 
doors, for example, prototyping, redoing, transportation cost decrease, and making 
of occupations in country regions, which might stop superfluous movement; and, 
above all, diminishing CO2 discharges and plastic waste regardless of difficulties 
like abilities prerequisite and detriments in speed and scale creation [3]. 

Rajak and Vinodh et al. have made a study on application of fuzzy logic for 
social sustainability performance evaluation: a case study of an Indian automo-
tive component manufacturing organization. This article presents a methodology 
for social sustainability execution assessment. The methodology has been tried and 
carried out in an Indian auto part fabricating association. The acquired record has 
been approved utilizing the traditional fresh method and the social sustainability file 
is viewed as 6.98. The methodology is productive in estimating the qualities and 
shortcomings of a singular local area or association concerning a point-by-point set 
of markers to recognize the more fragile traits. The outcomes utilizing the fuzzy 
methodology have been approved with the ordinary fresh methodology. 22 social 
sustainability ascribes out of 60 are viewed as more fragile and fitting activities were 
inferred to work on the more vulnerable qualities [4]. 

Sargini et al. have done a study on additive manufacturing of a brake pedal of 
an automotive vehicle using metal fused deposition modelling. The primary goal 
of the exploration is the investigation of another brake pedal considering additive 
manufacturing as an opportunity, combination of parts with decreased mass, new 
material for additive manufacturing, and utilization of metal-based additive manu-
facturing innovation. Finite Element Analysis (FEA) has been used to examine how 
feasible another brake pedal plan for additive manufacturing handling is. The model 
of the FDM-created metal brake pedal has been actually tried for approving the 
Finite Element Analysis results and also to check the unwavering quality in FDM 
innovations that are based out of metal [5]. 

Mani et al. have made a study on this paper that initially analyses the likely ecolog-
ical effects of additive manufacturing. A procedure for the sustainability portrayal 
of additive manufacturing is taken into consideration to fill in an asset for the local 
area benchmarking additive manufacturing processes in attaining sustainability. The 
proposed diagram for a sustainability portrayal manual for fill-in as a source of 
perspective for the local area to benchmark AM processes for sustainability. The 
aide is still needed to be officially evolved by and by a functioning work thing inside 
the ASTM E60.13 council [6]. 

Niaki et al. have focused on reasons behind manufacturers adopting additive 
manufacturing technologies: The sustainability role in it. This paper aims to recognize 
and focus on the determinants of its reception and also to explain the benefits of 
sustainability as the choice to embrace. Thereafter, at that point, the examination tries 
to recognize the needs of various application areas through a study that is of multiple
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stages. The outcomes prove that natural sustainability benefits are scarcely applicable 
to reception choices by and by and this is conversely, with the writing expressing 
the enormous sustainability benefits. The outcomes demonstrate the significant job 
of financial thought processes in reception choices. The discoveries additionally 
demonstrate that the capacity of added substance fabricating for delivering practically 
any perplexing plan is the vital driver of its reception in all areas [7]. 

Wie et al. have made research on Failure analysis for a transmission gear used in 
an electric vehicle which is known as secondary driving helical gear. In this paper, the 
observed results were disappointing due to auxiliary driving helical stuff in the trans-
mission arrangement of an EV being found to be dissected. The pressure conveyances 
of the tooth flank taken utilizing dynamic and static contact in finite elements was 
acquired again in view of ANSYS Workbench programming. The outcomes then 
showed that the surfaces that were cracked in the bombed gear begin from the roots 
of tooth and display the small granular fragile break, the fundamental explanation, 
solidifying and hardness profounding in the root area, various huge carbides on 
the network of martensite because of ill-advised hotness treatment, additionally FE 
reproduction results uncovered that more contact pressure in the root position and 
high effect force is acting in the underlying phase of cog wheels fitting while mini-
mizing in assistance perhaps prompted the weakness disappointment [8]. Qingyong 
et al. have focused on contact mesh analysis and topology optimization of electric 
vehicle gearbox. Taking into account the NVH issue of car transmissions, the third 
pair of stuff sets of an electric vehicle gearbox is taken as the examination object. 
In view of the nonlinear unique model hypothesis of the stuff transmission frame-
work, the stuff profile alteration and tooth direction are exhaustively used to choose 
a sensible shape change plot. Noticing the reproduction results, it tends to be seen 
that the stuff pair transmission blunder and the most extreme contact pressure after 
the shape alteration are altogether diminished contrasted and those before the shape 
change, and the contact pressure map circulation is more uniform [9]. Srikar and 
Mahato have made a study on design of two stage single speed gearbox used in 
terrain vehicles along with calculation and its analysis. In this paper, they zeroed in 
on the hypothetical investigation of planning and estimation, along with its analysis 
of gearbox which can be used in a BAJA SAE. The gearbox is further co-ordinated 
by CVT, i.e., constant factor transmission which is combined with ultraviolet joints 
for transmission of force to the wheels. The gearbox is laboured for 2 years and is 
considered with productive resilience [10]. 

Feucht et al. have analysed how 3D printing can be used for components made 
with steel in additive manufacturing. They focused mainly on preliminary strength 
investigations that were carried out during the process, and also the sequence of 
processes that are required for homogeneous manufacturing. Author’s focus is espe-
cially around the starter strength examinations completed and the interaction group-
ings expected for homogenous assembling. The paper finishes up with a thought of 
the execution on location [11]. 

In the present world reducing the weight of an automotive component is of great 
requirement without getting induced stresses to it. Reduction of body weight of auto-
motive components also helps in getting a good mileage for a car or a bike. The authors
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M. R. Idris, S. A. Syed Ahmed, E. Sujatmika, and W. M. Wan Muhamad, showed that 
24% mass reduction can be done for the design of the rear spindle. In the same way 
we can try for other vehicle components which will help us contribute towards envi-
ronmental sustainability, better conserving the world’s metal resources and reducing 
carbon emission through improved overall vehicle fuel efficiency [12]. Considering 
additive manufacturing techniques such as 3D printing and CNC machining the 
production of automotive components becomes much easier with less wastage, possi-
bility of producing every form and function. But the authors Enrico Dalpadulo, Fabio 
Pini, and Francesco Leali gave a conclusion that there is no added advantage in 
replacing the integrated platform with a stand-alone tool, rather than implementing 
the whole method and the workflow into a platform [13]. 

As common people these days are aware of buying sustainable products, the plastic 
industry is doing drastic changes in their manufacturing processes by considering 
3D printing and other techniques of production in the industry. They also developed 
a methodology that demonstrates the advantage in comparing the existing subjec-
tive optimization research processes [14]. In order to analyse the sustainability in 
industry there are so many factors and variables needed. Some of the variables that 
are generally considered are consumption of energy, consumption of water, waste 
management, environment preservation, equality in society, and noise and emission 
management. Waste that is generally generated in the automotive manufacturing 
industry are classified as machine lubricants, coolants, Solvent cleaning, paint and 
scrap metals, and plastics. The authors C. Torcătoru and D. Săvescu stated that the 
above-mentioned variables accounted for a lot of variation in sustainability and also 
showed that an 83% variation in sustainability can be achieved which is shown using 
the statistics based calculation such as using the multiple regression, etc. [15]. 

It can also be used as a list of KPIs proposed by the authors Vikas Swarnakar, A. R. 
Singh, and Anil Kr Tiwari in their paper which is based on AHP (Analytical Hierarchy 
Process) in order to know the expert’s opinion. They also proposed that few of the 
sustainability parameters are economic, social, and environmental. And the KPIs 
that come under economic are operational cost, the rate of acceptance of the product, 
effectiveness of overall equipment, inventory level work process, performance of 
equipment and machine, cost of facilities, efficiency in transportation; KPIs under 
social are satisfaction of employees, relation with the labour, society contribution, 
rate of accidents, opportunities in training, absenteeism ratio, volunteer sustainability 
initiatives, and gender ratio; and KPIs under environmental conditions are toxic water 
discharge rate, impact on green area, releasing harmful gases, consumption of water 
and fuel and also the materials, and overall solid waste generation [16]. 

A case study is presented by C. Torcătoru and D. Săvescu in which the authors 
chose a product which is analysed with SOLIDWORKS Sustainability and they also 
generated the sustainability report provided by SOLIDWORKS which is saved and 
used for the adoption of the right decision by the whole organization [17]. 

Process optimization parameters that are considered for manufacturing a spur gear 
as these fears are of different types which are most likely to be used in all types of 
power transmission systems. The design is further analysed theoretically and through 
finite element analysis and both the theoretical and practical results were compared.
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The comparison showed that the theoretical results were far better than the finite 
element analysis results [18]. 

The authors have done AIP Conference Proceedings. Vol. 2347. No. 1. AIP 
Publishing LLC, 202 re-designing a bluetooth speaker which is more compact and 
sleeker looking and it should also be a water-resistant bluetooth speaker. For the 
purpose of designing, DFMA is used for minimization of quality required, and 
SOLIDWORKS Sustainability is used for evaluating for comparing different mate-
rials with four environmental factors such as carbon footprint, water eutrophication, 
total energy consumption, air acidity, and as well as material financial impact too 
[19, 20]. Jones, F. tried generating a simulation tool which is capable of predicting 
properties of heat-treated by the processes called carburizing-quenching-tempering, 
and finally display the results to the user in an understandable manner of compar-
ison between real and simulation-based results of surface hardening of automotive 
components have been done [21]. 

After going through the various research papers, a lot has been learnt regarding 
the area of study. Literature regarding optimization of different components has been 
studied which mainly includes gearbox optimization. Structural analysis has been 
learnt from various research papers. The various parameters of gears such as the 
gear ratio, number of teeth, helical angle, face width, etc., can be iterated to get the 
best combination of strength and weight. The loads have been applied using static 
structure in Ansys and the various iterations were carried out. 

Various additive manufacturing processes have been studied from the literature. 
It has been seen how the amount of material used can be reduced by additive 
manufacturing. Furthermore, sustainability has been studied to utilize the various 
resources in a judicious manner. The carbon footprint and power consumption of the 
various processes have been calculated to select the best process. Even though many 
researchers worked for manufacturing practices for various automobile components, 
sustainability of manufacturing practices was not reported. The major focus of this 
work is to optimize the design of automobile components and calculate the sustain-
ability of manufacturing through material reduction, energy consumption, CO2 emis-
sions, etc. This work also concentrated on comparison of present manufacturing 
processes with additive manufacturing. 

The objective of the paper is to introduce a process for design and optimiza-
tion that also considers additive manufacturing and sustainability. The project intro-
duces this process by using an example of a four-wheel drive gearbox. Design of 
gearbox includes calculation of loads, material selection, and optimization. This 
work is focused on sustainability analysis to compare the carbon footprint of various 
manufacturing processes.
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Fig. 1 Methodology of the project 

2 Methodology 

The methodology starts with the calculation of the loads acting on the different 
components of the gearbox. The materials then have been selected for the compo-
nents. The design of the gearbox is then made using SOLIDWORKS. The compo-
nents have then been analysed using Static Structural in ANSYS. The optimization 
process was hence completed by performing multiple iterations of the component 
designs such that the weight is minimum with an appreciable factor of safety (Fig. 1). 

The material usage is then calculated in the case of additive and subtractive manu-
facturing and compared. The amount of material saved by the use of additive manu-
facturing is then calculated. Sustainability Analysis is further done. The carbon foot-
print and power consumption of various additive manufacturing processes is then 
calculated to select the most suitable process. A design process is hence proposed 
that also takes into account additive manufacturing and sustainability. 

3 Design Specifications of Gears 

The parameters considered to design a gear are given in the following Table 1. 

Step 1: Calculation of Loads and Material Selection of Components 

The total tractive force required for an ATV to climb an incline has been calculated. 
The gear ratio is calculated from that (Fig. 2).

Table 1 Optimized design 
parameters of gearbox S. No Parameter Value 

1 Tractive force 2292.46 N 

2 Tractive torque 669.4 Nm 

3 Gearbox ratio 9:1 

4 Face width 
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Gear Design 
Total Tractive force= mg Sinθ + μmg Cosθ 

= 2292.46 N 

Total Tractive Torque= Total Tractive force* Radius 

= 230*9.81*Sin 60 + 0.3*9.81*Cos 60 

= 2292.46 * 0.292 
= 669.4 Nm 

Input Torque* Gearbox Ratio= 669.4 N 
74 * R = 669.4 N 

R=9:1 
Face width Calculation, First stage 
Z = 15 
mn = 3 mm 
mt  = 3/ Cos 15 

= 3.11 mm 
d = z* mt
   = 15 * 3.11 
   = 46.65 mm 
V = pi*d*n / 60  
   = (3.14 * 46.65 * 3800) / (60 * 1000 * 0.9) 
  = 10.31 m/s 
Ft = W/V 
    = 6714/10.31 

= 651.21 N 
Kv = (Sqrt (18+sqrt (200)/78)
     = 1.26 
σe = σe’ * kL kV kS kR kT kF kN 
σb = σe/2 = 173.34 Mpa

 J = 0.4 * 0.98 = 0.392 
σb = (Ft /b Mn J) *KV KD *(0.93Km) 
b = 13 mm 

Bearing Force, First Stage 
V= π*d*N/ 60 

= (3.14 * 15 * 3.11 * 20000) / (60 * 1000 * 3.9) 
= 1.25 m/s 

FT = W/V 
= 4000 / 1.25 
= 3200 N 

FM = FT tan φ / Cos β
      = 3200 tan 20 / Cos 15 
      = 1205.79 N 
Fa = FT tan β 

= 3200 * tan 15 
= 857.44 N
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Fig. 2 a Design dimensions with calculations. b Design dimensions with calculations 

Fig. 2 (continued) 

Gear 1 

(TE (z- axis)) Fyb * 76 – Fx *16 – Fa * 23.33 = 0 
Fyb = 517.06 N 

(FE (y- axis)) Fya- Fr + Fyb = 0 
Fya = 688.73 N 

(TE (y- axis)) Ft * 16 = Fzb * 76 
Fzb = 673.68 N 

(FE (z- axis)) Fza – Ft + Fzb = 0 
Fza = 2526.32 N
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Fig. 3 Design of the gearbox 

Fig. 4 Components included in a gearbox 

4 Design of Gearbox 

A gearbox has been designed in SOLIDWORKS considering the various design 
parameters studied in various research papers (Figs. 3 and 4). 

5 Structural Analysis and Optimization of the Components 

Structural analysis has been done on the components. The loads calculated have 
been applied. The simulation has been done using Ansys 2020 R2. Weight has been 
reduced while keeping an appreciable safety factor (Fig. 5).
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FOS: 2.0322 

FOS:4.2105 

FOS: 1.9697 

FOS:2.2308 

FOS: 5.0493 FOS: 3.0414 

FOS: 3.5589 

Fig. 5 Analysis and optimization of the component
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6 Application of Additive Manufacturing Techniques 

The material that has been saved by using additive manufacturing has been calcu-
lated. Both mass and volume of the material saved have been shown in Table 2 along 
with the percentage difference. These values have been calculated using SOLID-
WORKS software. The weight and volume of the material used in both manufac-
turing processes, i.e., subtractive and additive manufacturing processes have been 
calculated and compared.

The following images illustrate the designs in both the cases, i.e., additive and 
subtractive manufacturing (Fig. 6).

7 Materials Selected 

Gears—AISI 4340 

Reason—Ease of machining, High Yield Strength of 710 MPa which is 16000 psi 
more than that of AISI 4130 (Fig. 7).

Casing—Aluminium 6061 T6. 

Reason—High strength to weight ratio, Easy to machine. 

8 Sustainability Analysis 

SOLIDWORKS Sustainability has been used to analyse and compare the carbon 
footprint and energy usage in different additive manufacturing processes. The data 
has further been used to decide the most suitable process for the components. Carbon 
footprint has been given preference over energy consumption here. 

8.1 Input Parameters Values for Manufacturing of Gearbox 

For sustainability in SOLIDWORKS, prior one needs to consider a few parameters 
such as what type of material we are going to use for our product, what is the location 
of manufacturing, where the product will be used, and how many years it is built 
to last. For this the following table shows the parameters considered for this project 
(Table 3).
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Fig. 6 a Material usage comparison of first stage gears. b Material usage comparison of second 
stage gears. c Material usage comparison of bevel gears. d Material usage comparison of casing. e 
Material usage comparison of shafts

8.2 Carbon Footprint 

While burning the fossil fuels gases such as carbon dioxide and many others add 
up into the atmosphere resulting in an increase in the earth’s temperature. Global 
warming potential is the impact factor used for the carbon footprint value of the earth. 
Global warming also causes problems like species extinction, evaporation of water 
bodies, severe weather conditions, etc. Tables 4, 5, 6, and 7 show carbon footprint 
values for different components such as gears, shafts, and casings of the gearbox 
which are calculated in SOLIDWORKS for different manufacturing processes like 
extrusion, die casting, sand casting, and machined sand casting.
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Fig. 6 (continued)

8.3 Energy Consumption Values for Manufacturing 
of Gearbox 

Non-renewable energy resource consumption is calculated in megajoules (MJ). As a 
result of this consumption of electricity and fuels during the product manufacturing 
some or the other people on earth would be suffering due to their dependence on these 
energy resources. The average calorific value of energy demand of the non-renewable 
resources is expressed as total energy consumed. Tables 8, 9, 10, and 11 show energy 
consumption values for different components such as gears, shafts, and casings of the 
gearbox which is calculated in SOLIDWORKS for different manufacturing processes 
like extrusion, die casting, sand casting, and machined sand casting.

The results mentioned in the tables show us that the carbon footprint values for 
gears in the extrusion process is less when compared to die casting, sand casting,
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Fig. 6 (continued) 

Fig. 6 (continued)
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Fig. 6 (continued)

Fig. 7 Lattice structure of 
Aluminium 6061 T6
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Table 3 Input parameters for sustainability analysis 

Material class Aluminium alloys 

Material name AISI 4340 for gears and shafts and for casing 6061-T6(SS) 

Built to last 2 years 

Region of manufacturing Asia 

Region of use Asia 

Manufacturing processes Extrusion, die casting, machined sand casting, and sand casting

Table 4 Carbon footprint comparison of all gears in different manufacturing processes 

Extrusion Die casting Sand casting Machined sand casting 

Gear1 0.19 2.7 2.7 3.2 

Gear2 0.141 2 2 2.4 

Gear3 0.198 2.8 2.8 3.3 

Gear4 0.032 0.453 0.453 0.536 

Gear5 0.446 6.3 6.3 7.4 

Gear6 0.089 1.3 1.3 1.5 

All the values are in Kg CO2 

Table 5 Carbon footprint comparison of all shafts in different manufacturing processes 

Extrusion Die casting Sand casting Machined sand casting 

Shaft1 0.228 3.2 3.2 3.8 

Shaft2 0.096 1.4 1.4 1.6 

Shaft3 0.244 3.4 3.4 4.1 

All the values are in Kg CO2 

Table 6 Carbon footprint comparison of all casings in different manufacturing processes 

Extrusion Die casting Sand casting Machined sand casting 

Casing1 1.5 2.4 1.4 1.7 

Casing2 1.9 3.1 1.8 2.2 

All the values are in Kg CO2 

Table 7 Average carbon footprint values of gears, shafts, and casings 

Extrusion Die casting Sand casting Machined sand casting 

Gears 0.18267 2.592167 2.592167 3.056 

Shafts 0.18933 2.6667 2.6667 3.1667 

Casings 1.7 2.75 1.6 1.95 

All the values are in Kg CO2
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Table 8 Energy consumption comparison of all gears in different manufacturing processes 

Extrusion die Casting Sand casting Machined sand casting 

Gear1 16 24 15 18 

Gear2 1.7 21 21 25 

Gear3 2.3 30 30 35 

Gear4 0.38 4.8 4.8 5.7 

Gear5 5.3 67 67 79 

Gear6 1.1 13 13 16 

All the values are in MJ 

Table 9 Energy consumption comparison of all shafts in different manufacturing processes 

Extrusion Die casting Sand casting Machined sand casting 

Shaft1 2.7 34 34 40 

Shaft2 1.1 14 14 17 

Shaft3 2.9 37 37 43 

All the values are in MJ 

Table 10 Energy consumption comparison of all casings in different manufacturing processes 

Extrusion die casting Sand casting Machined sand casting 

Casing1 16 24 15 18 

Casing2 21 31 19 23 

All the values are in MJ 

Table 11 Average energy consumption values of gears, shafts, and casings 

Extrusion Die casting Sand casting Machined sand casting 

Gears 4.4633 26.633 25.133 29.7833 

Shafts 2.233 28.333 28.333 33.333 

Casings 18.5 27.5 17 20.5 

All the values are in MJ

and machined sand casting and hence extrusion is the best additive manufacturing 
process for manufacturing of gears. In a similar fashion for shafts, extrusion is the 
best and for the casing, sand casting is the most suitable additive manufacturing 
process.
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9 Results and Discussions 

The design of the component has been completed using SOLIDWORKS. It has been 
analysed using Ansys and further optimized. An appreciable safety factor has been 
kept for all the components. The components’ material usage has then been compared 
between both additive manufacturing and subtractive manufacturing scenarios. In this 
case, approximately 56.51% of the material has been saved in the case of additive 
manufacturing. 

Further analysis is done to find out which additive manufacturing process can be 
used in order to have the least carbon footprint. SOLIDWORKS Sustainability has 
been used for this purpose. In the case of gears and shafts that are made of steel, 
extrusion comes out to have the least carbon footprint of 0.18267 KgCO2 and 0.18933 
KgCO2, respectively. Sand Casting comes out to have the least carbon footprint of 
1.6 KgCO2 in the case of the casings that are made of aluminium. 

The energy consumption has also been analysed. In this case, the results obtained 
are different. Gears and casings have the least energy consumption of 4.4633MJ and 
2.233 MJ, respectively, in the case of the sand casting process. Manufacturing of 
shafts takes the least energy consumption of 17MJ when done through the extrusion 
process. 

10 Conclusion 

An optimized design of the gearbox has been completed using SOLIDWORKS and 
Ansys. The weight of the components has been minimized while maintaining an 
appreciable safety factor. Further, the material used has been compared between 
additive and subtractive manufacturing. It has been found that additive manufac-
turing results in the saving of approximately 56.51% of the material. It is hence better 
in this aspect. The sustainability analysis has further been done where the carbon 
footprint and energy consumption in various additive manufacturing processes have 
been compared to find the optimum process for manufacturing. The carbon foot-
print is the total amount of greenhouse gases generated in the processes. The power 
consumption talks about the total amount of electricity consumed during the process. 
The optimum process would then be decided by checking the values of these factors. 
If carbon footprint is to be given priority, then the process with the least carbon 
footprint would be preferred. If power consumption is to be given priority, then the 
process with the least power consumption would be preferred. 

A new design process has hence been proposed which would also take into account 
the amount of material used along with the sustainability. The process will take 
into account important sustainability factors such as carbon footprint and power 
consumption.
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17. Torcătoru C, Săvescu D (2019) Analyzing the sustainability of an automotive component using 
SolidWorks CAD software. IOP Conf Ser: Mater Sci Eng 568(1) (IOP Publishing) 

18. Apparao D, Raju MVJ (2021) Design and analysis of spur gear manufactured by DMLS process. 
Mater Today: Proc 46:149–153 

19. Altıparmak SC et al (2021) Challenges in additive manufacturing of high-strength aluminium 
alloys and current developments in hybrid additive manufacturing. Int J Lightweight Mater 
Manuf 4(2):246–261 

20. Effendi MSM et al (2021) Integrating DFMA to sustainability and FEA assessment: Case study 
of portable Bluetooth speaker. AIP Conf Proc 2347(1) (AIP Publishing LLC) 

21. Jones F (2021) Finite element analysis of surface hardening treatments of steels for automotive 
powertrain applications. University of Windsor (Canada), Diss



A Brief Review of Sustainable 
Composites for Food Packaging 
Applications 

Soundhar Arumugam and Senthilvelan Selvaraj 

Abstract The food industry is currently confronting a wide range of difficulties in 
ensuring the quality of food with a longer shelf life and long-term preservation. The 
industries have been able to tackle these issues due to sustainable and biodegradable 
food packaging materials based on biopolymers. Due to their superior biodegrad-
ability, renewability, bioavailability, and non-toxicity, these eco-friendly materials 
are also reducing the environmental issues connected to plastic-related pollution. 
Presented here are biopolymer-based food packaging materials and their compos-
ites that influence the qualities of food packaging. This analysis also highlights 
existing research studies for leveraging these ecologically friendly materials in food 
packaging applications. 

Keywords Biopolymers · Sustainable materials · Food packaging ·
Biodegradable materials 

1 Introduction 

Food preservation is greatly aided by food packaging, which surrounds the food in 
a barrier of protection. Food packaging not only contributes to the preservation of 
product quality and safety but also to the extension of the product’s packaging life 
against any physical, chemical, biological, or environmental issues during storage 
and shipment [1–3]. Microbial contaminations increase the risk of foodborne infec-
tions, shorten the shelf life of food, and cause food products to deteriorate [4, 5]. 
Economic losses due to food spoiling totaled more than 25% of the food consumed 
[6]. Researchers have made valiant attempts to create novel food preservation tech-
niques to address these problems. Nowadays, the addition of various food additives 
aids in the long-term preservation of food by preventing microbial deterioration [7, 
8]. Foods are protected for a long time by properly designed active agent carriers 
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because they release their agents under controlled conditions when they come into 
contact with food [9]. These carriers are also appropriate substitutes for conventional 
preservation methods that allow food to absorb active ingredients without altering 
its organoleptic qualities, such as appearance, colour, flavour, aroma, and taste [10]. 
Nearly 85% of plastic garbage ends up in the ocean, significantly affecting both the 
ecology and wildlife [11, 12]. Furthermore, the consumption of synthetic polymer is 
continuously growing with time. According to a report, by the year 2050, there will 
be more than 25 billion metric tonnes of non-biodegradable plastic garbage in the 
world. Additionally, estimates show that approximately 8 billion tonnes of plastic 
have been manufactured during the past 70 years [13–15]. 

The “triple P”—profit, planet, and people are all balanced by sustainability. 
Researchers are constantly looking for renewable and bioresources because of the 
various “P”-related factors, such as a limited supply of petroleum-based products 
and an environmentally friendly atmosphere [16]. The greatest materials for creating 
innovative sustainable solutions are those based on biopolymers. Due to this, the 
world is exploring replacing petroleum-based plastics with sustainable biodegrad-
able polymers, with or without the addition of natural fibres. Currently, various 
biopolymers used in food packaging applications such as polyvinyl alcohol (PVA), 
polylactic acid (PLA), polyglycolic acid (PGA), polybutylene succinate (PBS), 
polycaprolactone (PCL), Polyhydroxybutyrate (PHB), chitosan, cellulose, agar, and 
starch [7, 17, 18]. In today’s world, there are numerous opportunities for industrial 
sectors to progress towards a cleaner, more sustainable, and greener environment. 
Consuming various biopolymers can help reach these long-term objectives since 
they have a variety of benefits, such as abundant availability in nature, reasonable 
mechanical qualities, and ease of biodegradation [19]. Various biopolymers currently 
support the world’s quickly expanding markets. By 2025, all major plastic packaging 
manufacturers are anticipated to begin manufacturing packing materials that are 
fully recyclable, biodegradable, and reusable [15]. However, when compared to the 
petroleum-based materials, the use of biopolymers as food packaging materials has 
limitations such as weaker mechanical, thermal, and barrier properties. As a result, 
various research efforts have been made to improve the properties of biopolymers. 
In order to improve the biopolymer properties, nanocomposite concept was devel-
oped [20]. Bio-nanocomposites are multiphase materials composed of continuous 
phase of matrix particularly biopolymer and discontinuous (reinforcement) phase 
of nanofillers. The nano-sized fillers play a significant role by acting as reinforce-
ment to enhance the mechanical and barrier properties of the biopolymer [21]. The 
incorporation of lignocellulosic fibres such as wheat straw, flax, sisal, jute, kenaf, 
coconut shell, grape pomace, olive pomace, almond shell, and rice husk into biopoly-
mers improves the mechanical and barrier properties and also provides antimicrobial 
agent, biosensor, and oxygen scavenger functions in food packaging application [22]. 
Furthermore, biopolymers and their composites have prospective uses in a variety 
of industries, including medication delivery, packaging, textiles, agriculture, dispos-
able materials, and automotive applications [23]. The life cycle of biodegradable 
materials is illustrated in Fig. 1.
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Fig. 1 Life cycle of biodegradable materials 

2 Biopolymers 

Different factors, such as moisture content, temperature, and rancidity, all play a vital 
part in preserving quality of the food. In recent years, biopolymer-based materials, 
a subclass of bioplastics and biodegradable plastics, have fascinated the food pack-
aging market [24]. Biopolymer-based packaging materials are derived naturally from 
lipids, proteins, aliphatic polyesters, or polysaccharides and are being evaluated as 
possible candidates for conventional plastics due to their biocompatibility, safety, and 
rate of biodegradation. Natural micro-organisms efficiently break down these poly-
mers in the presence of adequate temperature, moisture, and oxygen, without any 
environmental consequences [25]. Biopolymers can be polymers extracted directly 
from biomass of vegetable or animal origin, such as polysaccharides, proteins, and 
lipids, as well as polymers developed by classical chemical synthesis from renew-
able bio-based monomers, such as poly (lactic acid) (PLA), or polymers produced 
by wild or genetically modified micro-organisms, such as poly(hydroxyalkanoate)s 
(PHAs), poly(hydroxybutyrate)s (PHBs), bacterial cellulose, and xanthan [26]. 

Figure 2 shows the classification of biopolymers used in packaging materials. 
Starch, cellulose, chitosan, alginate and carrageenan, pectin, and gums or their deriva-
tives are examples of polysaccharides. Protein films were classified as either animal 
(gelatin, casein, whey, and collagen) or vegetable (zein, soy, and gluten) [27, 28]. 
Beeswax and carnauba wax are the most commonly utilised lipids in the production
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of emulsion coatings to be used in the food products. PLA, PHA, PHB, and various 
polyamide classes are aliphatic polyesters utilised in the production of biopolymers 
[10]. 

Fig. 2 Classification of biopolymers
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2.1 Biopolymer-Based Nanocomposites 

Traditional packaging technology employs non-biodegradable polymer composites, 
which have serious environmental consequences for human health and land fertility 
by slowing the rate of oxygen passage in the soil [29]. In order to address this issue, 
biopolymeric sustainable composites are being used in the food service industry. 
These composites are created by combining two or more biopolymeric components, 
either with or without the use of additives/NFs. These composites have demon-
strated good biodegradability and have been studied by a number of researchers 
[13]. Blending biopolymers increases mechanical and functional qualities, which 
are useful in applications like food packaging. Dimensions, shape, length, surface 
area, and aspect ratio of nano-additives are all influencing elements in the attributes of 
nano-biocomposites. Furthermore, the permeability of these biodegradable compos-
ites is determined by the orientation and dispersion of the nanoparticle (NPs), 
resulting in strong metallurgical bonding between the NPs and the polymer matrix 
[30]. Sharma et al. [31] prepared the composite film using polylactic acid (PLA) 
with halloysite nanotubes and ramie fabric by melt extrusion method. The results 
displayed that the relative loss in tensile strength of ramie-PLA composites was more 
compared to neat PLA. Additionally, ramie-PLA composite has completely broken 
down after 60 days in the soil [31]. Manikandan et al. 2020 prepared nanocomposite 
films made up of Polyhydroxybutyrate (PHB) reinforced with various concentration 
of (0–1.3 wt.%) of graphene nanoplatelets (Gr-NPs) using solution casting method. 
The PHB/Gr-NPs nanocomposite demonstrated a higher melting point (by 10 °C), 
greater thermal stability (by 10 °C), greater tensile strength (by 2 times), as well as 
three and two times reduction in oxygen and water vapour permeability, respectively, 
when compared to pure PHB [32]. 

Behera et al. [33] studied the effect of jute fibre with varying weight percentage 
(10–40 wt.%) on thermoplastic starch (TPS) by using compression moulding tech-
nique. Maximum tensile strength was displayed by the composite containing 30% 
jute (27.3 MPa). Measurements of contact angle and water absorption revealed 
that composites have a moderate hydrophobic characteristic [33]. Balla et al. [34] 
prepared the composites made up of thermoplastic starch (TPS) reinforced with 
chitosan nanoparticles using compression moulding method. Significant increases 
are shown in the tensile strength and Young’s modulus, the water sorption of TPS-
based composites is also significantly impacted by the addition of chitosan [34]. 
When it comes to nano-uses, bio-nano composites have subsequently emerged 
as prospective replacements for traditional nanoparticle (NP) applications in food 
packaging. Furthermore, the integration of these NPs gives good moisture barrier 
properties, which aids in the preservation of food quality throughout storage and 
transportation.
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3 Biopolymeric Composites for Food Packaging 
Applications 

The art, science, and technology of packaging enable the cost-effective delivery of 
commodities to final consumers. The advancement of food packaging technologies 
is essential for preserving food freshness. The food packaging industry has used 
biopolymer-based materials such as edible coatings/films, antioxidative and antibac-
terial films, and biodegradable films. The food quality and shelf life of food are 
both improved by the addition of various additives, such as nutrients, antioxidants, 
antibacterial agents, and colours, into these sustainable materials [35]. Figure 3 shows 
the different types of biopolymers used in the food packaging applications. 

Fig. 3 Biopolymers classification in food packaging
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3.1 Antimicrobial Packaging 

Antimicrobial packaging is one type of method to restrict, decrease, impede, or 
kill the pathogenic micro-organisms in food. This approach has fascinated the food 
sector due to numerous benefits such as food safety, quality, and shelf life extension. 
Antimicrobial action is typically achieved by incorporating antimicrobial chemicals 
into the polymer matrix, which inhibits pathogen development. The most often used 
biodegradable polymers for active food packaging to overcome socio-environmental 
issues are chitosan, starch, and PBAT [36]. 

Chitosan-based biopolymers are used in packaging because of their biodegrad-
ability, antibacterial ability, biocompatibility, and ease of film formation. Roy 
et al. [37] reported the pullulan/chitosan-based multifunctional edible composite 
films were fabricated by reinforcing mushroom-mediated zinc oxide nanoparti-
cles (ZnONPs) and propolis. The ZnONPs and propolis in the pullulan/chitosan-
based biocomposite film provided significant antibacterial action against foodborne 
pathogens as well as excellent antioxidant activity. Pork belly packaging was done 
using the newly developed edible pullulan/chitosan-based film [37]. Zhang et al. 
[38] investigated the incorporation of TiO2 nano-powder into chitosan in order to 
create a chitosan/TiO2-based composite film. The findings revealed that chitosan/ 
TiO2 film wrapping on red grapes had effective antibacterial activity against various 
strains [38]. Ji et al. [39] studied the biodegradable chitosan-based film containing 
micro ramie fibre and lignin using casting method. The inclusion of various ratios 
of ramie fibre and lignin to the chitosan matrix resulted in a considerable improve-
ment in mechanical, water resistance, thermal, and antioxidant properties. Overall, 
the chitosan-based films demonstrated significant food packaging potential [39]. 

Starch-based biopolymers have been widely used in the development of sustain-
able food packaging applications. To improve their water resistance, and mechanical 
and barrier properties, these polymers can be combined with additives. Tanwar et al. 
[40] developed an active antioxidant film with PVA and maize starch, as well as 
varying amounts of coconut shell extract (CSE) and sepiolite clay (SP). The oxida-
tive stability of packaged soybean oil was increased by these PVA/starch film-based 
sachets [40]. Yusof et al. [41] prepared composite films based on polybutylene succi-
nate (PBS), tapioca starch, and inclusion of Biomaster-silver (BM) nanoparticles. The 
composite film significantly improved the quality of chicken breast fillets by reducing 
colour variation, slowing pH rise, reducing weight loss, and delaying the hardening 
process [41]. Likewise, Romainor et al. [42] produced a starch/citrate film by using 
an antimicrobial agent called citric acid that was added in an optimised ratio. The 
findings showed that starch/citrate-based film effectively reduced 87–99% of fungal 
growth and 98–99% of foodborne bacteria development, extending the storage life 
of cake and bread products [42]. 

Active packaging applications require biopolymers to have antimicrobial proper-
ties, and these properties can be improved by adding various natural substances like 
organic acids, curcumin, pectin, nano-clays, and essential oils. Arumugam et al. [43]
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developed the polybutylene adipate terephthalate (PBAT) biocomposite film incor-
porated with natural grape seed essential oil (GEO) in addition to silica nanopar-
ticles (SiO2 NPs) using the solution casting process. The inclusion of SiO2NPs in 
the PBAT/GEO blend enhanced the tensile strength, thermal stability, and antibac-
terial activities whereas the incorporation of GEO enhanced the film’s flexibility, 
opacity, and antimicrobial activity. Excellent antibacterial activity was shown by 
the PBAT/GEO/SiO2NP films against food deterioration germs [43]. Montero et al. 
(2021) fabricated the PBAT active films loaded with cellulose nanofibers (CNF) 
embedded with cinnamon essential oil (EO) by the wire extension method. The 
findings established the physical interaction between the EO and the PBAT matrix, 
which modified the polymeric molecular configuration. The findings showed that 
the produced films enhanced the strawberry’s characteristics and had antibacte-
rial properties against Listeria monocytogenes and Salmonella, providing a viable 
replacement for synthetic packaging materials [44]. 

4 Market Trends of Biopolymers in Food Packaging 

Innovative biopolymer formulations are being used to create unique sustainable 
materials that meet a variety of packaging needs, including food preservation and 
protection. Additionally, newly created biocomposites contributed to the improve-
ment of barrier, antioxidant, mechanical, and antibacterial properties [45]. According 
to Unilever® survey in 2016, nearly 85% of customers are satisfied when purchasing 
food stuff in biodegradable bags. The biopolymer packaging industry is predicted 
to increase at a compound annual growth rate (CAGR) of 12.6% between 2021 and 
2026 [46]. Consumers are especially concerned about the influence of the COVID-
19 pandemic on food packaging, as the virus has the ability to remain on the plastic 
surface, so the need for antibacterial and antiviral property for food packaging mate-
rial is essentially needed. Various commercially available products are successfully 
used in wraps made of sustainable biopolymers as shown in Fig. 4.

5 Future Scope and Conclusion 

Biodegradable polymers made from natural biopolymers or synthetic bio-based poly-
mers are gaining popularity in active food packaging applications, which minimises 
the consumption of plastic materials-based packaging.

● Food packaging is now responsible for the majority of environmental plastic 
waste. As a result, it is essential to allow the use of biodegradable packaging 
in commercial marketplaces in order to promote a sustainable and eco-friendly 
environment.
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Fig. 4 Different biopolymer-based food packaging materials are available in markets

● Besides environmental problems, all food particularly fruits and vegetables has 
a reduced shelf life, when packaged in conventional plastic. Whereas, different 
edible films and coatings developed with various biopolymers effectively extended 
food shelf life.

● Nano-biocomposites extend food shelf life and improve the commercial 
viability of innovative packaging materials. These long-lasting packagings show 
outstanding antibacterial capabilities, particularly against E. coli and S. aureus 
bacteria, as well as high mechanical strengths and antioxidant activity. 

Finally, it is suggested that the use of sustainable biopolymeric materials is crucial 
in managing plastic waste through the applications in food packaging sector. 

References 

1. Haghighi H, De Leo R, Bedin E, Pfeifer F, Siesler HW, Pulvirenti A (2019) Comparative 
analysis of blend and bilayer films based on chitosan and gelatin enriched with LAE (lauroyl 
arginate ethyl) with antimicrobial activity for food packaging applications. Food Packag Shelf 
Life 19:31–39



128 S. Arumugam and S. Selvaraj

2. Silveira VAI, Marim BM, Hipólito A, Gonçalves MC, Mali S, Kobayashi RKT, Celligoi MAPC 
(2020) Characterization and antimicrobial properties of bioactive packaging films based on 
polylactic acid-sophorolipid for the control of foodborne pathogens. Food Packag Shelf Life 
26:100591 

3. Zhu, P., Wang, Y. and Zhang, X., 2022. Preparation and characterization of electrospun 
nanofibre membranes incorporated with an ethanol extract of Capparis spinosa L. as a potential 
packaging material. Food Packag Shelf Life 32:100851 

4. Kabir E, Kaur R, Lee J, Kim KH, Kwon EE (2020) Prospects of biopolymer technology as an 
alternative option for non-degradable plastics and sustainable management of plastic wastes. J 
Clean Prod 258:120536 

5. Chawla R, Sivakumar S, Kaur H (2021) Antimicrobial edible films in food packaging: current 
scenario and recent nanotechnological advancements-a review. Carbohydr Polym Technol Appl 
2:100024 

6. Hadidi M, Jafarzadeh S, Forough M, Garavand F, Alizadeh S, Salehabadi A, Khaneghah AM, 
Jafari SM (2022) Plant protein-based food packaging films; recent advances in fabrication, 
characterization, and applications. Trends Food Sci Technol 

7. Hamed I, Jakobsen AN, Lerfall J (2022) Sustainable edible packaging systems based on 
active compounds from food processing byproducts: a review. Compr Rev Food Sci Food 
Saf 21(1):198–226 

8. Chiralt A, Menzel C, Hernandez-García E, Collazo S, Gonzalez-Martinez C (2020) Use of 
by-products in edible coatings and biodegradable packaging materials for food preservation. 
In: Sustainability of the food system. Academic Press, pp 101–127 

9. Atta OM, Manan S, Shahzad A, Ul-Islam M, Ullah MW, Yang G (2022) Biobased materials 
for active food packaging: a review. Food Hydrocoll 125:107419 

10. Liu Y, Ahmed S, Sameen DE, Wang Y, Lu R, Dai J, Li S, Qin W (2021) A review of cellulose and 
its derivatives in biopolymer-based for food packaging application. Trends Food Sci Technol 
112:532–546 

11. Khalid MY, Arif ZU (2022) Novel biopolymer-based sustainable composites for food 
packaging applications: a narrative review. Food Packag Shelf Life 33:100892 

12. Priyadarshi R, Roy S, Ghosh T, Biswas D, Rhim JW (2021) Antimicrobial nanofillers reinforced 
biopolymer composite films for active food packaging applications-a review. Sustain Mater 
Technol e00353 

13. Basavegowda N, Baek KH (2021) Advances in functional biopolymer-based nanocomposites 
for active food packaging applications. Polymers 13(23):4198 

14. Dharini V, Selvam SP, Jayaramudu J, Emmanuel RS (2022) Functional properties of 
clay nanofillers used in the biopolymer-based composite films for active food packaging 
applications-review. Appl Clay Sci 226:106555 

15. Taherimehr M, YousefniaPasha H, Tabatabaeekoloor R, Pesaranhajiabbas E (2021) Trends and 
challenges of biopolymer-based nanocomposites in food packaging. Compr Rev Food Sci Food 
Saf 20(6):5321–5344 

16. Kartik A, Akhil D, Lakshmi D, Gopinath KP, Arun J, Sivaramakrishnan R, Pugazhendhi 
A (2021) A critical review on production of biopolymers from algae biomass and their 
applications. Biores Technol 329:124868 

17. Wang H, Ding F, Ma L, Zhang Y (2021) Edible films from chitosan-gelatin: physical properties 
and food packaging application. Food Biosci 40:100871 

18. Karmanov AP, Kanarsky AV, Kocheva LS, Belyy VA, Semenov EI, Rachkova NG, Bogdanovich 
NI, Pokryshkin SA (2021) Chemical structure and polymer properties of wheat and cabbage 
lignins-valuable biopolymers for biomedical applications. Polymer 220:123571 

19. Tang XZ, Kumar P, Alavi S, Sandeep KP (2012) Recent advances in biopolymers and 
biopolymer-based nanocomposites for food packaging materials. Crit Rev Food Sci Nutr 
52(5):426–442 

20. Basumatary IB, Mukherjee A, Katiyar V, Kumar S (2022) Biopolymer-based nanocomposite 
films and coatings: recent advances in shelf-life improvement of fruits and vegetables. Crit Rev 
Food Sci Nutr 62(7):1912–1935



A Brief Review of Sustainable Composites for Food Packaging … 129

21. Kumar P, Sandeep KP, Alavi S, Truong VD (2011) A review of experimental and modeling 
techniques to determine properties of biopolymer-based nanocomposites. J Food Sci 76(1):E2– 
E14 

22. Kumar N, Kaur P, Bhatia S (2017) Advances in bio-nanocomposite materials for food 
packaging: a review. Nutr Food Sci 47(4):591–606 

23. Rhim JW, Park HM, Ha CS (2013) Bio-nanocomposites for food packaging applications. Prog 
Polym Sci 38(10–11):1629–1652 

24. Vieira MGA, da Silva MA, dos Santos LO, Beppu MM (2011) Natural-based plasticizers and 
biopolymer films: a review. Eur Polymer J 47(3):254–263 

25. Rhim JW, Ng PK (2007) Natural biopolymer-based nanocomposite films for packaging 
applications. Crit Rev Food Sci Nutr 47(4):411–433 

26. Li C, Wu J, Shi H, Xia Z, Sahoo JK, Yeo J, Kaplan DL (2022) Fiber-based biopolymer 
processing as a route toward sustainability. Adv Mater 34(1):2105196 

27. Baranwal J, Barse B, Fais A, Delogu GL, Kumar A (2022) Biopolymer: a sustainable material 
for food and medical applications. Polymers 14(5):983 

28. Aaliya B, Sunooj KV, Lackner M (2021) Biopolymer composites: a review. Int J Biobased 
Plast 3(1):40–84 

29. Sobhan A, Muthukumarappan K, Wei L (2021) Biosensors and biopolymer-based nanocom-
posites for smart food packaging: challenges and opportunities. Food Packag Shelf Life 
30:100745 

30. Silvestre AJ, Freire CS, Vilela C (2021) Advanced biopolymer-based nanocomposites and 
hybrid materials. Materials 14(3):493 

31. Sharma S, Majumdar A, Butola BS (2021) Tailoring the biodegradability of polylactic acid 
(PLA) based films and ramie-PLA green composites by using selective additives. Int J Biol 
Macromol 181:1092–1103 

32. Manikandan NA, Pakshirajan K, Pugazhenthi G (2020) Preparation and characterization of 
environmentally safe and highly biodegradable microbial polyhydroxybutyrate (PHB) based 
graphene nanocomposites for potential food packaging applications. Int J Biol Macromol 
154:866–877 

33. Behera AK, Mohanty C, Pradhan SK, Das N (2021) Assessment of soil and fungal degradability 
of thermoplastic starch reinforced natural fiber composite. J Polym Environ 29(4):1031–1039 

34. Balla B, Bartos A, Kun D, Csiszár E, Móczó J, Fekete E (2021) Improving mechanical and 
water sorption properties of thermoplastic starch by incorporating chitosan filler. Polym Testing 
101:107278 

35. Ilyas RA, Sapuan SM (2019) The preparation methods and processing of natural fibre bio-
polymer composites. Curr Org Synth 16(8):1068–1070 

36. Thiyaku, T.T., 2022. Mechanical, barrier, thermal, surface hydrophobicity, optical and 
antibacterial properties of PBAT biopolymer after addition of natural plasticizer and silica 
nanoparticles. Pigment Resin Technol 

37. Roy S, Priyadarshi R, Rhim JW (2021) Development of multifunctional pullulan/chitosan-
based composite films reinforced with ZnO nanoparticles and propolis for meat packaging 
applications. Foods 10(11):2789 

38. Zhang X, Xiao G, Wang Y, Zhao Y, Su H, Tan T (2017) Preparation of chitosanTiO2 composite 
film with efficient antimicrobial activities under visible light for food packaging applications. 
Carbohydr Polym 169:101–107. https://doi.org/10.1016/J.CARBPOL.2017.03.073 

39. Ji M, Li J, Li F, Wang X, Man J, Li J, Zhang C, Peng S (2022) A biodegradable chitosan-based 
composite film reinforced by ramie fibre and lignin for food packaging. Carbohydr Polym 
281:119078 

40. Tanwar R, Gupta V, Kumar P, Kumar A, Singh S, Gaikwad KK (2021) Development and 
characterization of PVA-starch incorporated with coconut shell extract and sepiolite clay as an 
antioxidant film for active food packaging applications. Int J Biol Macromol 185:451–461 

41. Yusof NL, Mutalib NAA, Nazatul UK, Nadrah AH, Aziman N, Fouad H, Jawaid M, Ali A, Kian 
LK, Sain M (2021) Efficacy of biopolymer/starch based antimicrobial packaging for chicken 
breast fillets. Foods 10(10):2379

https://doi.org/10.1016/J.CARBPOL.2017.03.073


130 S. Arumugam and S. Selvaraj

42. Romainor AN, Chin SF, Lihan S (2022) Antimicrobial starch-based film for food packaging 
application. Starch-Stärke 74(3–4):2100207 

43. Arumugam S, Kandasamy J, Thiyaku T, Saxena P (2022) Effect of low concentration of SiO2 
nanoparticles on grape seed essential oil/PBAT composite films for sustainable food packaging 
application. Sustainability 14(13):8073 

44. Montero Y, Souza AG, Oliveira ÉR, dos Santos Rosa D (2021) Nanocellulose functionalized 
with cinnamon essential oil: a potential application in active biodegradable packaging for 
strawberry. Sustain Mater Technol 29:e00289 

45. Mallakpour S, Azadi E, Hussain CM (2021) Recent breakthroughs of antibacterial and antiviral 
protective polymeric materials during COVID-19 pandemic and after pandemic: coating, 
packaging, and textile applications. Curr Opin Colloid Interface Sci 55:101480 

46. Werner BG, Koontz JL, Goddard JM (2017) Hurdles to commercial translation of next 
generation active food packaging technologies. Curr Opin Food Sci 16:40–48



Improving the Sustainability 
of Autogenous Pulsed Current Gas 
Tungsten Arc Welding 

M. Mohanram, Jayakrishna Kandasamy, G. Rajyalakshmi, and S. Arulvel 

Abstract Pulsed current gas tungsten arc welding (PCGTAW) technology is one 
of the widely used welding techniques in many industries due to its high preci-
sion, excellent welding quality, and low equipment cost. However, PCGTAW is a 
parameter-dependent process and hence; there is a need for a prediction model to 
optimize the welding process parameters to enhance the performance and sustain-
ability of the PCGTAW process. The present study evaluates the welding performance 
of SS409M with variation in depth of penetration using the design of experiments. 
Genetic algorithm (GA) and Simulated Annealing algorithms (SAA) were used to 
simulate, predict, and optimize the depth of penetration of the PCGTAW process. 
Peak current, base current, percent on time, pulse frequency, and welding speed were 
taken at three different levels. With the use of GA, the optimal welding parameters 
were found at a peak current of 171.802 A, pulse frequency of 4.748 Hz, 40% of the 
time, Base current of 65.691 A, and a welding speed of 60.001 mm/min. This combi-
nation has resulted in the depth of penetration of 4.12 mm, which is comparatively 
higher than the depth of penetration obtained for the SAA. Furthermore, a detailed 
study on the role of GA and SAA on the optimization of the depth of penetration in 
ensuring the sustainability of PCGTAW is reported in this study. 
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1 Introduction 

The growth of the manufacturing sector in any country is directly coupled with the 
GDP of that country. Due to stringent rules and environmental regulations, coun-
tries now focus on establishing robust and energy-efficient infrastructures in place 
for their effective utilization [1]. Energy-efficient measures and processes can bring 
about considerable cost savings too. Energy consumption in the manufacturing sector 
can be minimized by using contemporary energy-saving techniques. Globally, the 
manufacturing sectors consumed 2177 petajoules as part of their production activity 
in 2014, and over this same period, manufacturing sales increased by 15% [2]. Since 
2019, despite the recovery in total industrial sales, energy consumption for all indus-
tries remains below that stated before the 2020 economic downturn, representing an 
enhancement in energy consumption. Sustainable consumption and production are 
also part of UN SDG goals (SDG-12) [2]. Sustainable energy consumption is the 
new norm of modern industries as part of their sustainability reporting activity. More 
than half of the products manufactured require welding. Aerospace, automotive, rail-
roads, shipping, construction, and infrastructure, and other manufacturing industries 
heavily depend upon the welding process. 

Welding is one of the significant methods in all sheet metal-oriented industries 
[3]. Gas Tungsten Arc Welding (GTAW) is used extensively for the production of 
unique components, including complicated structures like pressure vessels, offshore 
structures, nuclear reactors, petrochemicals, equipment for food processing, etc. In 
GTAW due to continuous heat input, the weld zones commonly show coarse grain 
structures. Also, the creation of Heat Affected Zone results in sub-standard welded 
joints, hot corrosion cracking, and results in loss of mechanical properties [3, 4]. 
PCGTAW process is one of the widely used welding techniques and proved to hold 
many advantages as compared to the GTAW. The benefits include regulating the 
total heat input, low distortion, reduced number of HAZ, residual stress, and micro-
segregation [5]. In the PCGTAW process, the welding current is pulsated between 
low-and high-level periods. So, during main or pulse current, it melts down the 
weld region and allows to cool the molten pool and solidify all through the low or 
background current time [6]. The bead geometry is the number of overlapping weld 
spots and the number of overlaps is mainly determined by the pulse frequency [5]. 

Madhusudhan et al. [6] concentrated on optimization of the pulse frequency of 
PCGTA welds of Aluminium alloys for enhancing the mechanical properties by 
grain structure improvement. The improved UTS was reported to be attained under 
the 6 Hz pulse frequency of welded joints. Recently, many industries are adopting 
machine learning and evolutionary algorithms for manufacturing process optimiza-
tion. Evolutionary approaches drive the elimination of unnecessary testing, save 
time, and reduce materials wastage and effort within the industries. Several compu-
tational models were introduced by many researchers to predict and optimize the 
manufacturing process responses. Mathematical models were developed to predict 
the process parameters based on the experimental data using statistical approach
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and ANN, etc. Based on the mathematical models developed, the adaption of evolu-
tionary algorithms is very effective to optimize various manufacturing processes. 
Welding processes are no exclusion to the use of such algorithms to forecast and 
optimize the mechanical, geometrical, structural properties of the weldment before 
the welding process. Enhancement of weld quality and productivity is complicated 
since the optimization process in practice is extremely controlled by welding trials 
and depends on practical knowledge and involvement [7]. Welding business requires 
an effective means of parametric optimization due to the development of advanced 
metals and materials and increased demand for personalized design and applications. 

The welding process is influenced by many process parameters, but to get the 
productive output, engineers adopt the Taguchi method for experimental design based 
on diversity in industrial applications. For process modeling, optimization, and para-
metric control, the adaption of the Taguchi method for the welding process has been 
proven to be very useful. Juang et al. [3] adopted the Taguchi method for optimizing 
the weld pool geometry of stainless steel using GTAW. But, the Taguchi method 
has some boundaries as it gives optimal solutions only within the bounded level 
of control factors. With continuous process parameters, it is difficult to predict the 
optimal values using the Taguchi method. For the prediction of optimal parameters, 
ANN is a preferable tool, and can precisely relate inputs with outputs [8, 9]. A trained 
ANN model can be used to calculate the responses accurately for specified parameter 
settings. Ciurana et al. [10] used the ANN approach for the prediction of preferable 
machining parameters to get the desired output in the pulsed laser micromachining 
process. In addition, Khaw et al. [11] explained the usage of the Taguchi concept 
for ANN design. For ANN design, first, it is the only known method that considers 
robustness as a significant design measure that helps in enhancing the quality of the 
ANN. Second, for the systematic design of the ANN model, the Taguchi method 
depends on orthogonal arrays (OAs) which drastically reduce the time for the design 
and development of ANN. 

Many researchers have adopted evolutionary algorithms effectively for parametric 
optimization of various manufacturing processes. In every iteration, all the algo-
rithms look for a locally optimal solution by stepping toward an improved solution. 
Hu et al. [12] adopted the PSO technique for many engineering applications to get the 
optimal solution. The original algorithm was slightly modified to retain the feasible 
solutions in the memory of the algorithm so that the set of solutions obtained can 
be reduced. It was determined that PSO is a capable approach for nonlinear opti-
mization problems with inequality constraints. Katherasan et al. [13] also focused 
and succeed in the development of optimization models for a flux core arc welding 
process using PSO and ANNs to optimize the welding parameters. Roshan et al. [14] 
used the SAA for FSW process optimization to improve the mechanical properties 
of AA7075 welds. It was stated that the SAA algorithm is highly preferable for 
welding parameters optimization to obtain the desired output. Tarng et al. [15] used  
SAA to optimize the process parameters for the qualitative bead geometry. Further, 
the Fuzzy clustering technique was used for the classification of welds based on the 
quality of bead geometry. Many other researchers [16, 17] have also used SAA for 
optimizing the welding process to improve the quality of the weld bead geometry.
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Similarly, to SAA and PSO, GA has also been extensively used for the optimization 
of parameters. Sathiya et al. [18] concentrated on optimization of the FSW process 
for enhancing the mechanical properties and simultaneously reduction of material 
loss during the welding process by adopting various optimization algorithms namely 
GA, SAA, and PSO. It was found that GA outperformed compared to all the other 
algorithms and the error percentage in results through GA compared to the experi-
mental values was too less and negligible. Correia et al. [19] optimized the welding 
process for preferable deposition efficiency, bead width, depth of penetration, and 
reinforcement through GA and RSM. It was also stated that GA performs better than 
RSM with a proper setting of its internal parameters. Pashazadeh et al. [20] proved 
that GA is highly preferable for resistance spot welding (RSW) process optimiza-
tion to predict the electrode tip dressing operation. All algorithms are suitable for 
welding process optimization, but they differ significantly with methodology, the 
computational approach, and the time required to achieve a viable solution. 

Considering the importance of welding and the lack of optimization studies on 
PCGTA, this study aims at computing the optimal welding process parameters by 
which energy consumption can be reduced. Usage of computational methods such 
as GA and SAA forms the novelty of this study. This study also employed Design 
Expert in defining the objective function and the range of weld parameters used in 
GA and SAA. 

2 Methodology and Experimentation 

2.1 Material 

SS409M is an alloy widely used across the automotive industries and also in other 
industrial applications [3]. The main applications of SS409M are in automobile 
mufflers, catalytic converters, tailpipes, farm equipment, structural supports, hangers, 
transformer cases, diamond tread plates, shipping containers, etc. It offers good 
corrosion resistance at high temperatures, good formability, and low cost. A 400 × 
500 × 5 mm plate was sheared into 15 plates of each 100 × 70 × 5 mm dimension, 
such that each plate has enough size to accommodate three welding passes on it. The 
plates were filed to soften the edges and were then cleaned with emery sheets (with 
grit sizes 240/400/600 respectively) to get rid of rust for better weld quality. The 
plates were also cleaned with acetone. Figure 1. shows the workpieces after emery 
sheet polishing.

The chemical composition of SS409M is presented in Table 1 and the mechanical 
properties are listed in Table 2. The data required for the development of an optimiza-
tion model to predict the Depth of Penetration (DoP) was obtained from welding of 
SS409M plates.
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Fig. 1 Workpieces after 
emery sheet polishing

Table 1 Chemical composition of SS409M 

Element C Mn P S Ti Cr Ni 

% composition 0.08 1.00 1.00 0.045 0.75 11.75 0.5 

Table 2 Mechanical properties of SS409M 

Property Tensile 
strength 
(Mpa) 

Yield 
Strength 
(MPa) 

Elongation (% in 
50 mm) min 

Rockwell 
hardness (HRB) 
max 

Brinell hardness 
(HB) max 

Value 450 240 25 75 131 

2.2 Process Parameter Selection and Experimental Design 

The selection of process parameters for welding and their levels plays a key role 
in improving the quality of welding and improving process efficiency. To conserve 
energy in the welding process there exists a need to optimize the electrical param-
eters involved in it. In PCGTA welding the electrical parameters involved are peak 
current, base current, pulse frequency, and percent on time. Along with the electrical 
parameters, welding speed is also considered for experimentation. The set of process 
parameters and their levels are presented in Table 3.

Once the welding process, base material, and filler material were decided for 
experimentation, the next step is to plan for experimentation. The design of exper-
iments approach is used to design the experimentation [22]. Orthogonality means 
that each parameter is evaluated independently and the effect of one factor does not
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Table 3 Process parameters 
and their levels Parameter Level-1 Level-2 Level-3 

Peak current (A) 160 170 180 

Pulse frequency (Hz) 4 6 8 

Percent on time (%) 40 50 60 

Base current (A) 30 50 70 

Welding speed (mm/min) 60 80 100

interfere with the estimation of the influence of another factor [22, 23]. Four factors 
(pulse current, background current, percent on time, pulse frequency, and welding 
speed) with three levels were selected as shown in Table 3. 

The regression values of all parameters can be tested thoroughly only if a factorial 
design approach is used. For example, if there are ‘n’ variables with each of one 
having ‘m’ levels then the total number of combinations would be ‘mn’. Factorial 
design is one of the simplest ways of approaching a problem where there are more 
than two variables [15]. In this case, there are five variables (n) with three levels (m) 
for each variable. The total combinations possible (mn) is 243. Handling all the 243 
combinations and experimenting with them would be a tedious task, it also requires 
a lot of material (welding plates), consumes a lot of energy and time. A central 
composite design (CCD) was used for experimental design and the experimental 
plan was planned accordingly. By using the Response Surface Methodology (RSM) 
and adopting central composite design (CCD) the final 44 iterations were considered 
for the welding process and the results from the welding process were tabulated in 
Table 4.

The DoP obtained for each iteration was used as the input to the Design Expert 
(DE). (After processing the inputs, DE provided the optimal solution for DoE. The 
DS shows how each parameter will affect the welding process and it will also give 
the relation between any two parameters. The most influencing parameter on DoP 
can be predicted from the regression equation obtained from the DE. The objective 
function obtained from DE software was used in the GA and SAA to find the optimal 
welding parameters for welding SS409M using PCGTA. 

3 Optimization of Experimental Results and Discussion 

3.1 Prediction of Optimal Parameter Values 

Based on the experimental results, the DoP is found to be maximum at the 38th 
iteration and the DoP value is observed to be low at the 32nd, 35th and 39th iterations. 
The values of the five factors influencing the DoP were given as input to the DE and 
the optimal parameter values for TIG welding/PCGTA welding of SS409M plates 
were obtained as tabulated in Table 5. The input parameters, influencing the DoP



Improving the Sustainability of Autogenous Pulsed Current Gas … 137

Table 4 Design of welding experiment and results 

Run Peak current 
(A) 

Pulse frequency 
(Hz) 

Percent 
on time 
(%) 

Base 
current(A) 

Welding 
speed(mm/ 
min) 

DoP 
(mm) 

Width 
(mm) 

1 170 6 50 50 100 2.3 8.2 

2 170 6 40 50 80 2.6 8.2 

3 160 8 40 70 100 2.0 7.1 

4 160 8 60 30 100 1.8 6.5 

5 180 8 40 30 60 1.8 7.2 

6 160 8 40 70 60 2.2 8.8 

7 170 6 50 70 80 2.2 9.4 

8 170 8 50 50 80 2.2 8.0 

9 180 8 60 70 60 2.0 9.4 

10 160 8 40 30 100 1.5 5.9 

11 180 4 60 30 100 1.6 7.7 

12 160 8 60 70 60 2.3 9.5 

13 160 8 60 70 100 2.2 8.0 

14 180 4 40 70 60 2.8 10.1 

15 180 8 60 30 100 2.0 8.2 

16 170 4 50 50 80 2.1 8.3 

17 160 6 50 50 80 1.7 8.2 

18 180 6 50 50 80 1.9 8.4 

19 170 6 50 50 80 2.2 7.5 

20 160 4 40 70 100 2.1 7.3 

21 170 6 50 50 80 2.6 8.7 

22 160 4 60 30 60 1.9 7.7 

23 180 4 40 70 100 2.1 8.9 

24 180 8 60 30 60 2.4 8.8 

25 160 4 60 30 100 1.7 7.4 

26 180 8 40 70 60 2.8 10.5 

27 180 8 40 70 100 2.2 8.6 

28 180 8 60 70 100 2.3 9.2 

29 180 4 60 30 60 2.3 8.8 

30 170 6 50 30 80 1.8 6.8 

31 180 4 60 70 100 2.3 9.0 

32 160 4 40 30 60 1.5 6.5 

33 160 4 60 70 60 2.4 9.4 

34 180 4 40 30 100 1.6 6.2 

35 180 8 40 30 100 1.5 6.7

(continued)
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Table 4 (continued)

Run Peak current
(A)

Pulse frequency
(Hz)

Percent
on time
(%)

Base
current(A)

Welding
speed(mm/
min)

DoP
(mm)

Width
(mm)

36 180 4 40 30 60 2.1 7.8 

37 160 4 40 70 60 3.1 9.4 

38 170 6 50 50 60 3.4 9.2 

39 160 4 40 30 100 1.5 6.8 

40 180 4 60 70 60 2.7 10.7 

41 160 8 40 30 60 1.9 7.0 

42 170 6 60 50 80 2.1 8.8 

43 160 4 60 70 100 2.1 8.3 

44 160 8 60 30 60 2.1 6.0

Table 5 Optimum values of PCGTA welding of SS409M plates 

Peak 
current(A) 

Pulse 
frequency(Hz) 

Percent on 
time (%) 

Base 
current(A) 

Welding 
speed (mm/ 
min) 

Depth of penetration 
(DOP) mm 

170.87 4.63 40 65.53 60.01 3.36349* 

were taken as a base for finding the optimal parameter values using the DE and the 
optimal results were found at 170.8 A of peak current, 4.63 Hz of frequency of the 
pulse, the base current is at 65.53, welding speed maintained at 60.01 mm/min, and 
DoP at these values was computed as 3.36349 mm. 

3.2 Impact of Welding Process Parameters on Depth 
of Penetration 

The impact of process parameters (A) peak current, (B) pulse frequency, (C) percent 
on time, (D) base current, (E) welding speed on DoP were plotted using DE repre-
sented in Fig. 2. As the peak current varies from 160 to 180 A Fig. 2b, the DoP 
increases up to 170 A and decreases from 170 till 180 A. The pulse frequency Fig. 2a 
varies from 4 to 8 Hz. The DoP starts increasing from 4 to 4.63 mm, and gradually 
decreases from 4.63 to 8.00 mm. The maximum DoP is obtained when the peak 
current is 170.87 A and pulse frequency is 4.63 Hz. As the peak current varies from 
160 to 180 A, the DoP increases till 170 A and decreases from 170 till 180 A, and the 
percent of time varies from 40 to 60%. The DoP starts decreasing from 40% touches 
the lowest at around 50% and then increases from 50 to 60%. The maximum DoP is 
obtained when peak current is 170.87 A and percent on time is 40%.
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(b) 

(c) 
(d) 

(e) (f) 

(g) (h) 

(i) 

(j) 

(a) 

Fig. 2 Impact of process variables on the depth of penetration
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From Fig. 2c it can be observed that, as the base current varies from 30 to 70 A, 
DoP goes on increasing and peaks at 70 A. As the peak current varies from 160 
to 180 A, the DoP increases till 170 A and decreases from 170 till 180 A and the 
maximum DoP is at peak current values 170.87 A. As welding speed varies from 
60 to 100 mm/min, DoP starts decreasing from 60 to 85 mm/min and thereafter 
increases till 100 mm/min. From Fig. 2d it can be observed that as DoP value peaks 
when welding speed is 60 mm/min. As the peak current varies from 160 to 180 A, 
the DoP increases up to 170 A and decreases from 170 till 180 A and the maximum 
DoP is at peak current values 170.87 A. 

From Fig. 2e it can be noted that the percent of time varies from 40 to 60%, the 
DoP starts decreasing from 40% touches the lowest at around 50%, and then increases 
from 50 to 60%. The pulse frequency varies from 4 to 8 Hz, the DoP starts increasing 
from 4 to 4.63 mm, and results in a gradual decrease from 4.63 to 8.00 mm. As pulse 
frequency varies from 4 to 8 Hz, the DoP increases to 6 Hz and starts to decrease 
from 6 to 8 Hz. From Fig. 2f it can be observed that, the DoP value peaks when the 
pulse frequency is 6 Hz. As the base current varies from 30 to 70 A, DoP goes on 
increasing and peaks at 70 A. As welding speed varies from 60 to 100 mm/min, DoP 
starts decreasing from 60 to 85 mm/min and thereafter increases to 100 mm/min. 

From Fig. 2g it can be detected that the DoP value peaks when welding speed is 
60 mm/min. As pulse frequency varies from 4 to 8 Hz, DoP increases to 6 Hz and 
starts decreasing from 6 to 8 Hz. The DoP value peaks when the pulse frequency is 
6 Hz. From Fig. 2h it can be observed that, as percent on time varies from 40 to 60%, 
DoP decreases from 40 to 50% and increases from there till 60%. The maximum 
value of DoP is obtained when the percent of the time is 50%. As the base current 
varies from 30 to 70 A, DoP goes on increasing and peaks at 70 A. 

From Fig. 2i it can be noted that, as welding speed varies from 60 to 100 mm/min, 
DoP starts decreasing from 60 to 85 mm/min and thereafter increases till 100 mm/ 
min. The DoP value peaks when welding speed is 60 mm/min. From Fig. 2j it can be 
observed that, as welding speed varies from 60 to 100 mm/min, DoP starts decreasing 
from 60 to 85 mm/min and thereafter increases till 100 mm/min. The DoP value peaks 
when welding speed is 60 mm/min. As the base current varies from 30 to 70 A, DoP 
goes on increasing and peaks at 70 A. 

From the optimized set, Fig. 3 gives a clear understanding of how each parameter 
varies with DoP. From Fig. 3 it can be observed except welding speed (E) and percent 
on time (C) the other three parameters (A, B, D) vary directly with DoP.

4 Development of the Mathematical Model 

The response function for DoP of the weld joints is a function of the peak current, 
pulse frequency, base current, percent of the time, and welding speed and it can be 
expressed as:
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Fig. 3 The optimal set of process parameters for depth of penetration

DoP = f (peak current, pulse frequency, base current, percent of time and welding speed) 
(1) 

The process was mathematically modeled using regression analysis and the fit 
between DoP and input variables were represented (based on Eq. 1) as;  

Depth of penetration = −  129.58 + 1.63 ∗ (peak current) 
+0.313 ∗ (pulse frequency) − 0.077 ∗ (percent on time) 

+0.13 ∗ (base current) − 0.24 ∗ (welding speed) 
−0.00031 ∗ (peak current ∗ pulse frequency) 
+0 ∗ (peak current percent on time) 

−0.00009 ∗ (peak current ∗ base current) 
−0.00012 ∗ (peak current ∗ welding speed) 
+0.0016 ∗ (pulse frequency ∗ percent on time) 

−0.0018 ∗ (pulse frequency ∗ base current) 
+0.0014 + (pulse frequency ∗ welding speed) 
−0.0053 ∗ (percent on time ∗ base current) 
+0.00025 ∗ (percent on time ∗ welding speed) 
−0.000016 ∗ (base current*welding speed) 
−0.0047 ∗ (

peak current2
) − 0.03 ∗ (

pulse frequency2
)

+0.00077 ∗ (
percent on time2

) − 0.0068 ∗ (
base current2

)

+0.0014 ∗ (
welding speed2

)
(2)
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5 Optimization of the Welding Process 

5.1 Application of Genetic Algorithm for Optimization 

With the inspiration of genetics and nature selection principles, in 1975, John Holland 
developed the GA for prediction purposes. The genetic algorithm starts with deciding 
the initial population. The population size of chromosomes can have a major influ-
ence on the outcome and also affects the time and computational work to get the 
optimized solution. After attaining the initial population, the error function for every 
chromosome can be calculated and the priority for the chromosomes can also be 
assigned based on the fitness and the error. 

The steps involved in GA are (as adopted from): 

Step 1. Generation of an initial population M(0) randomly 
Step 2. Calculate and save the fitness u(m) for every individual m in the current 

population M(t) 
Step 3. Define the range of probabilities p(m) for each m in M(t) so that p(m) is 

proportional to u(m) 
Step 4. By selecting the individual probabilistically from M(t), generate M(t + 1) 

to produce offspring via genetic operators 
Step 5. Step 2 is needed to repeat until an adequate solution is obtained. 

The aim of using GA in this optimization process is to find the optimal values 
of process parameters that contribute to the maximum value of DoP. Optimization 
problem comprises of a minimization function defined by one of the second-order 
equation(s). The most important parameters to be considered are population size, the 
type of selection function, the crossover rate, and the mutation rate. By the process 
of trial and error, the value of the parameter can be computed for obtaining the most 
optimal result that is expected from this study. 

5.2 Optimization of Depth of Penetration 

The objective function is required for any optimization process, in this study for 
maximization objective of the optimization problem can be expressed as; 

Maximise DoP = f

(
peak current, pulse frequency, 

base current, percent on time and welding speed

)

Within the range of the welding parameters:



Improving the Sustainability of Autogenous Pulsed Current Gas … 143

160 < peak current < 180 

4 < pulse frequency < 8 

40 < percent on time < 60 

30 < base current < 70 

60 < welding speed < 100 

(3) 

5.3 Fitness Function for Depth of Penetration 

The fitness function of depth of penetration was developed based on mathematical 
model and represented as Eq. (4) 

functiony = simple fitness(x) (4) 

y =(−1) ∗ (−129.58 + 1.63 ∗ x(1) + 0.31 ∗ x(2) − 0.077 ∗ x(3) 
+0.136 ∗ x(4) − 0.24 ∗ x(5) − 0.00031 ∗ (x(1) ∗ x(2)) 
+0.0 ∗ (x(1) ∗ x(3)) − 0.000093 ∗ (x(1) ∗ x(4)) 
−0.000125 ∗ (x(1) ∗ x(5)) + 0.00156 ∗ (x(2) ∗ x(3)) 
−0.0018 ∗ (x(2) ∗ x(4)) + 0.0014 ∗ (x(2) ∗ x(5)) 
−0.00053 ∗ (x(3) ∗ x(4)) + 0.00025 ∗ (x(3) ∗ x(5)) 
−0.0000156 ∗ (x(4) ∗ x(5)) − 0.0047 ∗ (x(1)2 ) 
−0.03 ∗ (x(2)2 ) + 0.00077 ∗ (x(3)2 ) 
−0.00068 ∗ (x(4)2 ) + 0.00144 ∗ (x(5)2 )) (5) 

where, x(1) denotes peak current; x(2) denotes pulse frequency; x(3) denotes percent 
on time; x(4) denotes base current; and x(5) denotes welding speed 

All objective functions, constraints, boundaries conditions, problem and function 
types were fed as input into the GA MATLAB code developed especially for this 
study. The optimized values obtained after all the iterations are presented in Table 6. 

Within the range of the welding parameters (Eq. 3), GA will check for every 
combination possible. The regression equation obtained by welding the plates helped 
predict the DoP value for an unprepared iteration, tools like GA will help to overcome

Table 6 Optimized results obtained through GA 

Peak current 
(amps) 

Pulse frequency 
(Hz) 

Percent on 
time (%) 

Base 
current(A) 

Welding speed 
(mm/min) 

DoP (mm) 

171.802 4.748 40 65.691 60.001 4.152 
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Fig. 4 Representation of optimal and best fitness value 

this problem. GA MATLAB code performed around 157 iterations, Fig. 4 shows the 
number of iterations performed and the optimized values obtained for each parameter. 

From Fig. 4, the maximum DoP from the GA analysis was found to be 4.152 mm 
at peak current 171.802 A, pulse frequency 4.748 Hz, percent on time 40%, base 
current to be 65.691 A, and welding speed 60.001 mm/min. But, as the effect of 
peak current is observed to be minimum, the process variable values generated by 
using GA can be considered to be optimal. From the percentage error for DoP, the 
experimental value is 3.3649 mm and the value generated by GA is 4.152 mm which 
shows a satisfactory improvement of 23.39% in the DoP. 

5.4 Application of Simulated Annealing Algorithm 
for Optimization 

In the SAA, only one solution is taken into account at one time. The fitness of 
the nearest solution is compared with the fitness of the current solution in SAA. 
Compared to the solution obtained, if the nearest solution fitness is better, then the 
nearest solution is accepted all the time. But, if the nearest solution fitness is poor than 
the current solution obtained, the nearest solution may be considered positively. The 
acceptance probability of acceptance of a poor solution depends upon the difference 
in error between the current solution and the two solutions [21]. 

In this study, the traditional SAA is used as an optimization tool to find the 
optimum values of the welding parameters to maximize the DoP. By using the coded 
values, the mathematical model was framed. A MATLAB code for the SAA was 
developed to optimize the welding parameters. Using the objective function and 
the range of welding parameters expressed by Eq. 3 and fitness function defined
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by Eq. 4 as inputs the optimized values were computed. With all objective func-
tions, constraints, boundaries conditions, problem and function type fed as input into 
the SAA MATLAB code developed especially for this study, the optimized values 
obtained after all the iterations are presented in Table 7. 

Within the range of the welding parameters (Eq. 3), SAA checks for each combi-
nation possible. Around 3700 iterations were performed using the SAA MATLAB 
code developed. Figure 5 shows how many iterations have been performed and the 
optimized values obtained for each parameter. 

From Fig. 5, the maximum DoP based on the SAA was found as 4.048 mm at 
peak current 170.98amp, pulse frequency 5.384 Hz, Percent on time 40.154%, base 
current to be 63.844 A, and welding speed 61.204 mm/min. But, as the effect of 
peak current is observed to be minimum, the process variable values generated by 
using SAA can be considered to be optimal. From the percentage error for DoP, the 
experimental value is 3.3649 and the value generated by SAA is 4.048 which shows 
a satisfactory improvement of 20.30% in the DoP.

Table 7 Optimized values obtained from SAA 

Peak current 
(amp) 

Pulse frequency 
(Hz) 

Percent on 
time (%) 

Base current 
(amp) 

Welding speed (mm/ 
min) 

DoP 
(mm) 

170.981 5.384 40.154 63.844 61.204 4.048 

Fig. 5 Representation of optimal and best function value 
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6 Conclusions 

The optimization of PCGTA welding using GA and SAA algorithms was explored 
in this work; more specifically, the prediction of the near-optimal PCGTA process 
parameters, peak current, pulse frequency, percent on time, base current, and welding 
speed. The optimum welding parameters were searched based on the minimization 
of an objective function, which considers all the cost-effective aspects (deposition 
efficiency) and the geometric characteristics (penetration, width, and reinforcement) 
of the bead. It was found that the GA can be a dominant tool in welding parametric 
optimization, even though there is no mathematical model available for the process. 
The key inferences of this study are: 

• Peak current was found to be the most influencing parameter. The effect of param-
eters on DoP which are directly proportional are ranked in decreasing order as; 
Peak current > Pulse frequency > Base current. 

• Welding speed and percent on time vary inversely to DoP. From the optimal results 
obtained, it can be inferred that there is not much change in the peak current value, 
so by setting peak current as 170 A maximum DoP can be achieved. 

• While performing bead on plate welding, setting the base current as 50 A 
maximum DoP is achieved. But, according to GA when the base current is 65 A 
the maximum DoP obtained is 23.44% more than the maximum DoP obtained 
from experimental results and according to SAA when the base current is 63.84 A 
DoP obtained is 20.35% more. 

• And finally, as there is not much variation in percent on time, the optimal percent 
on time value is 40%, the optimal welding speed can be maintained at 60 mm/ 
min. 

Compliance with Ethical Standards On behalf of all authors, the corresponding author states 
that there is no conflict of interest. The authors declare no ethical conflicts, competing financial 
and/or non-financial interests. 
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An Integration of Smart Technology 
in Manufacturing 

Raja Sreedharan and Tarik Saikouk 

Abstract Nowadays, business practices are moving towards sustainability, which 
is necessary for organisational growth and environmental well-being. However, the 
world is becoming more VUCA making the business environment more volatile and 
uncertain. Moreover, complex decision-making and the human illusion of under-
standing of sustainability lead to ambiguous decision-making. Therefore, the present 
chapter explores the role of Industry 4.0 (IE4.0) and Big Data (BD) in Sustainable 
Manufacturing (SM) to understand the need for process visibility and enhance the 
decision-making for SM practices. To achieve this, the present chapter reviews schol-
arly work related to IE4.0, BD, and SM. From, the extant review unique constructs 
namely SM in the VUCA world, Impact of Industry 4.0 in SM, and Big Data Archi-
tecture were identified. The review will serve as reference material for practitioners 
and academicians in understanding the SM practices in the VUCA world. 

Keywords Fourth industrial revolution · Big data · Sustainability ·Manufacturing 

1 Introduction 

Nowadays, business practices are becoming more complex owing to the presence 
of different stakeholders and the increasing uncertainty in the operations, making 
the business practices more challenging to manage. Moreover, with the rise of infor-
mation flow, customers’ knowledge of business practices is increasing every day 
making the practices more volatile. As a result, the customer expects the company 
to provide products and services that are sustainable to the society. Further, to meet 
customer expectations, organisations have shifted towards sustainability practices 
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[1]. Furthermore, government policies and regulations has made sustainable busi-
ness practices mandatory for business. However, most of the organisations are still 
uncertain as they are yet to explore the regulatory measures fully. In the context 
of sustainable business practices, the SM is considered as a frontrunner due to its 
global presence and its impact on our daily life. Moreover, organisations have started 
adopting emerging technologies like IE4.0, which enables the organisation to produce 
better products and services with minimum complexity. Also, there is a huge flow of 
information, business needs to embrace emerging technologies to avoid ambiguous 
decision-making. Such an environment represents a VUCA world and the SM is no 
exception to the VUCA world. 

As business is facing a huge of information, which has led to a phenomenon 
known as BD. BD enables an organisation to make a proactive decision based on 
the data collected from different sources, leads to the effective management of data 
processing, and aids in creating a useful solution with far-reaching implications 
with minimum ambiguity. Moreover, IE4.0 focuses on the effective use of resources 
and work capacity, leading to increased production with the existing workforce. 
Such efficiency in IE4.0 and BD promotes the study to explore the impact of IE4.0 
and BD [2] on the SM practices. Further, IE4.0 helps manage the supply chain in 
a better manner with facility insight and an integration method for inventory and 
data sharing through all levels, thus making decision-making efficient in a VUCA 
context. Therefore, an IE4.0 ecosystem can effectively drive sustainable practices in 
an organisation with better visibility and decision-making [3]. However, reporting on 
the impact of IE4.0 and BD on SM practices is found to be limited. In SM practices, 
various activities influence the decision-making process and having visibility over 
the process is instrumental for minimising process variation and effective decision-
making [4, 5]. 

2 Review Findings 

Therefore, the present review focuses on evaluating the impact of IE4.0 and BD in 
SM practices were reviewed in detail in the following sections using the content 
analysis. 

2.1 SM in the VUCA World 

Due to the rising uncertainty in the markets, organisations focus on controlling 
every step of their supply chain operations to meet the demand dynamics and ensure 
product delivery to the end customer. Further, to achieve better economic benefits, 
manufacturing and process industries are focused on reducing their carbon foot-
prints significantly for environment well-being [6]. Moreover, most studies initially 
viewed environmental issues as a strategy problem. However, recent literature shows
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that the eco-innovation methods, such as life cycle valuations, clean technology, 
and eco-friendly design, are needed to be part of the organisations daily operations 
to minimise volatility in their process [7]. Therefore, industries started making their 
supply chain practices more eco-friendlier to the environment without compromising 
on the economic benefits [8]. Such a scenario was portrayed by organisations as SM. 
Later [4], described SM as “the management of material, information and resource 
flow with the employee support in an organization along with the supply chain objec-
tives on par with sustainability such as the environment, social and economic for 
the customer and shareholder benefits”. Further, sustainable development focuses 
on meeting current needs without comprising the future generations requirements. 
Therefore, SM focuses in operating in the VUCA world with the objective of being 
eco-friendly in the supply chain practices. Hence, it is necessary to explore the facets 
of SM and enhance them to develop an effective framework for decision-making. 
So, the facets of SM are reviewed in the following section. 

2.2 Facets of SM 

Economic: Economic studies on the supply chain deals with the specific solution to 
minimise the cost incurred in the supply chain operations. Most of the reviewed arti-
cles reported that the social and environmental objectives were secondary priorities, 
including the carbon emission, water recycling, and community jobs. Meanwhile, the 
strategy for eco-friendly practices to increase process visibility and decision-making 
is highly affected by the budget allocation [7]. Further, organisation needs to invest 
in technology to collect process information to make SM operations more robust 
and profitable to the organisation. Moreover, the studies show that decision-making 
related to the environmental and social dimensions of sustainability is challenging 
due to the nonlinear relationship among the dimensions which requires an evaluation 
approach [9]. 

Environment: In sustainable visibility, environment plays a major role with majority 
of the reviewed studies addressing issues related to the environment. The classifica-
tions of the environmental-based dimension are as follows: (1) material waste; (2) 
carbon footprints; (3) issues related to technological adoption; (4) greenhouse gas 
emission and the drive towards evaluating the dimension is challenging for many 
industries. As these dimensions are difficult to minimise and can increase to volatile 
level when influenced by uncertain events making their supply chain network more 
complex to operate with other stakeholders. Further, many studies reported on the life 
cycle assessment of the production systems and found that the organisation’s transi-
tion to new production practices creates many ripples in their eco-friendly processes 
making it more volatile [10]. 

Social: To empower the local community, SM focuses on small businesses that 
depend on the supply chain operations for their survival. Further, studies show that 
the SM involves the local community, youths, and community members to create
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jobs in and around the supply chain hub, organisation, and processing centre. These 
practices will create a positive image for the organisation among the local commu-
nity [11]. Employing locals and youths ensured strengthening the social aspect of 
SM. Moreover, choosing alternatives such as eco-friendly materials and training the 
community members can benefit the local community as it provides a positive image 
of the organisation. Therefore, such measures can promote the organisation more 
visibility and promotes the investor for new investment towards the organisation. 
Further, the governing body faces tough challenges in adopting alternatives. Also, 
new decision in SM influences the job opportunities for youth involvement, commu-
nity well-being, training and development, and an assured stream of employment for 
the organisation [12]. So, there is need for an evaluation approach and framework for 
effective framework which can link the facets of SM in decision-making. Further, to 
understand the functional area of SM and its short-term and long-term impacts are 
presented in Table 1. 

Table 1 Application of sustainability in the functional areas of SM 

Application Functional 
area 

Description References 

Short term 

Reduce 
immediate 
negative impact 
on the 
environment 

Environmental Climate change and global warming are a result 
of the excess waste and emissions. Attributes of 
SM reduce this wastage and aim at creating an 
environment-friendly economy 

[13] 

Job creation Economic Local employment will go up, especially for the 
semi-skilled jobs 

[14] 

Animal health Environmental The overuse of resources adversely affects 
animal health 

[3] 

Compliance 
with the 
environmental 
law 

Legal Mandatory laws made by governments need to 
be followed, and SM helps organisations 
function within these laws 

[4] 

Long term 

Future revenue 
generation 

Economic Effective recycling and remanufacturing can 
increase the revenue generated eventually over a 
period 

[7] 

Improve 
product 
efficiency 

Technological Products within the attributes of SM will have 
increased life and, hence, higher value 

[15] 

Economic 
growth 

Economic Greater revenue generation and increased 
product life will contribute to the growth of the 
economy 

[6] 

Growing 
population 

Societal The population is exponentially increasing; this 
will put higher pressure on the existing 
resources 

[16]
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2.3 Impact of Industry 4.0 in SM 

As the world is developing fast, industries have started evolving simultaneously with 
the emerging industrial practices, known as “Industry 4.0”. The term “Industry 4.0” 
was proposed by a German association in 2011. This association includes practi-
tioners, academicians, and legislators who put forth the concept of Industry 4.0. 
Industry 4.0 focused on improving the digital adoption intention in an organisa-
tion by adopting the best digital technologies [17]. Here, IE4.0 is driven by a wide 
range of technologies [2]. However, the main pillars of IE4.0 are as follows: (1) 
Autonomous System/Cyber-Physical Systems, (2) Simulation, (3) Horizontal and 
Vertical Integration, (4) Industrial Internet of Things (IIoT), (5) Cyber security, (6) 
Cloud Computing, (7) Additive Manufacturing, (8) Virtual Reality (VR), and (9) 
BD (10) Blockchain. As the market becomes competitive, organisations face tough 
challenges in IE4.0 adoption in their practices [18]. Section 3.2 discusses in detail 
BD and blockchain and how these can enhance the SM practices, while this section 
discusses the remaining pillars of IE4.0. 

Cyber-physical system and simulation: Cyber-physical systems (CPS) involve an 
integration of computing, physical, and network processes. As the computer system 
gets embedded into the network, it starts monitoring the process in real time and gives 
feedback for process changes in the network. Such a system is known as CPS, and 
it has large potential for economic and societal applications in SM, and so organisa-
tions are investing heavily in CPS. Moreover, CPS combines the dynamics of physical 
processes and software system to provide precise analysis for better decision-making 
in the adopted network [3]. Apart from CPS, the simulation is widely used in SM, 
and it’s very useful for process owner as it creates opportunity for the visibility of 
assumed conditions and enables decision-making for any given environment. More-
over, reviewed studies have used simulation to evaluate the condition in an SM. Most 
of the studies have reported three kinds of approaches for SM modelling: Discrete 
Event, System Dynamics, and Agent-Based Simulation. In these, the discrete event 
simulation is useful for the queuing system-based modelling and the agent-based 
system is used for modelling the action of the autonomous system (agent) in each 
network. Further, agent-based system can produce complex insights from the given 
network by collecting information on the agents’ interaction, which are part of the 
network. Then system dynamics was used to model the complex nature of a given 
system. In system dynamics, the network is chosen, and this studies the network 
through stocks, flows, and feedback. These inputs are different from other forms, 
which explains the nonlinear relationship in a simple manner. 

System integration and IIOT: In Industry 4.0, system integration is classified into 
two kinds: (1) Horizontal Integration; (2) Vertical Integration. From the review, it 
was noted that the majority of studies used the vertical integration and tried to create 
a better value chain from product manufacturing to sale distribution in SM. However, 
the horizontal integration was referred to in few works but has not been deployed yet 
[2]. The horizontal integration involves a better integration of end-to-end supply chain
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with the stakeholders and is built based on the organisation’s core competencies and 
stakeholder’s partnership. However, such an end-to-end value chain requires more 
investment and technological adoption, which have been reported in the reviewed 
works as agendas for future works. 

Industrial Internet of Things (IIoT) is basically an extension of IoT for specific 
industrial applications. From the reviewed work, it is noted that IIoT, in an SM 
network is available for data collection and sharing. Then, it aids in analysis in 
the network and acts as a gatekeeper or tollgate and enables different devices to 
get connected to the SM network [19]. For deploying IIoT, the organisation should 
consider the following: (1) Focused deployment; (2) Point of usage; (3) Area of 
deployment. The IIoT usage has been extended to networks for different operations, 
such as monitoring the CPS, collecting the sensor information, reporting back to the 
network for real-time modifications (e.g., controlling the temperature in the furnace), 
optimising the fluid usage in machining, and scanning and grading of the raw material 
in the processing line. Further IIoT points of usage are subject to cost as the supply 
chain gets sophisticated with better sensor systems, but the cost incurred is high due 
to the machine’s criticality and its usage in SM. 

Cyber security and cloud computing: Very few articles have reported on the context 
of cyber security. However, to make the SM secure, cyber security can be used in 
the following: (1) Digital value chain network (2) Smart warehouse and factory. As 
the interconnected devices become common these days, cyber risks tend to evolve 
and change the way the supply chain operates [20]. Each organisation should adopt 
security protocols and standards in their network. As the breadth of cyber issues is 
increased, organisations must be secure in their operations with IT upgradation and 
provide platform for ethical hacking to identify bugs and vulnerabilities in the supply 
chain networks. Further, being resilient is important as it is essential to develop an 
exit strategy for the supply chain network if the system fails due to the cyber-attack. 
Cloud computing is a kind of service delivered as an application for data storage over 
the internet. These services are provided for personal and industrial applications in 
different forms. The data are stored in a physical location known as “data centre” 
and the hardware used to store the data is known as “cloud”. Most of the cloud-based 
applications are pay-as-you-go basic ones, and supply chain networks have adopted 
them in most operations, which can eventually lead to a horizontal integration of the 
SM network. From the article reviews, it was found that the process visibility metrics 
have hardly been linked to cloud computing in their operations. This is because the 
stakeholders are resistant to adopting this strategy, as the cloud computing breaks 
the silos-only approach for data storage. Further, long-term investment in cloud 
computing could lead to cost saving and create more flexibility in SM practices. 

Additive manufacturing and Virtual reality: Additive manufacturing focuses on 
producing parts and different components at an economic price for the consumers. 
Developing a design in a computer-based programme for designing (CAD), the output 
is generated to make different parts using a 3D printer. A 3D printer creates a part by 
printing every layer into a complete part. For 3D printing, materials such as metals, 
thermoplastics, ceramics, and other biochemical agents are used. Such manufacturing
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practices can help in developing prototypes and customised parts for the consumers in 
a short span of time. Further, the cost and time can be optimised for mass production 
as the flexibility in designing a new product is better in additive manufacturing. Such 
a drive enables the local supplier in the SM to procure parts at a lower price, thus 
leading to a community of localised manufacturing environments. Virtual Reality 
(VR) is one of the pillars of IE4.0 with vast potential for industrial applications 
[2]. However, in the review, it was found that it is sparingly used in the SM. VR is 
the bridge that connects the physical world with the virtual world. AR has started 
emerging in the field of supply chain for logistics activities where it is used to look 
at the chosen location and identify the order quantities. Other areas of VR are in the 
warehouse for knowledge on material handling information. Moreover, VR is used 
for maintenance in a smart factory by intuitively displaying manual information on 
site for diagnostics and troubleshooting. The present section critically reviews the 
IE4.0 pillars. However, businesses are becoming volatile in nature due to the VUCA 
world and IE4.0 pillars are needs to make less ambiguous decisions. Further, as the 
production system is evolving due to the customer needs and shorter product life 
cycle, huge investment for IE4.0 for organisation growth. 

2.4 Need for Big Data Architecture in SM 

As part of the current review, study has identified articles on information sharing for 
better visibility and decision-making for SM. This is because BD is considered part 
of IE4.0 and sparingly reported in SM. Therefore, study has reported various facets 
of BDA. Further, most of the BDA is developed with the blockchain technology. 

Blockchain: Even though it is considered part of Industry 4.0, blockchain is widely 
used in the BDA environment for securing information and recording the transac-
tions. As the name suggests, each block stores data and is interlinked with each other 
[21]. Thus, each block is distributed or decentralised in nature. Every transaction in 
blockchain consists of the following stages: (1) transaction must occur, (2) transac-
tion must be verified; (3) transaction must be stored in block; (4) transaction must 
possess a hash. Once a transaction occurs, the user input is stored as a block for 
further evaluation. It also facilitates data segmentation for thousands of transactions 
that contain information on the shipment information, vendor preference, unit cost, 
logistics providers, and other critical information for a supply chain process. The 
second stage is to acknowledge the nature of the transaction and verify it. Further, 
in an organisation, the tailor-made BDA monitors every transaction and confirms 
its nature of entry, including the time, amount, unit value, currency exchange rate, 
stakeholders, suppliers, and nature of procurement to ensure transparency and cred-
ibility in the supply chain operations. The third stage is to store the information in 
blocks [15]. To do this, the data are verified with the standard entries, such as the 
digital signature, ID number, and Company code. Once verified and approved, the 
data are stored in blocks. Finally, each block has a unique value known as hash. Hash
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is a process of converting a given letter or number into the encrypted form of infor-
mation, which is then accessed with the right access code (key for the encryption). 
Once a block is hashed, it can be stored in the blockchain, which serves as a digital 
ledger, monitoring different kinds of supply chain transactions that are encrypted 
and cannot be deleted, and these are also less prone to cyber-attacks due to the use 
of blocks and cryptographic algorithm. 

Data source: Data sources ranges from social media to machine-generated data 
that are captured by the system. Most of the industrial operations attempt to adapt 
BD at an early stage. This will give the industries an upper hand in the produc-
tion process and serve as data source for decision-making [22, 23]. Further, they 
can save a lot of energy with the utilisation of advanced technologies and can 
also customise on the production process [24]. The data content is usually struc-
tured, semi-structured, or unstructured. Data content gives them better information 
management of resources, such as inventory in the warehouse, supplier preference, 
product procurement, and unit cost for material. Such information categorisation and 
structuring are instrumental for managers to achieve SDVM in the SM. 

Data store and format: Further, the data store focuses on the information storage in 
JSON, XML, and binary forms (PDF and word files) to enable retrieval as and when 
required. Also, other related files such as audio, video, image, and other formats 
are available [22]. Moreover, a data store helps in obtaining real-time data on the 
process and in visualising the work process in the supply chain. Moreover, the data 
policy in one organisation differs from that in another and is guided by the different 
technologies and systems. Also, the industrial structure and design for data storage 
and retrieval create better information management, thus leading to transparency 
among the stakeholders [25]. 

Data stage: The next step is data staging, which has three components: (1) data 
cleaning process; (2) data transformation; (3) data normalisations. The data are first 
collected and stored in the company repository. Using the stored data, cleaning is 
done to remove missing values and unidentified and incomplete data to turn it to 
a usable form. Then, the transformation ensures that the data are converted into an 
appropriate form for analysis. The last step is normalisation, where the data schema 
is checked for redundancy to decrease the computing time. 

Data processing: The final step, in the BDA, is data processing, where the data are 
scrutinised either in batches or in real time. Many organisations have adopted the 
batch evaluation as the data are collected from different sources and across multiple 
points. Meanwhile, some systems analyse data in real time, where the computing 
platform allows a programmer to retrieve unbound stream of data to develop real-time 
application for effective decision-making in the SM [26]. 

The above discussion clearly shows that the BDA can enhance the data handling in 
SM practices and enhance the decision-making process which is secure and reliable 
with the help of blockchain. Such BDA can facilitate effective decision-making 
reducing the uncertainty in data quality and ambiguity in data processing making the 
decision more robust for SM.
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3 Understanding the SM in the VUCA World 

From the above discussion, SM is influenced by vast amount of the data from the 
suppliers and vendors. However, SM-based studies show that very few application 
frameworks have been reported to manage the data for effective decision-making. 
Even though, majority of the manufacturers use IE4.0 in their production system. It is 
critical to understand the role of each pillar and invest accordingly for cash strapped 
organisation. Furthermore, SM in VUCA world is affected by the human’s illusion 
of understanding which leads to poor decisions. Therefore, enhanced SSM (Smart 
Sustainable Manufacturing) can facilitate SM to address the mentioned issues effi-
ciently in the VUCA world. Following, this present section evaluates each structural 
attribute of SM and its role in developing an enhanced SSM application framework. 

3.1 Linking the Facets of SM with IE4.0 

Over the past few years, many works have articulated on SM practices in suffi-
cient detail. However, SM is an extension of green supply chain management, which 
combines the ideas of the ecological philosophy, and the supply chain practices, 
including the constructs of sustainability, involving economic, social, and envi-
ronmental aspects [19]. SM highlights an organisation’s ability to use the mate-
rial, energy, water, and other resources to discover solutions that can increase the 
performance of the supply chain process. Yet, in the VUCA world uncertainty and 
complexity of supply chain process makes it fuzzier for effective decision-making. 

Even though, many initiatives have become digital in nature, with the adoption of 
Industry 4.0, kickstarting from the shop floor and converting the traditional factory 
into smart factory/connected smart factory (CSF). These digital technologies aid 
the organisation in generating links among their processes and provide systems the 
capabilities to complete the given process as per the client requirement. Further, 
it provides real-time functioning and marketplace information to the stakeholders. 
In the SM, digitalisation is achieved through the following features: connectivity, 
adoption, cognitive upgradation, integration, and autonomous control. These features 
can be achieved by the following digital technologies of Industry 4.0: Cyber-physical 
system (CPS), IIOT, Additive manufacturing, Augmented reality, System integration, 
Simulation, Cyber security, Cloud computing, BD, and Blockchain [27].  Also, it was  
proved that the IE4.0 offers several advantages, such as operation optimisation, value 
chain growth, and process control [28]. Therefore, the IE4.0 enables digitalisation 
and improves the SM operations both horizontally (functional parts) and vertically 
(across the entire value chain from procurement, production, processing to delivery 
to the customer [27]. 

However, majority of the works on SM focused on information flow and resource 
utilisation among the stakeholders, which are vital for organisational growth [3]. 
Furthermore, the economic aspect in SM is fulfilled by different stakeholders based 
on the supply chain operation, and the environmental aspect focuses on the green 
perspective of the SM practices. Finally, social aspect can enhance the societal
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attributes, which buttresses the local community thus leading to its empowerment (see 
Table 2). Further, SM practices are modified to complement sustainability through 
dematerialisation [29]. This refers to the lowest possible use of materials in produc-
tion and cutbacks in material usage in design, packaging, or distribution in SM. 
The other significant manner to achieve this is through material optimisation and 
adopting emerging technology such as the IE4.0 and its pillars [5] which comprises 
of the following: 

● Replacing expensive materials with economic one for data processing
● Using recyclable materials and stopping use of toxic materials using sensor system
● Curtailing scarce materials and promoting usage of eco-efficient materials
● Adopting of Industrial Internet of Things (IIoT) and sensor system to strengthen 

the SM practices.

Table 2 Linking the facets of SM with IE4.0 

Attributes IE4.0 pillars Description References 

Design, manufacture, 
and distribute 

Cyber-physical 
system 

Involves usage of dematerialisation. 
The other significant manner is 
optimisation of materials. This has 
many facets 

[29] 

Usage—product life 
extension 

IIOT We extend the life of the product to 
its maximum. Increased life cycle 
will be the generator of profit rather 
than the point of sale. There are 
many methods to increase the life of 
the products 

[30] 

Recovery and 
recycling 

System integration 
and BD 

This attribute involves restoration of 
all that has been deemed as waste. It 
intends to cut down on waste or use 
waste to produce new materials 

[31] 

Remanufacturing Additive 
manufacturing 

Reconstitution and revival of the core 
products. Restoration to “Good as 
new” in full or in part. This can be 
done through many processes 

[12] 

Product as a service System integration There is a trade-off between 
ownership and cost that is used as an 
advantage. The model focuses on 
accessibility and not on ownership. It 
can be applied to a wide variety of 
products in many ways 

[32] 

Sharing platform Blockchain Promotes the idea of “co-ownership” 
or “co-access”. Mainly aims at 
reducing the demand for newly 
manufactured goods 

[33]
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Further, Government norms and regulations ensure that the industries follow the 
guidelines and make their process more Eco-friendly [8]. In such, situation, overall 
process visibility is needed to monitor SM operations and avoid variation in following 
the guidelines [29]. For example, SM focuses on reducing the carbon footprint by 
transforming to digital platforms to save the consumable materials and it can monitor 
across the supply chain using the information sharing mechanism support by IE4.0 
and enhance the visibility and decision-making to make actionable measures if a 
variation occurs in the stipulated guidelines for eco-friendly practices. 

3.2 Utilising the Pillars of IE4.0 for Visibility 
and Decision-Making in SM 

From the review, it was clear that the impact of IE4.0 and BD can lead to better 
visibility and decision-making for the SM practices. Further, the SSM can increase 
the SM efficiency, but different factors in the IE4.0 needs to be accounted for creating 
an ecosystem. The major factor is the denial of the transition towards digitalisation. 
While Firms think about transition, all traditional business models get affected and 
a new business model must be set up and framed for the smooth run and processing 
[34]. Firms will have to work with networking and build a complex network, and 
this will lead to many mergers and acquisitions with other firms, this is not an easy 
process and it is influenced by the firm size and business leaders will have to make as 
many strategic decisions to plan for the long run of the company and safeguard the 
firm’s performance [14]. Moreover, to invest in IE4.0 technologies organisation must 
set up a guideline and allocate budget for deploying the pillar of IE4.0. Also, each 
pillar has its unique application, and its investment cost varies accordingly. From the 
review, study found that Cyber physical system (CPS); IIOT; Additive manufacturing 
are widely adopted in SM practices. Therefore, considered for the SSM evaluation. 
Meanwhile, organisation with more investment can focus on cloud computing and 
Blockchain for better digitalisation of SM practices. 

However, literature evidence shows that IE4.0 adoption intention is still in the 
beginning stage and suppliers have started exploring the pillars of IE4.0. However, 
IT systems and communication models, which need to be linked to cloud space, 
which are prone to cyber threats during the organisation transformation towards 
IE4.0 [9]. Moreover, using IE4.0 for SSM involves lots of investment in terms of 
employee’s skill making it a cumbersome process as it requires a specific training. 
Further, poor training programme and resistance to change will create uncertainty in 
the IE4.0 adoption and the stakeholder’s involvement may drop, leading to a return 
to the traditional approach [26]. Moreover, developing the SSC’s planning can be 
localised in terms of product procurement and resource allocation to reduce carbon 
footprint level. Further, data sharing in decision-making is highly influenced by the 
company policy, and there is a lack of trust among stakeholders, thus creating poor 
information visibility [8].
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From, the above discussion, visibility in the SM process is instrumental to avoid 
the process becoming blurrier and more difficult to monitor for the organisation. 
Moreover, the different stakeholders at different level require better visibility on 
the SM practices for better decision-making and ensure process flexibility for SM 
operations [33]. Therefore, the SSM can ensure better visibility and decision-making 
along with flexibility for the SM operations using the pillars of IE4.0. Further, IE4.0 
and BD complement each other; therefore, the study focuses on exploring the impact 
of IE4.0 and BD on SM practices [15]. Through extant literature review, it was found 
that BD is one of the most influential pillars of IE4.0 [23, 5]. Further, it generated more 
data for actionable insights for SM practices, making it more visible and effective 
for decision-making. For example, autonomous systems require sensors and a cyber-
physical system to operate, and the generated data need to be stored in the cloud or 
Industrial Servers. Therefore, the IE4.0 driven system can rely on BD for effective 
decision-making in the VUCA world. 

3.3 Enhancing Visibility and Decision-Making with Big Data 
Architecture 

As the amount of data generated is increasing every day, BD refers to a mecha-
nism of collecting and processing data, which is not considered feasible using the 
traditional methods. To handle BD, organisations used tailor-made designs for BD 
usage and known as BDA. However, BDA involves large data, which requires higher 
technological capability to collect, store, and process the information [15]. Further, 
BD can be expressed as the five Vs: Veracity, Velocity, Volume, Variety, and Value. 
As the Volume of data increases, the different insights such as pattern recognition, 
trends, and hidden information can be extracted with data analysis. A Variety of data is 
collected by the organisation from sensors, systems, IoT devices, and communication 
channels such as social media [35]. Such data range from images, audios, texts, and 
documents to logs, which are either structured or unstructured. Speed of data transfer 
influences the data content, and the Velocity of data is driven by constant absorption 
of data from different sources [23]. However, as data are collected from different 
sources, the biases and the noise factor in the data get increased with abnormality in 
data (Veracity). Therefore, the data need to be stored and retrieved meaningfully as 
per requirements. Further, veracity decides the value of the mined data for effective 
decision-making. Finally, the Value in BD refers to the process of finding huge hidden 
values from a given dataset with rapid response to business activities [27]. Therefore, 
BDA enables a business to collect data from multiple sources for effective decision-
making. Further, the BDA is coupled with the blockchain technology to make the 
process more robust and secure from cyber threats and create accountability for the 
information storage, retrieving, and sharing from a specific repository. Therefore, 
coupling data coupled with blockchain can be vital for the BDA. Further, BDA can
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minimise the ambiguity in decision-making process. To achieve this, the following 
steps are needed: 

Transparent system: In the supply chain activities, the information system is crucial 
for flawless operations and promotes the best business practices. However, the 
different stakeholders have systems that are not integrated with their data repository 
and have minimum access to the other players in the supply chain process. There-
fore, a BD-based system, which is transparent and applicable to all the players in 
the supply chain process, needs to be constructed [3]. Moreover, it can link the data 
repository for effective decision-making for the stakeholders at different maturity 
levels, thus achieving enhanced SSM. 

Experimentation: When BD is deployed, it can enhance the performance of both the 
internal and external customers through SSM. However, to develop an information 
system for SSM, organisations must do the required experimentation. As BD is being 
deployed, it creates the necessity for data growth and creation of information in a 
timely manner and this information needs to be vetted and approved for usage [17]. 
Moreover, experimentation enables the identification of vulnerability in the system 
and exposes them to help improve the system performance and information sharing 
across the platform. 

Population segmentation: In the SM practices, segmenting the information as per 
the population is mandatory. Further, information on the environmental, social, and 
economic practices from different supplier locations can be marked and categorised 
for obtaining an actionable plan for product development [5]. Moreover, the procure-
ment and government policies vary with the geographical locations, and these can 
be measured to foresee the pattern in the purchase, consumption, and utilisation of 
the product across the supply chain network. 

Automated algorithm: Nowadays, the amount of data generated is of huge volume 
for each supply chain activity. However, it can be found, sorted, and segmented to 
obtain useful insights. To achieve this, organisations are using bot operations and 
automated algorithms. Most of the algorithms are tailor-made as per the field of 
application. It starts with data labelling, categorising the data points, and creating 
features from the data for further analysis [2]. In the following sections, the authors 
have explored the pillars of IE4.0 the SM practices. 

So mentioned features of BDA can be designed in such way for SM operations 
to provide an upper hand in the production process and serve as data source for 
decision-making. Second, data store focuses on the information storage in JSON, 
XML, and binary forms (PDF and word files) to format the data and categorise 
their features to obtain information in real-time data leading to better transparency 
among the stakeholders. Then data stage ensures characteristics of stored data is 
structured for decision-making and minimising the ambiguity in the data through data 
normalisation. Finally, based on the nature of SM operations in each organisation 
processing the operational data to enhance the visibility of the value chain in SM 
and all these operations are backed by blockchain which monitors all transactions 
which creates authenticity and facilitates credibility for SM transactions in the VUCA
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world. Also, data generated from the value chain are staggering and require constant 
monitoring and evaluation. In such a scenario, BD can be used to label the information 
developed, which can then be vetted for actionable insights for SM operations making 
more certain and less ambiguous in decision-making. 

4 Discussions and Findings 

This work presents SM practices, which is now widespread in business develop-
ment and policy debate on the sustainable growth of industrial production in the 
VUCA world. Moreover, policy development agencies and business associations 
view SM as an essential mechanism to endorse sustainable production, which will 
happen in the industrial transformations. The expectation is that the selection of 
SM will change economic activities away from dependence on non-renewable and 
emission-intensive carbon flows to more sustainable production and consumption. A 
similar study conducted by Liu et al. highlighted SM as a contestant for sustainable 
development through literature support. However, various attributes of SM, such 
as benefits of adoption of SM, success and failure factors, as well as SM applica-
tions, were not discussed. Moreover, this study extended the concept for BDA with a 
more straightforward framework for the application for sustainability visibility and 
decision-making. Later, Osterrieder et al. conducted a systematic review to address 
the spread of IE4.0 in sustainability. However, there was a need for the present works 
to extend the study further in the context of IE4.0 and BDA. 

Therefore, the present focused on exploring the integration of Pillars of IE4.0 and 
BD for SM. From this, study can infer that the principal focus of the research has 
been on theoretical development, with very less attention to mathematical modelling-
based works. Further, this was reemphasised by most theoretical papers obtained 
for the study. This is indicative that the concept is evolving into ideas concerning 
quantifiable numbers, measurements, and benchmarks. Further, the application areas 
studied show that maximum papers focus on “Industry 4.0” individually, directly 
contributing to the literature. Further, majority of the studies were simulation-based 
or literature reviews on the manufacturing front. However, very few were on the 
supply chain-related processes. Of the key attributes of SM, only two components 
refer directly to the organisation (social and environmental) with others focusing on 
services and sharing (economic). 

From the review findings, the study developed unique structural attributes of SM 
practices namely: SM in the VUCA world, Facets of SM, Pillars of Industry 4.0, 
and Big Data Architecture. These attributes were reviewed through content anal-
ysis to understand the need for integrating IE4.0 and BDA for effective decision-
making in SM practices. Also, the role of IE4.0 pillars in terms of investment point 
of review reviewed and found that Industries with minimum monetary support can 
focus on cloud computing and blockchain for data handling and sensor setup for 
physical attributes for developing an application framework. Moreover, in SM stake-
holder plays a crucial role and it consists both the internal and external customers
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and stakeholder’s maturity decides the nature of the SM operations. However, the 
stakeholder’s involvement in the SM practices is influenced by various factors such 
as the organisational performance, employee support, training, knowledge of eco-
friendly practices, and resource availability in the organisation. Therefore, present 
study linked the facets of SM with IE4.0 to facilitate effective decision-making to 
minimise process uncertainty. Also, Data collection is vital to get better visibility of 
the nature of process involved and stakeholder contribution towards the SM opera-
tions. Therefore, integration of IE4.0 and BD can create the opportunity to develop the 
data repository for the stakeholders related activities for effective decision-making 
in the SM practices. 

4.1 Limitation and Scope for Future Research 

The views of SM are vast and appealing, and the benefits of understanding the appli-
cation framework at various levels are necessary for advancing SM practices among 
the stakeholders. At the industrial level, multidisciplinary methods linking busi-
ness perspectives, policies, and technological developments need to be considered. 
Moreover, implementation of SM would begin with organisational development with 
due respect to change management and managerial mindset. Very few studies have 
developed the research design that orients to the need of the IE4.0 ecosystem for 
business and understands the effects of SM models for product, service, refurbish-
ment, leasing, and remanufacturing. Therefore, researchers can focus on developing 
a tailor-made IE4.0 ecosystem with the right pillars of IE4.0 based on the resource 
availability and budget allocation. 

The study has few limitations of its own. The study did not assess the link between 
the facets of SM with the Eco-Industrial Parks (EIP) and Industrial Symbiosis (IS). 
This would broaden the SM constructs for the SSM evaluation making it more 
robust. Besides, the SM framework needs to be further tested for generalisability 
in industrial settings. This would provide adequate information to policymakers for 
SM practices in the VUCA world. Additionally, the integration of IE4.0 and BDA 
demands employee adaption to IE4.0. However, the organisation must invest in their 
employees for better training and increase their loyalty to the organisation through 
job security. However, such initiatives have not been observed in the present study. 
Hence, researchers can conduct studies focusing on the employee training specific 
for the integration of IE4.0 and BDA. 

In the SSM level and efficiency evaluation, the study has not addressed the 
non-linearity among the SM constructs which can influence the decision-making 
approach. Therefore, future researchers can develop an MCDM-based approach for 
capturing the multiple dimensions of SM can be used to explore the nature of rela-
tionship among the structural dimensions of the study. For the application frame-
work, different agents, such as the hardware system, software, sensor setup, and 
programmable circuit, must procured based on the tailor-made operations. There-
fore, future researchers can focus on extending the application framework for vendor
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selection for material procurement. Moreover, the organisation’s inclination towards 
cyber security seems to be high. However, the literature reporting on this is found 
to be limited. So, further studies should focus on the nature of cyber security and its 
initiatives in the organisation, and how an organisation overcomes cyber-attacks can 
make for an interesting read. 

5 Conclusion 

The present work focused on the integration the IE4.0 and BD for enhanced SSM in 
SM practices. The work focused on understanding the need for effective decision-
making and process visibility in the SM practices. The study critically reviewed the 
attributes of the IE4.0 and BD in the SM context. From, the review it was found that 
pillars of IE4.0 create better flexibility to the SM practices. Further, BDA ensures that 
seamless data processing for effective decision-making. Furthermore, the researchers 
can develop new application framework to achieve the SSM for industries. Along 
with this, the researchers developed an evaluating approach to measure the level 
and efficiency of SSM in an organisation. From, the application framework and 
the evaluation approach the visibility in SM can be significantly improved and the 
application framework can ensure better decision-making. Further, the benefits of SM 
are not only constrained to the environment but also offer plenty of economic benefits, 
such as employment, revenue, and future growth of the economy. As the SM practices 
and applications are dependent upon “governance” in a big way, the challenges, as 
well as hurdles, are dependent on the public governance challenges and community 
contribution that must be dealt with beforehand by being addressed adequately in 
time. Further, process transformation promotes cost savings and empowers the local 
communities and their well-being. However, achieving the process transformation 
for SSM is instrumental and it requires a case orgnisation to test the application 
model. Although study has taken adequate measures to avoid mistakes during the 
review, mistakes may have occurred in the reporting of the study. 
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Embracing New Digital Technologies 
to Ensure Sustainability 
in Manufacturing 

Soumya Prakash Patra, Sungjemmenla, and Rohit Agrawal 

Abstract In the global emerging scenario, industries over wide sectors are adopting 
digital technologies to sustain in the market and to get a competitive edge over 
competitors. Nowadays companies are focusing on enhancing their technologies to 
achieve sustainable benefits. Digital technologies are the prime focus of today’s 
industrial sector. The goal to achieve sustainable benefits can be effectively achieved 
by adopting several available digital technologies such as artificial intelligence, big 
data, cloud computing, and additive manufacturing. This study discusses various 
available digital technologies for their applications in the manufacturing sector to 
achieve sustainable benefits. Eight different digital technologies have been consid-
ered and discussed in this study. This study will enable industrial practitioners to 
identify the specific areas in manufacturing where digital technologies can be adopted 
to enhance business performance. 

Keywords Digital technologies · Sustainable manufacturing · Industry 4.0 ·
Smart manufacturing 

1 Introduction 

The current globalization is confronted with sustainability issues from all three 
perspectives, including the economic, environmental, and social facets [27]. Sadly, 
there are more than one billion people living in extreme poverty, and income disparity 
is also rising. The main causes of the problem are unsustainable production and 
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consumption, which are endangering human life on Earth and causing serious socioe-
conomic difficulties. By 2050, the global population is anticipated to reach 9.5 billion 
people [1]. 

As a result of increasing manufacturing due to rising consumer demand, there is 
more output and business overall. This system has the potential to seriously harm the 
environment due to the use of non-renewable inputs, their increased rate of consump-
tion, which is not sustainable, as well as higher emissions from the production 
process and the improper disposal of end-of-life items. Only by following the road 
of sustainable development, these issues can be solved. Thus, altering consumption 
and production habits can aid in protecting the environment and its natural resources. 
Manufacturers must adopt a new paradigm known as the circular economy (CE) in 
order to accomplish sustainable development goals [7]. 

However, a number of obstacles are preventing CE from being implemented 
and developing. The primary difficulties include expedited initial cost of setup, 
complexity in the supply chain, less cooperation between businesses, lack of infor-
mation in designing a product and its manufacturing process, lack of skills, quality 
compromises, lengthy lead times for disassembly, and high costs associated with 
such processes [15]. Adopting digital technologies will help solve these problems. 

A growing degree of digitalization in recent years has altered industrial production 
systems, resulting in smart, networked, and decentralized manufacturing. This new 
organizational level is frequently referred to as “The fourth industrial revolution” or 
“Industry 4.0” [21]. Industry 4.0’s central premise is to leverage new digital technolo-
gies so that industrial practices and business processes are thoroughly linked. This 
will enable manufacturing firms to achieve a more efficient, flexible, and sustainable 
manner with consistently excellent quality and minimum cost [29]. Manufacturing 
enterprises must provide a greater return on investment while minimizing their nega-
tive effects on the environment. They must also create a welcoming workplace for 
those who value cooperation, education, and the growth of their competencies. 

In this regard, this study aims to identify various digital technologies that can be 
effectively adopted in the manufacturing sector to achieve sustainable development. 
A total of eight digital technologies were discussed for their application in the manu-
facturing sector. For a better understanding of digital technologies in manufacturing, 
a schematic diagram is presented and is shown in Fig. 1.

2 Applications of Digital Technologies 
in the Manufacturing Sector 

2.1 Embedded Systems in the Manufacturing Sector 

Research on sustainable manufacturing processes, particularly for embedded 
systems, has many sides and requires both long-term analysis and immediate action. 
For instance, there are numerous potential advantages of embedded systems in the
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domain of sustainable production processes. However, logically centralized and 
multi-participative systems in the application of embedded systems are currently not 
methodologically meant to help with various critical socioeconomic and environ-
mental issues. Trentesaux and Giret [28] for instance, suggest a green manufacturing 
initiative in its entirety. The goal of green manufacturing initiatives is to give a prac-
tical generic notion that is simple to adapt, enumerate, and apply. Additionally, the 
goal of the green manufacturing initiative is also to encourage academics to design 
sustainability-tailored production operations control systems, whether holistic or 
with a multipronged approach, with respect to embedded systems. Carvalho et al. [4] 
suggest sustainable manufacturing with a perspective of Industry 4.0, wherein collab-
oration as a tool for achieving sustainability in manufacturing is discussed with a 
perspective on embedded systems. The authors further recommended implementing 
scientific studies that highlighted the advantages of the new industry model, such as 
enhanced product life cycles. For example, the production that continues to operate 
in an integrated manner with the use of technologically advanced application areas is 
allied to the foundations of a sustainable development application in industry, such as 
decentralization, configuration management, interoperability, and many others. This
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leads to even more flexibility in natural resource availability. Mennenga et al. [22] 
suggests that System of Systems (SoS) is a consequent development of continuous 
and increased digitization of technical systems. An SoS combines the resources and 
capabilities of its subsystems and, via clever collaboration, provides greater func-
tionality than the combined functionality of those subsystems. The authors have 
attempted to address the relationship between sustainable manufacturing, Life Cycle 
Engineering (LCE), and SoS. Garetti & Taisch [11] have suggested that to comply 
with the additional restrictions and the new objectives resulting from the goal of 
sustainable manufacturing, new product kinds, operations, and organizational models 
will be required. The dynamic character of sustainability and its components should 
also be taken into account; in reality, external forces might cause a condition that was 
appropriate at one moment to alter at another. These elements may include the avail-
ability of new technology, the passing of new legislation, the depletion of resources, 
or the buildup of undesired goods. 

2.2 Artificial Intelligence in the Manufacturing Sector 

The minimal fundamental needs for advancing sustainable manufacturing techniques 
in any industry are innovation and adaptation to changes. The same has been signif-
icantly influenced by artificial intelligence (AI). Cioffi et al. [5] have suggested that 
several AI-based solutions, including machine learning, have been founded in the 
sector to achieve sustainable goals as a result of substantial scientific study on the 
subject. Because of this, the authors proposed a review of the academic studies on 
the application of machine learning (ML) and AI in the industry. The increase in 
American publications and increased interest after the introduction of Industry 4.0 
was a fascinating discovery. Bag et al. [2] have suggested the importance of big data 
analytics-powered AI and its growth over recent history. The authors contended that 
there was limited research concerning the requirements for which manufacturing 
firms have adopted big data-based AI for their sustainable manufacturing processes. 
The author contributed to the numerical validation of the theoretical framework. 
They further clarify the role of organizational practices with regard to the resource 
base and their effects on the adaptation of artificial intelligence powered by big 
data analytics. This affects the functionality of sustainable manufacturing and the 
circular economy while being restrained by organizational flexibility and industry 
dynamism. Bag and Pretorius [1] additionally, have further stressed that there has 
been very less research on the impact of Industry 4.0 technology implementation on 
sustainable manufacturing methods. The article concludes that smart products and 
new technologies which have embedded AI could have significant economic, social, 
and cultural contributions toward reaching sustainability in manufacturing practices.
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2.3 Additive Manufacturing in the Manufacturing Sector 

In the sphere of industrial processes, where significant amounts of energy and 
resources are utilized, cleaner production and sustainability are vital. Today, func-
tional items with significant added value may be produced using additive manu-
facturing techniques like direct additive laser manufacturing. Bourhis et al. [3] have  
suggested that apart from studying the benefits of additive manufacturing processes, it 
is also important to study the environmental impact of those manufacturing processes 
with a motive of easier acceptability of sustainable manufacturing processes across 
the world. This study introduces a novel approach to environmental impact assess-
ment that considers all consumed fluxes (material, fluids, and power). This method-
ology combined a precise assessment of flow consumption in the machine with the 
broad perspective needed for a sustainable strategy. This has been supported by Frăţilă 
and Rotaru [10], wherein they further add that the sustainability of additive manu-
facturing processes must be evaluated to facilitate their adoption and deployment in 
the sector, given the significance of sustainable practices in manufacturing processes. 
Furthermore, by considering the ecological factors when a product is being manufac-
tured, the producers may increase their profitability and competitiveness. Machado 
et al. [20] further elaborate that the future of manufacturing will be greatly influenced 
by emerging technologies like additive manufacturing, which will allow businesses 
to make complex goods and components more effectively and sustainably. Compa-
nies, however, are finding it difficult to recognize and realize the technology’s full 
sustainability potential. Creating a checklist to evaluate the sustainability initiatives 
of additive manufacturing uptake and exploitation was the goal of the study. Siva 
Rama Krishna and Srikanth [25], further, add that the basic concept of sustainable 
manufacturing emancipates manufacturing practices that have the least impact on the 
environment. It also refers to actions that may be taken again without endangering 
future generations’ access to resources. The authors have assessed how sustainable 
manufacturing is impacted by subtractive and additive manufacturing techniques. 

2.4 Cloud Computing in the Manufacturing Sector 

Internet of Things (IoT) and cloud computing (CC) have received a lot of attention 
recently since they offer a new approach for intelligent observation and connection 
from “man-to-man,” “man-to-machine,” and “machine-to-machine relationships.” 
Tao et al. [8] elaborated that the applications of the IoT and CC technologies in 
production are studied in order to accomplish the complete sharing, free circula-
tion, on-demand usage, and optimal allocation of diverse industrial resources and 
capabilities. Liu et al. [18] elaborate on cloud robotics which is a combination of 
cloud computing and robotics. The paper professes the concept of robots as services 
and its impact on the development of robots in the future. Industrial cloud robotics 
(ICR) is advised to connect automated robotic resources worldwide to provide ICR
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services globally due to its benefits of easy access, resource sharing, and lower 
pricing. Industrial productivity greatly rises as a result of ICR. Future directions for 
the manufacturing sector are being investigated, including cloud manufacturing and 
sustainable production. The key to industrial sustainability is ICR’s energy consump-
tion optimization. A paradigm shift in manufacturing is being brought about by 
industrial value creation, according to research by Li et al. [17]. This paradigm 
shift is being aided by modern information and communications technology like the 
internet, computer systems, Internet-of-Things, cloud services, and big data. Addi-
tionally, they are also influenced by the growing international resource limitations 
and business diversity, the diversity of individual needs, and the long-term goals of 
environmental sustainability. 

2.5 Simulation in the Manufacturing Sector 

The industrial sector has benefited from the development of digital engineering tools 
and techniques. However, a variety of system parameters must be jointly optimized 
to build a sustainable production system. Heilala et al. [13] studied that, to enhance 
efficiency, and reconcile environmental limitations, a comprehensive simulation tool 
may be used during the system design stage. A sustainable production system must 
consider lean manufacturing, waste and loss of production detection and eradication, 
and environmental concerns. Shao et al. [24] profess that designing manufacturing 
systems with a lower environmental impact is essential for achieving sustainable 
production. The success of achieving sustainability depends on modeling and simu-
lation (M&S), which can foresee the results of putting particular facilities, processes, 
and production activities in place. The information must be shared with a range of 
production systems, apps, and databases in order to implement M&S for sustain-
able manufacturing. Additionally, M&S offers the right concepts and techniques for 
creating algorithms that accurately convert data. Gbededo et al. [12] offer a concep-
tual framework that helps in the development of an extensive tool of analysis. It is 
based on a simulation that combines objectives that support the development of viable 
product development with techniques that are focused on the in-depth quantitative 
analysis of all pertinent sustainability dimensions. Lee et al. [16] have proposed 
a fresh method for simulating the sustainability initiatives of manufacturing. It is 
suggested that an information model serves as a neutral framework for data inter-
change. In order to achieve sustainable goals while maintaining productivity via 
simulation, the manufacturing industry must understand certain important obstacles. 

2.6 Intelligent Sensor in the Manufacturing Sector 

A monitoring system can be installed in a manufacturing process for a variety of 
reasons. Modern manufacturing equipment must be adaptable, durable, and function
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with the least amount of human interaction possible. Error-free machine operation 
is also required. Stavropoulos et al. (2013) suggest that in a machining setting, tool 
breakage is a primary source of unscheduled halt and is expensive in terms of both 
wasted time and capital. Additionally, a significant element in modern production is 
the products’ environmental footprint. Manufacturing companies are under increased 
pressure to cut their energy use for cost-saving and environmental reasons because of 
the rising cost of energy and the current sustainability movement. Today, industrial 
sectors’ growth and sustainability are driven by the monitoring and management 
of their production processes. Today, manufacturing industry progress and sustain-
able practices are being driven by the monitoring and management of production 
processes. The controllability and dependability of machining operations can be 
improved by adaptive control systems. 

2.7 Big Data in the Manufacturing Sector 

Future-state manufacturing sometimes referred to as “smart manufacturing,” has the 
potential to significantly alter every element of operations by reducing energy and 
material usage, optimizing sustainability, and allowing a more digitalized, futuristic 
manufacturing environment. Kumar et al. [14] have expressed that condition-based 
maintenance (CBM) optimization improves regular maintenance and increases fore-
cast accuracy in the big data analytics framework. CBM would increase equipment 
dependability and lower maintenance costs by using condition monitoring and fore-
cast information effectively. Dubey et al. [6] have suggested a conceptual framework 
that captures big data functions utilizing components discovered through the reduc-
tion of acquired data. This is followed by the step of testing this paradigm using 
heterogeneous, diversified, voluminous, and high-velocity data. Finally, it concludes 
with an emphasis on the significance of academics and practice. According to Stock 
and Seliger [27], the challenge of modern globalization is to meet the continually 
increasing demand for capital and consumer goods while also ensuring the social, 
ecological, and economic sustainability of human life. Machado et al. [21] have  
made an effort to address how sustainable exploration is making an impact on the 
development of the industry 4.0 agenda and for a wider set regarding links across 
both Industry 4.0 and Sustainable Production. This has been done by mapping and 
summarizing current research attempts, followed by identifying research topics, and 
areas for research and development. 

2.8 Autonomous Robots in the Manufacturing Sector 

The incorporation of autonomous robots is a key factor in current manufacturing 
systems that make production operations more efficient and geared toward the auto-
mobile industry. Using functional qualities, structural data, activities, and process
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conditions, a unitary sustainable manufacturing or production capacity of the 
autonomous robot model was built [30]. To offer a differential representation for 
both the static and dynamic properties of sustainable manufacturing capacity, a 
hybrid logic description technique is illustrated. Energy usage during the autonomous 
robotic process is presented in portions using an interval-state description approach. 
Three categories of rules—stability, energy usage, and production capacity—are 
developed based on the built-in model for reasoning autonomous robots’ capa-
bility. Franciosi et al. (2020) have emphasized that manufacturing companies have 
a significant influence on the most important pillars of sustainability (economic, 
environmental, and social), and they are now key players in the development of 
sustainable value. Enyoghasi & Badurdeen (2021) further adds that the need for 
achieving sustainability is driven by the scarcity of resources and the harmful effects 
that traditional manufacturing has on society and the environment. Integration of 
the product, process, and system is essential for sustainable manufacturing, taking 
into account the interconnected sustainability consequences. This was followed by a 
focused approach to the fundamental technologies of perception, cognition, decision-
making, execution, and evolution by the authors [19]. This research also established 
a framework for intelligent production and disassembly, demonstrating the potential 
applications of various AI technologies. 

3 Challenges to Adopt Digital Technologies 
in the Manufacturing Sector 

From the literature review, it is found that the majority of researchers have agreed that 
there are still many challenges in adopting digital technologies in the manufacturing 
sector [23]. Digital technologies provide numerous benefits in manufacturing such 
as higher productivity, mass personalization, increased machine life, higher quality, 
and low cost of production. Despite several advantages, there are several challenges 
in adopting digital technologies in the manufacturing sector and some of them are 
as follows [23]:

● Unskilled workforce
● Insufficient financial resources
● Lack of data security
● Low degree of standardization
● Lack of vision
● Complexity in value chain integration
● Lack of infrastructure
● Lack of digital strategy
● Lack of clarity on economic benefits.
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4 Conclusions and Future Research Directions 

Digital technologies are widely being used in tremendous applications in the manu-
facturing sector, more specifically, in machine health prediction, demand forecasting, 
personalized product designs, real-time process monitoring, and many more. This 
study discusses the applications of digital technologies in manufacturing to gain 
sustainable benefits. Eight different digital technologies namely embedded systems, 
artificial intelligence, additive manufacturing, cloud computing, simulation, intelli-
gent sensor, big data, and autonomous robots have been discussed for their adoption 
in manufacturing. This study would benefit industry practitioners and researchers 
to identify the scope of digital technologies in the manufacturing sector to make it 
digital manufacturing thereby making the process sustainable. Based on the literature 
studies, the following future studies are suggested:

● Analyzing the challenges in adopting digital technologies more specifically for 
SMEs.

● Performance assessment of digitization in manufacturing firms.
● Adoption of digital technologies for multiple sourcing in the manufacturing supply 

chain to minimize the disruptions in the supply chain. 
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