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items and to produce a qualified recommendation for users to acquire the items as their wish. As a result, 
the new item rank-based approaches improve the quality of recommendation outcome. Results show 
that the proposed UAR method outperforms than the existing method. The same method is applied for 
the large real-time rating dataset like Movie Lens.

Chapter 7
Performance of PM Linear Generator Under Various Ferromagnetic Materials for Wave Energy 
Conversion........................................................................................................................................... 113

Izzeldin Idris Abdalla Yagoube, Universiti Teknologi PETRONAS, Malaysia
Taib Ibrahim, Universiti Teknologi PETRONAS, Malaysia
Nursyarizal Mohd Nor, Universiti Teknologi PETRONAS, Malaysia
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This chapter examines the influence of the various ferromagnetic materials on the performance of a 
single-phase tubular permanent-magnet linear generator (TPMLG) for wave energy conversion. Four 
ferromagnetic materials were considered in this study. They are non-oriented electrical steel, Permalloy 
(Ni-Fe-Mn), Accucore, and Somaloy 700. The generator equipped with a tubular stator carries a single 
coil and employs a quasi-Halbach magnetized moving-magnet translator. Therefore, in order to obtain an 
accurate performance analysis, the nonlinear time-stepping finite-element analysis (FEA) technique has 
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been used. The electromagnetic characteristics, including the magnetic field distributions, flux-linkage, 
winding inductance, electromagnetic force, and electromotive force (EMF) have been investigated. It 
is shown that a generator whose stator is fabricated from soft magnetic composite (SMC) materials has 
potential advantages in terms of ease of manufacture, highest force capability, lower cost, and minimum 
eddy-current loss.

Chapter 8
Optimization of Process Parameters for Electro-Chemical Machining of EN19: Using Particle 
Swamp Optimization............................................................................................................................ 127

Divya Zindani, National Institute of Technology Silchar, India
Nadeem Faisal, Birla Institute of Technology, India
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Electrochemical machining (ECM) is a non-conventional machining process that is used for machining 
of hard-to-machine materials. The ECM process is widely used for the machining of metal matrix 
composites. However, it is very essential to select optimum values of input process parameters to maximize 
the machining performance. However, the optimization of the output process parameters and hence the 
machining performance is a difficult task. In this chapter an attempt has been made to carry out single 
and multiple optimization of the material removal rate (MRR) and the surface roughness (SR) for the 
ECM process of EN19 using the particle swarm optimization (PSO) technique. The input parameter 
considered for the optimization are electrolyte concentration (%), voltage (V), feed rate (mm/min), and 
inter-electrode gap (mm). The optimum value of MRR and SR as found using the PSO algorithm are 
0.1847 cm3/min and 25.0612, respectively.

Chapter 9
Performance Study of LaPO4-Y2O3 Composite Fabricated by Sol-Gel Process Using Abrasive 
Waterjet Machining.............................................................................................................................. 143

M. Uthayakumar, Kalasalingam University, India
Balamurugan Karnan, Vignan’s University, India
Adam Slota, Cracow University of Technology, Poland
Jerzy Zajac, Cracow University of Technology, Poland
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This chapter presents an effective approach to assess the abrasive water jet machining of lanthanum 
phosphate reinforced with yttrium composite. A novel composite is prepared with the mixture of 
lanthanum phosphate sol and yttrium nitrate hexalate with a ratio of 80/20 by aqueous sol-gel process. 
Silicon carbide of 80 mesh size is used as abrasive. The effects of each input parameter of abrasive water 
jet machining are studied with an objective to improve the material removal rate with reduced kerf angle 
and surface roughness. The observations show that the jet pressure contributes by 77.6% and 45.15% in 
determining material removal rate and kerf angle, respectively. Through analysis of variance, an equal 
contribution of jet pressure (38.18%) and traverse speed (40.97%) on surface roughness is recorded. 
Microscopic examination shows the internal stress developed by silicon carbide which tends to get plastic 
deformation over the cut surface.
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Section 3
Industrial Engineering and Management

Chapter 10
Methodology of Operationalization of KPIs for Shop-Floor............................................................... 163

Mariana Raposo Oliveira, Universidade de Lisboa, Portugal
Diogo Jorge, Erising, Portugal
Paulo Peças, Universidade de Lisboa, Portugal

Key performance indicators (KPIs) are a critical tool to support activities and results’ monitoring in 
any industrial organization. The published literature and the available approaches on KPIs focus on the 
business and administrative level, being computed with information retrieved at the shop-floor level. 
Despite that, there is a scarcity of structured and comprehensive approaches to support the generation of 
KPIs to be used at the shop-floor level (the few existent approaches are empiric-based). In this chapter, 
a methodology to support the selection and organization of KPIs at the shop-floor level is proposed. 
Departing from the Hoshin Kanri strategy deployment, it identifies the levels of decision and control 
in the company regarding the production activities and derives the most adequate KPIs for each level 
based on universal questions about “what performance to assess.” The build-up of visual management 
boards for each level is also proposed.

Chapter 11
Solution Approaches for Reverse Logistics Considering Recovery Options: A Literature Review.... 192

Sevan Katrancioglu, Marmara University, Turkey
Huseyin Selcuk Kilic, Marmara University, Turkey
Cigdem Alabas Uslu, Marmara University, Turkey

Reverse logistics stands out as a rapidly gaining concept due to its contribution to both the environment 
and the economy. There are many problems with reverse logistics. The decision of recovery options is 
a fundamental issue that serves many purposes. Choosing the right recovery option will also provide 
the environmental and economic contribution to maximize the benefits. For this purpose, many solution 
approaches have been produced for different objectives, which are based on the selection of better 
recovery options. Since solution approaches are directly interacting with problem models and objectives, 
it is important to determine an appropriate approach to achieve better results. Until now, many different 
approaches have been implemented, and results are shared. This chapter systematically examines these 
solution approaches and reveals the achievements in the literature in order to provide directions for 
future studies.
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Section 4
Green Manufacturing and Sustainable Engineering Concepts

Chapter 12
Multi-Perspective Eco-Efficiency Assessment to Foster Sustainability in Plastic Parts Production: 
An Integrated Tool for Industrial Use.................................................................................................. 212

Emanuel João Lourenço, Instituto de Ciência e Inovação em Engenharia Mecânica e 
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The eco-efficiency assessment is a powerful metric to introduce two components of sustainability 
assessment in the industrial companies’ decisions making: the concurrent consideration of economic 
and environmental performance. The application of the eco-efficiency concept and of the normative 
documents is not an easy task, mainly because there are myriad environmental related indicator to 
consider and acquire. This barrier is higher in the realm of plastic injection molding, where each mold 
is unique, requiring a recurrent effort of data retrieving for such one-of-a-kind molds. To overcome this 
barrier, an integrated framework to support the eco-efficiency calculation on a life cycle perspective 
for a specific type of products, injection molds, is proposed in this chapter. It retrieves a small but 
representative selected set of eco-efficiency performance indicators. A tool was developed to apply the 
proposed framework and the results of its application to four real industrial case studies is discussed.

Chapter 13
Effective Utilization of Industrial Wastes for Preparing Polymer Matrix Composites: Usage of 
Industrial Wastes.................................................................................................................................. 250

Veerasimman Arumugaprabu, Kalasalingam University, India
Deepak Joel Johnson R., Kalasalingam University, India
Pragatheeswaran R., Government Polythetic Theni, India

The present industry scenario focuses on green manufacturing, in terms of effective reuse and recycling 
of the industrial wastes generated in enormous amount while preparing the product. The wastes also act 
as a threat to the society by causing various kinds of pollution. Therefore, the proper safe disposal of 
the same is a very critical factor. Most of the industries struggled with the enormous disposal of these 
wastes and finding ways for reuse and disposal. In this chapter, one such way of reuse of these wastes 
for making composite product is explored. Industrial wastes such as flyash and ricehusk used as fillers of 
varying weight percentages, 6%, 8%, 30%, 40%, and 50%, wt%, respectively, are reinforced with matrix. 
The prepared composites were subjected to flexural studies to know the load withstand ability. Results 
show that the incorporation of both fly ash and rice husk industrial wastes as filler into the polymer matrix 
increases the flexural strength. In addition, a low-cost product with high strength and good performance 
is obtained by adding this waste.
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Chapter 14
Additive Manufacturing Process and Their Applications for Green Technology................................ 262
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Prabhakar Kuppahalli, Dayananda Sagar College of Engineering, India
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Growth of nature is an additive process that gives sustainable existence to the structures developed; on 
the other hand, traditional manufacturing techniques can be wasteful as they are subtractive. Additive 
manufacturing produces almost nil waste and accordingly preserves raw materials resulting in cost reduction 
for the procurement of the same. It will also cut down on the carbon emissions that are usually generated 
from industrial manufacturing. Additive printed objects are lighter as well, making them more efficient, 
especially when used in the automobile and aerospace industry. Further, the intrinsic characteristics and 
the promising merits of additive manufacturing process are expected to provide a solution to improve the 
sustainability of the process. This chapter comprehensively reports on various additive manufacturing 
processes and their sustainable applications for green technology. The state of the art, opportunities, 
and future, related to sustainable applications of additive manufacturing have been presented at length.

Chapter 15
Spark Plasma Sintering of Mg-Zn-Mn-Si-HA Alloy for Bone Fixation Devices: Fabrication of 
Biodegradable Low Elastic Porous Mg-Zn-Mn-Si-HA Alloy............................................................. 282

Chander Prakash, Lovely Professional University, India
Sunpreet Singh, Lovely Professional University, India
Ahmad Majdi Abdul-Rani, Universiti Teknologi PETRONAS, Malaysia
M. S. Uddin, University of South Australia, Australia
B. S. Pabla, National Institute of Technical Teachers’ Training and Research, India
Sanjeev Puri, Panjab University, India

In this chapter, low elastic modulus porous Mg-Zn-Mn-(Si, HA) alloy was fabricated by mechanical 
alloying and spark plasma sintering technique. The microstructure, topography, elemental, and chemical 
composition of the as-sintered bio-composite were characterized by optical microscope, FE-SEM, EDS, 
and XRD technique. The mechanical properties such as hardness and elastic modulus were determined 
by nanoindentation technique. The as-sintered bio-composites show low ductility due to the presence of 
Si, Ca, and Zn elements. The presence of Mg matrix was observed as primary grain and the presence of 
coarse Mg2Si, Zn, and CaMg as a secondary grain boundary. EDS spectrum and XRD pattern confirms 
the formation of intermetallic biocompatible phases in the sintered compact, which is beneficial to form 
apatite and improved the bioactivity of the alloy for osseointegration. The lowest elastic modulus of 28 
GPa was measured. Moreover, the as-sintered bio-composites has high corrosion resistance and corrosion 
rate of the Mg was decreased by the addition of HA and Si element.
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The increasing competition among the manufacturing organizations and stringent government regulation 
forces the manufacturing organizations to implement sustainability principles in manufacturing. 
Sustainability focuses on material, product development, and manufacturing process orientations. End of 
life (EoL) disposal of the product is very much important in the modern scenario. The remanufacturing 
is a vital strategy for attaining sustainability in manufacturing. The assessment of remanufacturability of 
products needs to be done during the design stage so as to provide the manufacturers the guidelines for 
sustainable product development. In this context, this chapter presents the insights on remanufacturability 
index assessment for a typical automotive product. The practical implications of the study are also being 
discussed.

Chapter 17
Application of Cluster Analysis for Identifying Potential Automotive Organizations Towards the 
Conduct of Green Manufacturing Sustainability Studies.................................................................... 309

Jayakrishna Kandasamy, VIT University, India
Aravind Raj Sakthivel, VIT University, India
Vimal K. E. K., National Institute of Technology Patna, India
V. Sharath Kumar Reddy, VIT University, India
Babulal K. S., Dire Dawa University, Ethiopia

Increasing legislative concerns and rapidly transforming technologies pressurizes the global competitive 
landscape to deploy smart, safe, and sustainable green manufacturing. This chapter scrutinizes 
organizational sustainability of the automobile components manufacturing organizations located in 
the state of Tamil Nadu, India using hierarchy cluster analysis towards setting up a benchmark on 
sustainability of organizations. Along with the triple bottom line (TBL) of sustainable development, 
the organizational responsibility and government legislation in achieving sustainability were selected 
as the five major governing variables during the conduct of this case study. As a result, 25 automotive 
components manufacturing organizations chosen from for this study were classified into three clusters, 
confirming a particular organization as the most suitable one for the conduct of green manufacturing 
sustainability studies. According to the distinctiveness of the assorted clusters, suggestions were also 
proposed for improving the organizational sustainability further.
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Foreword

﻿

Sustainable manufacturing is the need of the hour today. Environmental benign manufacturing technolo-
gies are the requirements of today’s scenario. Academic, industry and research organizations are now 
interested in implementing green engineering techniques. This book covers a selection of such impor-
tant green manufacturing techniques for modern manufacturing. This volume has four sections with 17 
focused chapters. The newer techniques are covered in a precise way.

Multidisciplinary approach is to be realized to solve the real-world tasks. Section 1 deals with bio-
medical manufacturing, 3D printing, advanced additive manufacturing and necessity on miniaturiza-
tion. Section 2 covers the advanced optimization techniques. Page rank algorithm-based recommender 
system is elucidated. Particle swarm optimization is explained to optimize the process parameters in 
advanced machining process. Advanced machining methods are explained especially for difficult to 
machine materials. Performance evaluation of various erromagnetic materials in wave energy conver-
sion is illustrated. New lanthanum based composite machining is discussed in a detailed way. Section 3 
deals with the industrial engineering and management related aspects. Methodology for shop floor key 
performance indicators (KPI) is discussed. Solution approaches for reverse logistics is reviewed. Section 
4 deals with sustainable engineering concepts. Sustainability associated with plastic parts is discussed. 
An integrated tool for industrial use is demonstrated. Adding value to waste by way of utilizing waste 
to manufacture product is immense helpful in alleviating problems in waste disposal. Demonstration 
of making polymeric composite from industrial waste is carried out in this chapter. Green manufactur-
ing strategies, additive manufacturing towards green manufacturing, manufacturability index related to 
automotive industry are giving information on newer trends in manufacturing.

This book covers articles in multidiscipline such as bio technology, additive manufacturing, productiv-
ity improvement, optimization techniques, utilization of waste to make product etc. The readers will find 
interesting to see all the important and relevant topics in a book with a connected way. Certainly, this book 
introduces the green manufacturing to readers and it encourages the readers towards the implementation.

S. Aravindan
Indian Institute of Technology Delhi, India

xxi
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INTRODUCTION

Global scenario and contemporary manufacturing necessitates the importance towards “Green Manu-
facturing” (GM), since its related to all manufacturing processes and its related activities. The main aim 
of GM is to reduce the emissions, pollutants and other by-products which is harmful to the environ-
ment. Comparing with older manufacturing methods and practices recent techniques such as additive 
manufacturing and sustainable manufacturing focuses about environmental friendly fabrication. Also 
green industrial concepts such as Green Supply Chain Management (GSCM), reverse logistics and 
other related techniques to practice sustainable utilization of resources. The ideas and concepts related 
to GM is prospered globally in past decade and gradually implementation of newer ideas was practiced 
by various researchers, laboratories and practitioners across the world. This book focuses emerging 
researchers, scientist and students to acquire recent advancements in green engineering techniques for 
modern manufacturing.

ORGANIZATION OF THE BOOK

This book is organized with 17 chapters by various researchers, faculty and practitioners across the world 
who are currently working on various phases of GM.

Handbook of Research on Green Engineering Techniques for Modern Manufacturing is organized 
in four different sections

Section 1: “Recent Trends in Manufacturing” focuses about recent manufacturing concepts related to 
GM and its impact compared to conventional manufacturing processes.

Section 2: “Optimization Techniques and Material” is devoted to newer optimization techniques, 
mathematical models, problem solving techniques which can be used for sustainable practices 
and measurement.

Section 3: “Industrial Engineering and Management” presents current industrial engineering and mana-
gerial concepts to know extent of green practices in a firm.

Section 4: “Green Manufacturing and Sustainable Engineering Concepts” contributes the sustainability 
and sustainable practices in manufacturing firms

xxii
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Section 1

Chapter 1 presents the biomechanical properties of orthopaedic and dental implants as a review. This 
gives an extensive idea for researchers who works in similar field by exploring various research articles 
and its implications for biomedical components to be implanted in human body. This article also gives 
its view on biocompatibility, like infection, poor osseointegration and excessive foreign body response 
of materials.

Chapter 2 focuses about the zero waste in manufacturing using additive manufacturing techniques. The 
authors discussed about various processes such as stereolithography, fused deposition modelling, polyjet, 
selective laser sintering, electron beam melting. It is evident that above mentioned processes was useful 
for making complex geometric products with zero wastages since its additive manufacturing techniques.

Chapter 3 presents about recent advancements in investment casting Investment casting is a special 
casting process which is otherwise known as precision investment casting. The authors discussed about 
the various limitation in conventional investment casting process such as such as rigidity of the process, 
longer production cycles, higher tooling cost and wastages during different manufacturing stages. The 
conventional process was slightly modified with inclusion of additive manufacturing techniques to 
overcome the limitations.

Chapter 4 focuses about miniaturization of test specimen since standard specimen preparation leads 
to excessive cost in fabrication as well as testing. The authors explored this concept based on nuclear 
engineering testing where very small specimen was used for testing which is giving efficient and cost 
effective results. Since miniaturization of metal component testing was done earlier, this work focuses 
in glass fibre testing and relationship between results with ASTM standard specimen.

Chapter 5 discusses about the simulation of SCARA robot with eight degrees of freedom. The 
SCARA robot with multiple grippers was used in this study and simulation was carried in SimMechan-
ics environment. The simulation results shows design and structural changes can be done with respect 
to the work environment.

Section 2

Chapter 6 study about application of web data mining to explore and compute the consumer behaviour 
using PageRank algorithm. Decision making problem can be solved using this technique. Page Rank-
based item ranking approach are proposed to handle large data sets. The analysis was done to compute 
relationship between the selected items and to produce a qualified recommendation. This method provides 
improved outcome compared to previous methods

Chapter 7 presents performance of PM linear generator under various ferromagnetic materials for wave 
energy conversion, four ferromagnetic materials were considered in this study non-oriented electrical 
steel, Permalloy (Ni-Fe-Mn), Accucore and Somaloy 700. To achieve accurate results non linear time 
stepping finite element analysis was used. The results shows positive strengths of newer of materials 
such as ease of manufacture, highest force capability, lower cost and minimum eddy-current loss.

Chapter 8 discusses about the optimization of process parameters for Electro-Chemical Machining 
(ECM) which is most commonly used non-conventional machining process. In this study ECM process 
of EN 18 material was carried out using particle swamp optimization technique. The following param-
eters were considered for optimization Electrolyte concentration (%), Voltage (V), Feed rate (mm/min) 
and Inter-electrode gap (mm).

xxiii
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Chapter 9 discusses about the performance study of LaPO4-Y2O3 composite fabricated by Sol-Gel 
process using Abrasive Water Machining (AWM). This study focus to improve the material removal rate 
with reduced kerf angle and surface roughness, by considering the input parameters to achieve output. 
Jet pressure plays a vital role in AWM and it contributes major part in material removal. Microscopic 
examination was carried to verify the plastic deformation and cracks in specimen.

Section 3

Chapter 10 presents the Key Performance Indicators (KPIs) in shop floor. Various research article was 
publishes about the importance of KPI in manufacturing firms but the implementation level of KPIs in 
shop floor is not discussed well. This article focused to collect data sets from shop floor and interpret 
the importance of data on business and administrative level.

Chapter 11 discusses about reverse logistics and its importance on environment and economy. 
Implementation of reverse logistics concepts in a firm has various practical issues. In this work authors 
have explored best recovery option for providing environmental and economic benefits. Several solu-
tion approaches were used to find better recovery options. This study examine the validity of solution 
approaches and its achievements in reverse logistics.

Section 4

Chapter 12 present the sustainability analysis of plastic parts production. Conventional plastic produc-
tion involves various steps and this study explores plastic injection moulding. In conventional process 
moulds are unique for individual applications. To overcome all other issues the authors have developed 
an integrated framework to improve the eco-efficiency of the process as well as life cycle of particular 
process was analysed.

Chapter 13 discuss about the effective utilization of industrial wastages for preparing polymer ma-
trix composites. This chapter gives a new perspective in the field of recycling ofwastage collected from 
industry and reuse of same as raw material for composite preparation. Fly ash and rice husk were used 
in various composition as filler material and the specimen was subjected to flexural load testing. The 
results shows increase in strength with addition of filler materials.

Chapter 14 presents about application of green concepts and sustainability through additive manu-
facturing. Compared to conventional manufacturing process additive manufacturing provides better 
solution with ease in manufacturing with less emission. This plays a vital role in sustainability and green 
concepts. The merits of additive manufacturing was discussed with state of art manufacturing and future 
perspectives of it.

Chapter 15 explores about the fabrication of biodegradable low elastic porous Mg-Zn-Mn-Si-HA 
alloy using spark plasma sintering process. The mechanical properties of the component was analysed. 
The microstructure, topography, elemental and chemical composition of bio-composite were character-
ized by optical microscope, FE-SEM, EDS and XRD technique.

Chapter 16 discusses about the remanufacturability index of an automotive component. This study 
focuses about effective utilization of automotive component based on life cycle analysis and end of life 
concepts. Remanufacturability of products needs to be done during the design stage which provide the 
manufacturers, the necessary guidelines for sustainable product development and the selected component 
was used for remanufacturing after its end of life.

xxiv
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Chapter 17 presents about application of cluster analysis to select competent automotive firms to con-
duct the sustainability studies. Twenty-five automotive firms were selected for this study further grouped 
into three different clusters based on computation. The cluster was formed based on data analysis and 
responses provided by the case organizations. Most suitable firm was selected for sustainability study. 
Further suggestions were provided for rest of firms to improve their level.

xxv
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ABSTRACT

The demand for the orthopedic and dental implants has increased sharply in last decade due to physi-
cal traumas and age-related deficiencies. The material used for orthopedic and dental implants should 
be biocompatible to ensure the adaptability of the implant in the human body. The mechanical stability 
of implants is dependent on mechanical properties and surface characteristics essential to ensure cor-
rosion and wear resistance. The requirement of mechanical properties also differs substantially from 
load-bearing to non-load-bearing implants. There are many problems arising due to lack of sufficient 
biocompatibility, like infection, poor osseointegration, and excessive foreign body response. Fatigue 
failure, stress shielding, and bone resorption are some major problems associated with lack of mechani-
cal stability. Numerous conventional materials, coatings, and nanomaterials have been used to enhance 
the implant stability.
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Biomechanical Properties of Orthopedic and Dental Implants
﻿

INTRODUCTION

With increasing physical trauma, inherent structural defects and age related deformities, it is necessary 
to develop quantitative and qualitative enhanced orthopaedic implants (OI) and dental implants (DI). In 
2016, Global OI’s market was valued at $47,261 million and it is expected to rise to $74,796 million by 
2023, registering compound annual growth rate (CAGR) of 6.8% during the forecast period 2017 - 2023 
(TMR, 2016). The global dental implants market is projected to expand at a modest CAGR of 6.9% 
between 2017 and 2025 (Chandra, 2014). OIs are further divided into load bearing and non-load bearing 
implants. Load bearing OIs includes articulating joint replacement like hip, knee, shoulder and finger 
replacements and other prosthesis. While non load bearing includes various structural elements like pins, 
rods and plates which supports the damaged orthopedic parts when they heals them-self properly (Alivu 
et al.,2018). Historically, there have been two different types of DI: (1) endosteal and (2) subperiosteal. 
Endosteal refers to an implant that is “in the bone,” and subperiosteal refers to an implant that rests on 
top of the jawbone under the gum tissue. Subperiosteal implants are no longer in use today because of 
their poor long-term results in comparison to endosteal dental implants.

Metals, ceramic and polymers have been used as bio-material in implants. In metals, titanium based 
alloys are leading material due to their unique properties. Other metals that have been used are steel and 
cobalt - chromium based alloys. In ceramics, calcium phosphate based composites are widely used due 
to their proximity with bone apatite. Hydroxyapatite (Ca10(PO4)6(OH)2) is most commonly used calcium 
phosphate bioactive ceramic. Other ceramics which have been used are alumina (Al2O3) and zirconia 
(ZrO2) which fall in category of bioinert ceramics. Polymers have been used not only in OI and DI but 
also in tissue engineering and drug delivery due to their unique properties. In polymers, mainly ultra high 
molecular weight Poly ethylene (UHMWPE), Polytetrafluorethyelene (PTFE), Polymethyl methacrylate 
(PMMA), Polylactide (PLA), Polyglycolide (PGA) and Polyetheretherketon (PEEK) have been used. 
With recent advances in material science, various nanomaterials have been developed which enhanced 
the capabilities of implants. Nanomaterials have structural compatibility with hard tissues like bone. 
Nanomaterials based implants are qualitatively better because of enhancement in essential properties.

The prerequisite properties of materials for OI and DI are characterized as mechanical, biological 
and other surface properties. The performance of implants highly depends on these properties. It is nec-
essary to focus the research on these prerequisite properties to develop future materials or enhance the 
capabilities of existing materials. This chapter discuss the necessary prerequisite properties of materials 
for OI and DI.

PREREQUISITE PROPERTIES

Orthopedic and dental structure of living bodies is like a mechanical system imbedded in a biological 
environment. The biomaterial which is intended to use in implantation should have desired mechanical 
and biological properties. Implant’s material and design is most dominant factor which decides both the 
short term and the long term performance of the implant (Prakash et al.,2016). With increase in human 
life expectancy, the better quality and long life spanned OIs and DIs are needed (Narayan, 2012). The 
human body’s internal environment is very austere having an oxygenated saline solution with salt content 
of about 0.9% at pH 7.4 and temperature of 37°C (Saro & Sidhu, 2012). This environment accelerates 
the fatigue failure, corrosion and wears rates several times that cause decrements in the implant life. 

 EBSCOhost - printed on 2/14/2023 11:31 AM via . All use subject to https://www.ebsco.com/terms-of-use



3

Biomechanical Properties of Orthopedic and Dental Implants
﻿

Corrosion and wear cause many particle borne diseases and infection that may put risk on patient’s life 
(Prakash et al.,2015). So, properties of material are not only important from functional point of view but 
also from patient’s life point of view. The implant’s material properties can be classified as mechanical 
properties, biological properties, and corrosion resistance as shown in figure 1. These properties are 
interrelated and affect each other.

An ideal material for implants should have sufficient level of all three types of properties. For ex-
ample, if a material is highly biocompatible and bioactive but have poor mechanical properties, then it 
cannot be used in load bearing OIs.

Biological Properties

The biological properties of implant’s material are essential to ensure the compatibility of the implant 
with the surrounding environment in human body. The absence of biological properties may trigger 
sever toxicity, infection, acute inflammation, and sever foreign body reactions. Ultimately, this may 
cause morbidity. The major biological property is biocompatibility of materials. Bioactivity is subpart 
of biocompatibility which allows the tissue growth on materials’ surface (Prakash et al.,2017). In fact, 
no material is accepted by our biological system completely as our tissues and immune system treat all 
materials as foreign element. But the materials which are termed as bio-materials are more biocompat-
ible than other materials, which have been proved by in vivo and in vitro tests.

Biocompatibility

The material for implantation should not be toxic, compatible or have harmony with surrounding tis-
sues and allow the growth of tissues on its surfaces. The material itself or any degraded products from 
it should not cause cell death, intense inflammation, suppress immunity or other harmful effects on 
cellular or tissue functions. The living tissues have ability to grow and renew itself with time due to the 

Figure 1. Classification of prerequisite properties of OI’s and DI’s material
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metabolism activities of human body. The Implant’s material should allow the growth of surrounding 
tissues to ensure Osseointegration. The implant surface should be osseoconductive and osseoinductive. 
Toxicity is further divided into cytotoxicty, genotoxicity and carcinogenicity. Cytotoxicty causes cell 
death while genotoxicity damages the DNA. Carcinogenicity causes the cancer in surrounding cells. 
Toxicity effects from bulk as well as degraded material on host body and cells & tissues attachment on 
surface are checked by in vitro and in vivo tests to observe the biocompatibility of material usually. The 
biocompatible material is divided into three categories, biotolerant, bioinert, and bioactive. Bio tolerant 
materials do not release nontoxic substances but these lead to encapsulation within connective tissues. 
No harmful elements are released by bioinert materials but nil or very less tissue growth is allowed on 
their surface (Bauer & Schmuki, 2013; Wintermantel, 2002). Bioactive materials allow tissue growth 
on surface. Bioactivity will be discussed in next section. Biocompatibility is a surface phenomenon as 
only surface of material is interacted with living tissues. Different types of biocompatibilty tests are 
shown in table 1.

Bioactivity

Bioactivity of an implant is shown by adhesion of osteoblast and cohesion of fibroblast (Balasundarm, 
2007). The cell adhesion is controlled by adsorption of proteins on implant surface (Schakenraad, 1996). 
Some proteins such as fibronectin and victronectin in biological fluid convey the adhesion, osteoblast 
differentiation, and growth of worthy cells on implant surface. Further studies found that protein adsorp-
tion depends upon surface features like pore size and roughness (topography), surface composition and 
surface energy of implants (Durrieu, 2004). These factors affect both concentration and type of protein 
adsorption. Explicit amino acid sequences in adsorbed protein adheres the osteoblast preferentially 
(Balasundram, 2007; Porte-Durrieu, 2004). These specific amino acid sequences are mainly arginine-
glycine-aspartic (RGD) and heparin-sulphate (Balasundaram & Sato, 2006; Balasundaram & Webster, 
2006). The protein adsorption and cellular adhesion mechanism is shown in figure 2. The researchers have 
paid less attention in understanding of cellular recognition to initially absorbed protein on biomaterial 
surfaces and it is one of key reasons for short life span (On average less than 15 years) of OIs (Balasun-
daram & Webster, 2006). Because if the material’s surface is not designed to provoke the absorption of 
protein initially, the osteoblast adhesion and fibroblast cohesion on implant surface will be very low or 
negligible. Ultimately, the bone growth on implant’s surface will be poor and this will lead to failure of 
OI. Mainly three types of cell adhesions are observed on implant surface depending upon the distance 
from surface (Durrieu, 2004). Focal adhesion (at distance of 10-20 nm) is strongest followed by ‘close 
contact adhesion’ (at distance of 30-50 nm) and extra cellular matrix contacts or fibrillar adhesion (at 

Table 1. Biocompatibility and Bioactivity tests

In Vitro Tests In Vivo Tests

Bio-compatibility tests
• Cell Culture test 
• Haemolysis test 
• Platelet adhesion test

• Micro-CT analysis 
• Histology and histomorphometric test

Bio-activity tests
• Stimulated Body Fluid test (SBF) 
• Water Contact angle on surface 
(Hydrophilicity)

• Micro-CT analysis 
• Histology and histomorphometric test

 EBSCOhost - printed on 2/14/2023 11:31 AM via . All use subject to https://www.ebsco.com/terms-of-use



5

Biomechanical Properties of Orthopedic and Dental Implants
﻿

distance greater than 100 nm). Focal adhesion is desirable and symbol of better bioactivity of implant 
surface. Tests for bioactivity in vitro and in vivo are given in table 1.

The implant surfaces have been classified on basis of different surface parameters such as roughness 
texture and orientation of irregularities (Wennerberg, 2010; Chaturvedi, 2009; Singh, 2015; Prakash et 
al.,2017). Wennerberg et al.(2010) have classified surfaces according to roughness as minimal rough, 
intermediate rough and rough as shown in figure 3. The additive treatments on implants such as coatings 
make them concave textured while subtractive treatments such as itching make them convex textured. 
The similar or directional topography is based on orientation of irregularities. The adsorption of proteins 
is also affected by surface energy of implant (Misch, 1998). The surface energy or surface tension is 
determined by wettability or hydrophillicity of surface (Singh, 2015).

Corrosion Resistance

As mentioned earlier, the human body’s environment is very harsh with oxygenated saline solution which 
favours and accelerates the corrosion process. The human blood plasma contains chlorine ions which 
further makes highly aggressive environment. Most metallic materials undergo chemical and electro-
chemical dissolution in this environment (Karamachimudali, 2003). The reactions in aqueous solution 
which are responsible for corrosion in metals are electrochemical in nature. The body temperature of 
37 °C accelerates these electrochemical reactions (Burstein, 2005). In this environment, metal cations 
are formed on metal surface. Instead of formation of oxide layer on surface, metal ions permanently 

Figure 2. Mechanism of Protein adsorption and osteoblast adhesion
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solvatized and thus metal starts dissolving. The dissolution results in loss of metallic ions in this saline 
solution. The corrosion and wear debris have fine particles, these interact with surrounding tissues and 
cause chronic inflammation and may result in osteolysis (Waerhaug, 1956). The release of elements can 
cause allergic as well as toxic reactions in adjacent tissues (Gettleman, 1977). These reactions may force 
to perform another surgery for cutting out the implant and in worst case may lead to death of patient. 
Corrosion gnarled the surface of implant and which leads to abrasion and discolouration of adjacent 
tissues (Ashman, 1971).

Corrosion resistance is not only important from biological point of view but also important from 
mechanical point of view. Corrosion makes implant weaker and causes breakage. Many mechanical 
phenomenon such as fatigue strength, wear resistance and stress shielding are influenced due to corro-
sion (Ramakrishna, 2001; Prakash et al.,2018). The wear and corrosion reported to be major cause for 
particle borne diseases, loosening and premature failure of hip and knee implants (Ramakrishna, S., 
2001). Types of corrosion, which are pertinent to the currently used alloys, (shown in figure 4) are pit-
ting, crevice, galvanic, inter-granular, stress-corrosion cracking, corrosion fatigue, and fretting corrosion 
(Ramakrishna, 2001; Adya 2005).

Mechanical Properties

Human body is a living machine and orthopaedic and dental structure is like a mechanical system em-
bedded in biological environment. The paramount motive of implants is to provide mechanical stability, 
movements, and avoid relative micro-motion at bone-implant surface. The mechanical properties of 
implant materials are essential for proper alignment and retaining of function of bone during physiologic 
loading of bones and joints. Carter et al. (1998) revealed that the mechanical stability helps in biological 
aspect of bone healing by decreasing unnecessary shear stress. While, Liu et al. (2008) and kienapfe 
et al. (1999) observed that minimization of micro motion at bone-implant interface would promote the 

Figure 3. Classification of Implant surfaces 
(Wennerberg, A., 2010, Singh, M., 2015)
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bone formation and remodeling. Thus, mechanical and biological aspects of implants and bone healing 
are closely inter-related and mechanical properties also help to achieve the biological goals.

The Young’s Modulus (YM) of implant material should be comparable to that of bone to avoid stress 
shielding effect (Niinomi, 2011). The YM of cortical bone ranges from 10-30 Gpa (Bauer & Schmuki, 
2013), but on an average, it is considered as 18 Gpa. Wintermantel et al. (2002) observed that if YM of 
implant material is much larger than that of cortical bone, the load distribution would not be uniform 
and this may result into stress shielding. As more load is to be borne by implants, therefore stresses are 
shielded for bone. According to wolf law, if load on bone is decreased compare to normal loading, bone 
starts losing mass and bone morphology changed. Stress shielding effect is very dangerous and can 
lead to the loosening of device. Figure 5 shows the stress-strain curves of biomaterials, while figure 6 
compares the YM of various biomaterials with hard tissues.

The mechanical faliure of cyclic load bearing implants is mainly resulted from poor fatigue strength. 
The implant should be capable to withstand very large number of load cycles during service without 
failure for long time (Kienapfel, 1999). Fatigue strength is essential property for load bearing orthopedic 
as well as dental implants (Prakash et al.,2016). The high value of tensile stress and fluctuations in load-
ing also causes fatigue failure along with numerous cycles of loading (Niinomi, 2003; Teoh, 2000). An 
implant material should also have high tensile strength, compressive strength as well as shear strength to 
prevent fractures and to improve functional stability. Ductility improves the formability and machinability 
of metal implant material and ultimately decreases the manufacturing cost. Hardness is directly related 
to wear as increase in hardness, increases the wear resistance of implant. High toughness is required to 
prevent mechanical failure or fracture of implant. The strength, ductility, hardness, and wear resistance of 
material is affected by grain size and shape. Smaller grain size leads to greater hardness, strength, wear 
resistance but poor ductility and vice versa (Ratner, 2004). Metallurgical methods like heat treatments, 
structure refining and work hardening are applied to improve the mechanical properties. Presences of 
porosity, cavities or channels in material also play a very important role and allow controlled ingrowth 
of tissue and blood vessels (vascularization) into the material. Therefore it improves bioactivity and 
biocompatibility of OIs but weakens the mechanical properties of materials and fails the implants at 
much lower level of load.

Figure 4. Classification of corrosions in Orthopedic Implants
(Adya, N., 2005)
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Figure 6. Relative values of Young Modulus (YM)

Figure 5. Stress stain behaviour of bio materials
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FUTURE RESEARCH DIRECTIONS

Improvement in biological and mechanical properties of material will definitely produce qualitative 
implants. The future research is focused on nanotechnology and nanomaterials for OI and DI is bloom-
ing area of research. Nanotopography increases the surface energy which further increases the protein 
adsorption and osteoblast adhesion (McHale, 2003). The nanoscale roughness also enhances the osteoblast 
adhesion, proliferation and calcium deposition on implant surface (Price, 2003). The nano sized grains 
improve the toughness, ductility and corrosion resistance of material (Yan, 2012). More research is re-
quired which can substantially make understand the mechanism behind the improvement in properties 
of nanomaterials so that life and performance of implants can be improved. Therefore, nanomaterials 
can be used for other functionalities such as sensing and detection of bone diseases, infection resistance, 
target drug delivery, inhibiting cancer cells etc. These functions can be attached with future orthopedic 
and dental implants to improve the functionalities and performance. This can help not only in implanta-
tion but also in diseases control and other part of bio medical science.

CONCLUSION

Orthopedic and dental implants are essential need of today’s health sector and expected to grow fast in 
coming years. Both quantitative and qualitative improvement is needed to achieve the futuristic goal. 
The performance of implants is largely dependent on the properties of material. Orthopedic and dental 
implant are bio-mechanical device whose performance depends upon biological and mechanical prop-
erties. The material should be biocompatible to ensure intoxicity and cohesion with local tissues and 
osseointegration. The material should be bioactive to ensure the growth of tissues on its surface and to 
become integral part of body. Human body’s internal environment is saline and therefore it provokes 
corrosion in implant’s material. Corrosion and wear debris causes allergic reaction and infection in local 
tissues. So, the material should be corrosion and wear resistant. OI and DI are primarily a mechanical 
device which supports the loads and movements of body. The young’s modulus of material should be 
comparable to that of bone to avoid stress shielding effect and loosening of implant. High fatigue strength 
is necessary for long life of load bearing implants. Hardness improves wear resistance and ductility ease 
the manufacturing of implants. Other mechanical properties such as higher tensile and shear strength 
are higher desirable to ensure the normal functioning and long life of implants. The future alloys and 
composites for orthopedic and dental implantation purpose should be design by considering all these 
properties to ensure betterment of implantation. Nanomaterials have better mechanical as well as bio-
logical properties compared to conventional materials. These also provide other functionalties which 
can help to achieve the goal of ideal implantation. These can be used as future materials for OI and DI.
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ABSTRACT

The chapter proposes an integrated manufacturing system consisting of three main components: digital 
prototyping, physical prototyping, and lost core technology. The integrated system combines the beneficial 
aspects of computer-aided design, computer-aided engineering, rapid prototyping, and rapid tooling. 
The proposed integrated system is an attempt to compress the product development time while saving 
cost. The system can be efficient in designing of mold, parts with complex ducts and cavities, and car-
rying out design analysis through optimization and simulations. The system is therefore an attempt to 
minimize the waste of material that occurs in the development of a product and is therefore an efficient 
green technology for the manufacturing industries.

INTRODUCTION

The escalating competition worldwide and the globalization have resulted in immense pressure on 
different manufacturing units to reduce the production time and cost of the product while meeting the 
quality requirements. The time-to-market the products have been now been reduced to weeks and there-
fore the new product must be made quickly and cheaply meeting the market requirements. One of the 
costly and time consuming phases in product development is the manufacturing of moulds for both the 
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development of prototype part and production component manufacturing. The conventional machining 
approach to produce mould entails long lead times and costs. And therefore the sequential approach of 
conventional machining doesn’t meet the requirement of rapid product development. Thus it has become 
imperative on the part of manufacturing units to research on to innovate new technologies that can aid 
in rapid product development.

Additive manufacturing has emerged as potential technology that has the ability to reduce the produc-
tion development time. Rapid prototyping (RP) was the first of a kind process for creating a 3D object 
through layer by layer technique and computer-aided design (CAD). The RP process was developed in 
1980’s for production of models and prototypes and therefore help design engineers to create what they 
had in mind. The major advantages of the RP processes are the reduction in cost and time as well as 
the possibility to create any complex shape (Ashley, 1991). The versatile RP processes have been ap-
plied by medical doctors, scientists, professors, artists and market researchers (Noorani, 2006; Flowers 
& Moniz, 2002; Chua et al., 1998) for creation and analysis of models for various studies. For instance 
doctors create a model for a body part for which the operation is to be performed. They use the model 
to better plan the procedure. The prototypes made from rapid prototyping (RP) can be used for different 
evaluations such as visual inspection, ergonomic evaluations etc., thereby leading to comprehensive 
design analysis earlier in the product development cycle. Since its inception, RP has been used in dif-
ferent industries where both time and precision are of paramount importance. RP is however not used 
for large scale production.

RP is now evolving towards rapid tooling (RT) which has the capability to be used for commercial 
scale production. Therefore RT is used effectively for making of moulds for commercial purposes. Further, 
there are products that are required to be provided with complex cavities, bypass or even to completely 
close hollow bodies. There are other products in which case the assembly is to be avoided such as in the 
case of pneumatic and hydraulic parts. For such cases one of the evolving technologies is the Lost Core 
or Soluble Fusible metal core technology.

Industries are now looking for a feasible option to use the advantages of both the RT and RP. The 
present chapter proposes an integrated manufacturing system to produce complex shape products that 
have complex internal cavities.

RAPID PROTOTYPING PROCESSES

The different rapid prototyping processes can be categorized into: powder based, solid based and liquid 
based.

Liquid Based Processes

Stereolithography (SL)

The SL process was developed by 3D systems, Inc. and is one of the most widely used process of rapid 
prototyping. SL is a liquid based process wherein the ultraviolet light makes contact with the resin which 
leads to solidification or curing of photosensitive polymer. The SL process incepts with a 3D CAD model 
and is translated to STL file. In the STL format, the 3D CAD model is cut into slices and the informa-
tion of each layer is stored. A platform supports the piece and other overhanging structures. The UV 
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laser then solidifies the selective locations of the resin. The platform supporting the piece is lowered on 
completion of a layer and the excess material is then drained on completion of the entire product. The 
drained material then can be reused (Noorani, 2006; Cooper, 2001; Kruth, 1991). Microstereolithography 
is the improvised version ofstereolithography supporting for higher resolution.

Certain errors are introduced in the final product from SL process. One such error is that of overcuring 
which occurs mainly on the overhung parts. The overcuring may be attributed to the absence of fusion 
with the bottom layer. Scanned line shape is another error which is introduced as a result of scanning 
process. The layer thickness is variable because of the high viscosity of the resin and therefore intro-
duces an error in the border position control. Lack of surface finish is another error of the SL process 
(Kim et al., 2010).

SL offers to build part with different materials and the process is called multiple material SL (Nagy 
& Matyasi, 2003).

Fused Deposition Modeling (FDM)

In FDM process a thin filament plastic is fed to a machine. The machine consists of print heads that 
melts the plastic filament and extrude it. The materials used in the FDM process are acrylonitrile bu-
tadiene styrene (ABS), polycarbonate (PC), polyphenylsulfone (PPSF), PC-ISO and PC-ABS blends. 
The FDM process has numerous advantages such as no requirement of chemical post-processing, less 
expensive machines and no resins to cure (Noorani, 2006; Cooper, 2011). The major disadvantage is 
the relatively low resolution on the z axis in comparison to other processes, requirement of finishing 
processes and relatively high amount of time required to build a part. Some models however allow for 
two modes of operation: dense mode and sparse mode, which aids in saving of production time but at 
the cost of mechanical properties (Morvan et al., 2005). Figure 1 delineates the FDM process outline.

Polyjet

The polyjet is a liquid based rapid prototyping process that uses inkjet to produce physical models. A 
photopolymer is deposited by the x and y axes moving inkjet head. The deposited photopolymer is then 
cured by the ultraviolet lamps after the deposition of each layer is completed. The overhanging parts are 
supported by using a gel-type polymer which is then removed after the part is completed. The polyjet 
process can produce parts of multiple colors (Wholers, 2010; Singh, 2011; Petrovic et al., 2011). Further, 
the polyjet process produces parts with very high resolution. However, the parts produced by the polyjet 
process are relatively weaker than that produced by other RP processes.

Powder Based Processes

Selective Laser Sintering (SLS)

SLS is a 3D printing process in which a carbon dioxide laser beam is used to fuse powders. The chamber 
is heated to the melting point of the material. The carbon dioxide laser beam fuses the powder, lying 
on a bed, at specific position in accordance with the design. The bed is supported with a piston which 
lowers on completion of a layer by the amount equivalent to that of the layer thickness. A wide range 
of materials can be used with the SLS process such as plastics, metals, polymers and combination of 
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metals, metals and ceramics, metals and polymers (Halloran, 2011; Hwa-Hsing et al., 2011; Salmoria 
et al., 2011). Another advantage of the SLS process is the recycling of the unused powder. The SLS 
process however suffers from a number of disadvantages such as the accuracy of the part is determined 
by the size of the material particles, requirement of inert gas to avoid the oxidation and to ensure that 
the process is carried out at constant temperature. Process outline of SLS is depicted in Figure 2.

Electron Beam Melting (EBM)

EBM process is similar to the SLS process. A very high voltage electron beam melts powder. The use 
of electron beam is only the differentiating factor between the EBM and the SLS processes. The volt-
age of electron beam ranges between 30 to 60 kV. The EBM process takes place in a vacuum chamber. 
The main advantage of the EBM process production of parts with a wide variety of pre-alloyed metals. 
Further, the process has find applicability in outer space (Murr et al., 2012; Semetay, 2007). The process 
is mainly used for producing metal parts which is one of the disadvantages of the EBM process.

Prometal

This powder-based process is used for the fabrication of tools and dies. The process uses a liquid binder 
to bind the steel powder. The powder is located on a piston supported bed that lowers when each layer 
is completed. The excess powder is removed when the required thickness of the layer is achieved. No 

Figure 1. Process layout for fused deposition modeling
(Make Parts Fast, 2018)
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postprocesssing is required while building a mold. However, finishing operations such as infiltration and 
sintering are required if a functional part is being built (Cooper, 2001; Kruth, 1991).

Laser Engineering Net Shaping (LENS)

A high powered laser beam is used to melt the metal powder. The metal powder is injected at a specific 
location. The molten metal material solidifies on cooling. The LENS process takes place in a chamber 
with argon atmosphere. A wide range of materials and their combinations can be used with the LENS 
process. For instance materials such as stainless steel, titanium-6, nickel based alloys, aluminium-4 
vanadium, copper alloys etc can be used with the LENS process. The LENS process is also suitable for 
repairing of parts that are impossible or expensive to be repaired by other processes. One of the major 
disadvantages of the LENS process is the presence of residual stress due to uneven cooling and heating 
process.

3DP

The data from the CAD drawing is printed with the aid of water-based liquid binder supplied in a jet onto 
a starch based powder. The starch-based powder is supported on a powder bed and glues to each other 
with the aid of liquid based blinder. The 3DP process is similar to that of inkjet printing process that is 
used for two-dimensional printing. The 3DP process is capable of handling a high variety of polymers 
(Halloran, 2011; Cooper, 2001).

Figure 2. Process layout for selective laser sintering
(Make Parts Fast, 2018)
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Solid Based Processes

Laminated Object Manufacturing (LOM)

Helisys of Torrance, CA developed the LOM process. The LOM process combines both the subtractive 
and additive techniques to build a part. The material is fed in the form of sheet that is advanced over a 
platform with the help of sheet feed mechanism. A heated roller is used to bond the sheets together with 
the use of heat energy. The outline of the part is then cut with the help of laser. The platform is then 
lowered by a depth equal to the thickness of the sheet and then the new layer of sheet advances over the 
previously built layer. The main advantages of the LOM process are the low cost, no deformation, and 
requirement of no postprocessing and the possibility to build large parts. The disadvantages of the LOM 
process are wastage of material, difficulty to produce complex cavities and low surface definition. The 
LOM process can be used for creating models of papers, composite and metals (Noorani, 2006; Cooper, 
2001; Vaupotic, 2006). Process outline of laminated object manufacturing is shown in Figure 3.

LOST CORE TECHNOLOGY (LCT)

The Lost core technology requires the core of the part with complex cavities. A low melting point al-
loy is used for casting the component’s interior. A composite or plastic material is used to overlay the 
casted component. The overlay may be cured in some cases. The low melting alloy is allowed to melt 
out with the overlay still in place. The melting temperature doesn’t leads to any distortion or damage to 
the fabricated part. The steps involved in making the core consist of the following:

Figure 3. Process layout for laminated object manufacturing
(Make Parts Fast, 2018)
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•	 Casting of the core.
•	 Inserting the core into mold.
•	 Performance of the casting process.
•	 Ejecting the mold and the core.
•	 Core and mold separation by melting

The alloys used for making of cores have their melting point ranging 50ͦ C to 300ͦ C. it should be 
ensured that the melting temperature of the alloy is consistent with that of the working temperature of 
the over molding. The mechanical properties of the alloy are to be given due consideration in cases 
where the core is heavy or is required to withstand high pressures. The amount of energy consumed by 
melting is another factor to be given due consideration (Polifke et al., 1998). A wide range of materials 
can be used for making cores such as wax, Tin-Bismuth alloy, Zn-Al eutectic mixture etc. The lost core 
technology is suitable for producing complex internal ducts and cavities.

THE INTEGRATED MANUFACTURING SYSTEM

A product development system should consider all aspects related to the product such as product design, 
its manufacturability and recycling. All these aspects should be considered at the early stage of design 
cycle so that design engineers can easily make changes during the iterative process of product develop-
ment. The integrated manufacturing system for producing geometries with complex cavities and ducts 
consists of three main phases: Digital prototype, Physical prototype and Rapid tooling (lost core technol-
ogy process). The integrated manufacturing system is shown in the Figure 4 below.

The digital prototyping phase begins with the 3D model using the computer aided design software 
(CAD). The dimensional as well as the aesthetical aspects of the product is fixed at this stage. The mold 
and its other components are also designed using the CAD software such as Pro-Engineer, CATIA, 
SOLIDWORKS, Unigraphics etc. For an already existing component reverse engineering (RE) process 
can be used for creating the CAD model. The RE process consists of three main steps: digitization of 
the existing part, extraction of part features and the 3D CAD model. Variety of contact and non-contact 
digitizers can be used for digitization of the part. Segmentation of the digitized data accomplishes the 
task of feature extraction. Fitting of the digitized surfaces to the set of data points will accomplish the 
3D CAD modeling of the part under consideration. Part digitization can be accomplished with a wide 
range of systems such as coordinate measuring machine (CMM), laser triangular scanner (LTS), com-
puter tomography (CT), cross-sectional imaging measurement etc.

The optimized product is the primary requirement of the manufacturer. To guide through the process 
of optimization of the product design, a number of computer aided engineering (CAE) systems can 
be used. Few examples of CAE systems are ANSYS, AUTOFORM, DYNAFORM etc. the 3D CAD 
model can be transferred to the CAE systems for the optimization analysis. CAE environment can help 
in predicting the filling pattern, temperature and pressure for the mold. The CAE systems aids in opti-
mizing the part geometry, and the core. The CAE model will help in reduction of shrinkage, warpage 
and residual stresses.

The digital prototype is now converted to physical prototype using the different rapid prototyping 
techniques. The 3D CAD model is converted to STL file format which is typically an interfacing system 
between the 3D CAD model and the RP systems. The RP process creates the physical prototype layer 
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by layer from the STL format of the 3D CAD model. The RP techniques save a lot of time to market the 
product with improved quality and reduced cost. Over the years, industries have used a wide range of 
RP techniques such as SL, SLS, FDM, LOM, 3DP etc.

Next the mold is prepared with the physical prototype of the part. The physical prototype is now 
master pattern for preparing the mold. The master pattern is suspended in a mold frame equipped with 
the gates and runners. The master pattern is set up on the parting line of the mold casting frame. The 
casting frame will then be filled with silicon-rubber resin which is properly mixed using computer-
controlled equipment. The resin fills the casting frame surrounding the master pattern. The casting is 
then moved to a heating chamber for curing. The master pattern is then removed from the silicone mold 
after the hardening is accomplished. The gates and runners are cut off to obtain the final mold cavity.

Figure 4. Process layout for integrated manufacturing system
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For the parts with complex cavities and ducts, the lost core technique is then followed. Lost core 
technology is one of the rapid tooling process. The core prepared from the RP process is used for the 
fabrication of complex shaped cavities and ducts. The core is prepared using a low melting alloy such 
as tin-bismuth alloy. The core is placed inside the already prepared silicon mold. The mold is now filled 
with the desired resin. The mold is then moved to the heating chamber and the casting is removed from 
the mold after the completion of the hardening process. The obtained casting has core embedded in 
it. Therefore to remove the core, the casting is then placed in the oil bath. The temperature of the oil 
bath is similar to the melting point of the core material. The core material melts out leaving behind the 
complex cavity.

The desired part with the complex cavity is finally obtained after sequential procedural steps.

CONCLUSION

The chapter presents an integrated manufacturing system that optimizes the product design while mini-
mizing the wastage of the material. The system comprises of three different modules: Digital prototyping, 
Physical prototyping and Rapid tooling. 3D CAD systems are used to establish the digital prototypes and 
the CAE systems are used to optimize product design. The RP techniques then are used to obtain the 
master pattern and the mold. The RT in the form of lost core technology is used to produce the complex 
shaped mold cavity. Thus the proposed system can reap benefits in number of ways such as saving of 
time, cost and material. The system can thus be used by different manufacturing industries seeking to 
develop cost effective product with enhanced quality and less time to market the product.
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ABSTRACT

Conventional investment casting (IC) has suffered from numerous limitations such as rigidity of the 
process, longer production cycles, higher tooling cost, and waste during different manufacturing stages. 
With the invent of additive manufacturing (AM) technologies, it is now possible to overcome the aforesaid 
issues along with additional benefits in terms of comparatively better quality characteristics of the result-
ing castings. The collaboration of AM and IC provided numerous avenues, specifically in biomedical, 
aerospace, and automobile sectors. AM technologies supported the IC process both in direct and indirect 
ways where these systems can be used for both job and mass production applications, respectively. In 
the chapter, the author will try to discuss the assistance of AM process to IC in detail. Each and every 
step to be followed will be supported with the practical findings, either by the contributing author or 
published somewhere else. Moreover, some of the case studies will be discussed in detail to highlight 
the practical importance of the duo.
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INTRODUCTION

The casting industry is a vital segment of the manufacturing sector which produces intricate parts, blends, 
internal features and varying thickness with excellent surface finish with negligible metallurgical limita-
tions, (Pal et al., 2002). In this today’s manufacturing era, we rely on conventional investment casting 
(IC) process for hundreds and thousands of objects that we need for various end user applications. This 
method of casting is one of the most ever-present manufacturing processes we are utilizing, since 300 
BC, before our civilization. The ancient expertise in casting resided among several cultures such as 
Mesopotamians, Egyptians, Chinese, Thai and Indians (Greer, 2008). However, the basic principles of IC 
can be traced back to 5000 BC when the early-men employed this method to produce rudimentary tools 
(Taylor, 1983), followed by jewellery and artistic products (Träger & Bührig‐Polaczek, 2002), and the 
development of aerospace and subsequently engineering components during the 2nd world war (Barnett, 
1988). The IC process, often known as lost-wax or precision casting process, is one of the manufacturing 
processes that have capability to produce high accuracy, intricate shapes and fine impression with tight 
geometrical tolerance. This is an alternative approach to produce parts that are hard to machine (Singh 
& Singh, 2016). IC process has numerous applications that includes agricultural equipments, automobile 
components, aircraft engines, air frames, fuel systems, computer hardware, electrical equipment, electronic 
hardware and radar, making jewellery, statues and art castings, dentistry and dental tools, prosthetics, 
guns and armament, hand tools, machine tool components etc. (Pattnaik et al., 2014). The working 
procedure of conventional IC process is given in Figure 1. The first step of IC process: (a) the injection 
of molten wax (at about 150°C) inside the precisely machined metallic die (usually split one) with help 
of an injection machine; (b) patterns are then safely ejected out of the metal cavity; (c) patterns let for 
strengthening in air conditioned environment so that the geometrical dimensions get fixed, afterwards, 
the pattern is assembled with another wax assembly that consisted of pouring sprue, runner and gate as 
integral parts; (d) this tree like structure is dipped into clay and stucco coatings are performed repeatedly 
to get the required mould is attained (e); (f) de-waxing is carried out to create a hollow cavity; (g) baked 
to increase hot strength; (h) molten metal is poured into the cavity and part is separated from the tree 
once solidify and (i) finally the refractory layers are removed on pneumatic vibration system (Singh & 
Singh, 2013, 2016). The key requirements of an investment casting mould are (Jones & Yuan, 2013): 
sufficient green (unfired) strength, sufficient fired strength, sufficiently weak to prevent hot-tearing, high 
thermal shock resistance, high chemical stability, and low reactivity with the metals, sufficient mould 
permeability and thermal conductivity, low thermal expansion to limit dimensional changes.

Problems associated with ceramic shell materials have been exacerbated following the introduction 
of the Environmental Protection Act (Jones & Yuan, 2013), wherein fix degree of emissions allowed and 
this has boosted the use of water-based shells within industry. Moreover, improvements in the quality, 
reduction in manufacturing costs and explores new markets for the process are the hot topics amongst 
current research area. Along with this, numerous tools and software are currently being used for the 
optimization of the mechanical and physical properties at various stages of the casting. The troubles 
like: long lead time and high tooling costs for low-volume IC production runs is still present in the 
conventional process. Wax, as pattern material, is suspect of shrinkage that affects the dimensional and 
surface features of the casting, and various researches has been carried out to control the shrinkage rate 
(Taşcıoğlu & Akar, 2003; 2007). However, the critical barrier in prototype development and production 
time could be easily reduced with the introduction of additive manufacturing (AM) technologies. The 
AM technologies allowing the designer to work more comfortably with the geometrical complexities, 
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control over the dimensional tolerances and also to minimize the involved production times (Bidanda & 
Bártolo, 2007; Kumar & Kruth, 2010; Kruth et al., 2007).

Although traditional machining processes can be used for the development of desired pattern but in 
case of unusual shape or specific internal features, the machining becomes more difficult. AM allows 
the production of models directly from engineering designs. AM systems are limited only by the size of 
the model and not by its complexity (Gibson et al., 2010).

ADDITIVE MANUFACTURING TECHNOLOGIES

The AM technologies (refer Figure 2), often known as three dimensional printing (3DP) or rapid prototyp-
ing technology (RPT) or solid freeform fabrication (FFF), is a technology in which materials are correctly 
printed layer upon layer, converting digital 3D models into solid objects (Wendel et al., 2008; Chia & 
Wu, 2015; Tseng et al., 2014; Murphy & Atala, 2014). This is an emerging technology in manufacturing 
industry and this able to turn digital data into physical parts for different applications. In recent years, 
there has been a dramatic progress in 3D-printing technologies due to investments by governments and 
companies around the world. This emerging manufacturing technique comprises mainly of fused depo-
sition modelling (FDM), selective laser sintering (SLS), laminated object manufacturing (LOM), and 

Figure 1. Pictorial description of IC process
(Singh & Singh, 2013).
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stereo-lithography (SLA). Depending on these manufacturing technologies, a 3D form of the material 
is created by precisely “printing” it layer by layer. The tangible parts could be created from the designed 
parts and it acts as a platform for an individual to get their requisite design. The three dimensional (3D) 
model can be drawn on different software systems, transmitted to AM building equipment and printed 
into a physical object (Figure 2). Using AM technologies, a rapid pattern substituted for conventional 
IC wax pattern can be easily prepared, with sustainable mechanical properties, as a wide range of 
feedstock materials are available that can be processed through different types of AM technologies to 
assist IC process. Acrylonitrile-butadiene-styrene (ABS), high density polythene (HDPE), low density 
polythene (LDPE), polyamide, poly-lactic-acid, rubber, resins, wax, photo curable polymers & resins, 
polymer composites, etc. (Cheah et al., 2015; Guo & Leu, 2013), are majorly used for rapid fabrication 
of sacrificial patterns. The ceramic moulds are generally baked in the furnace to evaporate these pat-
terns for sufficient time duration, therefore chance of formation residuals are high and these can affect 
the chemical composition of the casting. The case may become worst when developing a biomedical 
device. According to Wang and Miranda 2010, carbon residues are mainly resulted due to incomplete 
combustion of the pattern material (Rosochowski & Matuszak, 2000). Sivadasan et al., 2012 found that 
in black tar and ash formed after flame burning of the moulds was negligible and can easily be removed 
by passing compressed air in the mould cavity (Chhabra & Singh, 2011). Further, it would be better to 
fabricate AM patterns at low density and appropriate design as thermal expansion during burn-out step 
can induce stresses in the mould and lead to breakage (Omar et al., 2012; Harun et al., 2013). Apart 
from all the limitations, AM systems are highly beneficial for low and medium volume production runs 
(Hague et al., 2004). Steps involved in creating a physical prototype with most of these technologies is 
same and includes: (1) create a CAD model of the design, (2) convert the CAD model to STL format, 
(3) slice the STL file into thin cross-sectional layers, (4) construct the model one layer atop another and 
(5) clean and finish the model.

AM technologies have been mainly used for (Madrazo et al., 2009; Dedoussis et al., 2008; Dedoussis 
et al., 2004; Lee et al., 2004):

•	 Physical verification of CAD model
•	 Creating models without regard to draft angles, parting lines, etc.
•	 Concept presentations and design reviews

Figure 2. Schematic for the AM process chain
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•	 Direct tooling
•	 Rapid tooling such as investment casting and silicone moulding
•	 Reducing time-to-market
•	 Creating anatomical models
•	 Producing relief models for geographical applications
•	 Creating 3D portraits

Additive manufacturing technologies can either assist IC process through a direct route or an indirect 
route (Bártolo & Gibson, 2011), as discussed below:

Direct Route of IC Pattern Making

In the direct route, the rapid patterns are directly used in IC process with minor or negligible intermedi-
ate processing. Many technologies can be employed here as given below:

Fused Deposition Modelling

The FDM, an extrusion based AM technology that, utilizes granular or pelletized feedstock with a screw-
type extruder. The workhorse materials are usually the amorphous thermoplastic polymer filaments with 
a diameter of about 1.5-3mm (Turner et al., 2014). In the feed system, the filament is pushed through 
the system using a pinch roller mechanism like that illustrated in Figure 3(a). A stepper motor is con-
nected to one of the rollers providing energy to move the filament through the system (Agarwala et al., 
1996). One or both of the rollers may have a grooved surface like a gear to create sufficient friction. 
The pressure on the filament, between the rollers, is typically sufficient to slightly deform the filament, 
but these are designed to avoid crushing the filament. In FDM, the absorption of moisture by the ther-
moplastic filament raises significant problems when printing parts in an extrusion-based process. The 
material when extruded from the heated head the moisture vaporize and often lead to morphological 
changes in the material, blockages (Halidi & Abdullah, 2012). In FDM, layer thickness of 200-500pmm 
and resolution levels for the positioning of the nozzle of 25pm in x, y plane in line dimensions are 
achieved based on nozzle diameter (Turner et al., 2014). This method attempts to develop the structures 
with sharp overhangs or long, unsupported sections due to tough fabrication procedures. However, the 
extruded filaments have poor material strength during the extrusion process and thus result in drooping 
or total collapse of the unsupported segment. Filler materials used to support cavities, overhanging and 
lifted structures could be removed post printing have been developed to eliminate this issue (Chia & 
Wu, 2015). This extrusion type machine is a specific example to demonstrate the accelerated progress 
in the development toward a wide availability of 3D printers at an affordable cost; these include servo 
drives, precision rails, and various electronics items such as computers and software which deal with 
difficult geometric data.

Stereo-Lithography

The SLA system (refer Figure 3(b)) uses an ultraviolet laser beam to cure a photosensitive monomer resin 
layer upon layer in order to build prototypes having complex shapes. In the SLA process, a tessellated 
STL file is first sliced into very thin cross sections, as in case of other instruments. This technology uses 
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a computer-controlled laser to cure a photosensitive epoxy or acrylate resin layer by layer to create a 3D 
part (Chockalingam et al., 2006). The prototype is built on a platform positioned just under the exterior 
of fluid epoxy or acrylate resin enclosed in a vat. A low-power highly focused UV laser beam traces 
out the first layer, selectively solidifying the resin while leaving the excess area liquid. The elevator 
incrementally lowers the platform into the vat by a distance equal to the layer thickness value chosen. 
The photo-curable resin is relatively viscous and does not permit the liquid to instantly coat the whole 
of the upper surface of the cured part in a consistent way upon moving elevator downside. A recoating 
mechanism is therefore required to facilitate this process, and a wiper arm traverses over its surface to 
speedily level the surplus viscous material. The process is continued till the final layer is built. The solid 
part is removed from the vat and rinsed to remove excess liquid. In the post-curing process, the part is 
placed in a UV oven to complete the curing after nearly 97% of liquid polymer gets solidified during 
the build process.

Selective Laser Sintering

The SLS is another type of AM process that allows the manufacturing of both polymer and metallic based 
workhorse materials (both in powder form) to generate complex 3D parts (Kruth et al., 2005). In this 
system, the consolidation is obtained by processing the selected areas lying within the geometry of the 

Figure 3. Schematic of FDM (a) (Turner et al., 2014), SLA (b) (Chockalingam et al., 2006), SLA (Kruth 
et al., 2005) and LOM (Kruth et al., 2003).

 EBSCOhost - printed on 2/14/2023 11:31 AM via . All use subject to https://www.ebsco.com/terms-of-use



30

Recent Advancements in Customized Investment Castings Through Additive Manufacturing
﻿

parts by using highly localized laser beam. A beam deflection system (generally galvano mirrors) scans 
individual layers as per the cross section, calculated from the CAD model. Figure 3(c) shows a schematic 
description of SLS setup. There is a wide range of commercially available SLS machines that basically 
differ in the way the powder is deposited (i.e. roller or scraper), the atmosphere (argon or nitrogen) and 
in the laser type (CO2 laser, lamp or diode pumped Nd:YAG laser, disk or fibre laser) (Kruth et al., 
2003). The printing is based on hardening or sintering of powders on the platform in terms of succes-
sive layers. SLS is one of the common examples of powder bed fusion techniques. These techniques are 
used to develop industrial prototyping suitable to print polymers, ceramics, metals and combination of 
these materials into multifaceted and distinctive geometric shapes (Turner & Gold, 2015). The different 
forms of the powder such as metal or ceramic and thermoplastic polymer are sintered or hardened using 
a laser and each of the constructed platforms is lowered (up to a pre-defined level) and an additional 
powder layer is applied and sintered. There is no waste in this manufacturing process, as the un-sintered 
powder used for building support structures can be re-used for next printing. Appropriate ink materials 
for SLS have to be a powder ranging from 10 to 100pm, with a reasonable melting point. An additional 
property is that the particles must have excellent particle flow rate in the bed surface, which is essential 
to reduce electrostatic forces and surface fictionalisation (Vermeulen et al., 2013). Usually, SLS devices 
are bulky, sluggish, costly, and necessitate an enormous quantity of material. But the capability to deal 
with multiple materials in the single bed has been confirmed as most effective in various manufactur-
ing industries. This technique follows similar principles as SLS except for the use of the liquid binding 
solution for binding of particles within each layer than the use of melting particles along with laser beam 
in SLS. This technique is widely utilized to design devices with applications in different areas of rapid 
tooling (Yang et al., 2009).

Laminated Object Manufacturing

The LOM (refer Figure 3(d)) was ever defined in a narrow sense in AM classification. A generalized 
LOM may be defined here in a wider sense that includes classical LOM, functionally graded materials 
and coatings on substrate material. LOM has some common features in structures and thermo-elastic 
responses. It needs high manufacturing temperature and/or uses more than one material, which result in 
thermal residual phenomenon and reduce workpiece quality (Mekonnen et al., 2016). Effective control 
of thermal residual phenomenon is a main goal to improve LOM techniques. It allows obtaining desired 
shapes by sticking successive sheets of a certain rolled material. Each layer is cut with a tool, allows 
removing the undesired material (Shu & Wang, 2017). The layer is cut with CO2 laser beam to a cross-
section determined by CAD file and it cuts the excess material (Das et al., 2003). The excess material 
provides support for subsequent layers. Originally, LOM was used to make laminated paper models (Park 
et al., 2000); however now functional parts out of metals, ceramics and polymers are also build using it 
(Marchelli et al., 2011; Chiu et al., 2006). Literature demonstrated that LOM can successfully produce 
functional parts and patterns, for its dimensional accuracy (Yi et al., 2004), and low surface average 
roughness (Ahn et al., 2012). The device, its positioning control systems and dispensing glue system are 
similar to a traditional printer. When building is completed, a compact layered block is formed.
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Indirect Route of IC Pattern Making

In case of indirect route of AM assisted IC process, the master pattern prepared from the printer is used 
in replication processes, for example silicon moulding, from where number of wax replicas can be gener-
ated for IC process. Figure 4 shows the classification of indirect route of pattern replicating process. This 
collaboration of AM and silicon moulding further speed up the process and cuts the cost, significantly.

Silicon Rubber Tooling

In this process, a liquid silicone and hardener mixture is cast/mould around AM pattern contained in 
a box, as shown in Figure 5. Initially master patter in hanged inside a plastic, wooden or metallic split 
box. The runner and gating channels are incorporated by embedding ABS or Perspex rods into the liquid 
silicone or by cutting the channels in the cured silicone block. Upon curing, the rods are removed to form 
through channels and the pattern is subsequently removed to form the mould cavity by cutting along 
the parting line (Cheah et al., 2005). Silicone rubber tooling allows quick production of inexpensive 
multiple moulds for small and large parts with good part cosmetics (Smith et al., 1999). One mould 
box can be used for the production of patterns 100-300; however the maximum reported are 1000 wax 
patterns (Vickers, 2001). Zhang et al. (1999) produced ice patterns at Tsinghua University for silicone 
moulding of wax pattern production.

Epoxy Tooling

In this process, the AM pattern is surrounded in clay up to the pre-determined parting line and integral 
runner and gating channels are created by attaching ABS rods on the pattern.

Then the assembly is spray coated with release agent before liquid resin or powder mixture is cast 
around the pattern. The system is left for curing and then the pattern is separated from the hardened 
mould half, cleaned and re-coated with release agent in preparation for casting the second mould half 
(Cheah et al., 2005). Holes form the alignment and locking features for the mould whereas matching 
pegs form on the second mould half occupying the empty volume of these holes during casting. Epoxy 
resin mould has been successfully utilized for both plastic and wax injection moulding (Warner 1993). 
The metal filled epoxy tooling increases the durability and heat transfer characteristics of the mould, for 
example, PolySteel moulds are reportedly much stronger than aluminium resin tooling.

Figure 4. Classification of indirect pattern making
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Metal Spray Tooling

To create a spray metal mould, the tiny droplets of tin-zinc or steel melt are sprayed onto AM pattern 
using an arc spray process (Chua et al., 1999). Further to strengthen the shell, a solid backing is cast 
around the shell using pure epoxy, metal-filled epoxy or low-melt alloy backfill materials (Cheah et 
al., 2005). With a proper choice of backfill material and the incorporation of cooling channels, a spray 
metal mould exhibits good injection cycle times. This process offers numerous advantageous such as 
low costs, high tolerances and good tooling life of approximately 10,000-100,000 injections (Heine et 
al., 1955). Spray metal tools have been used in many applications and various plastics have been molded 
including polypropylene, ABS, polystyrene and difficult process materials such as reinforced nylon and 
polycarbonate. Spray metal tooling processes were developed by Ford’s Spray-Form (Chalmers, 2001) 
and INEEL rapid solidification process tooling (Knights, 2001).

Figure 5. Description of silicon moulding process
(image courtesy: Fracktal Works).
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TREATMENTS OF AM PATTERN SURFACES

Poor surface quality of finally produced AM based IC patterns is one of the most critical barrier restricting 
the commercialization of AM systems within foundries. All the different technologies are working on a 
same principle of layer manufacturing; hence it is difficult to avoid the stair-case stepping (Novakova-
Marcincinova, 2012). The final casted product will occupy the same surface and geometrical features as 
of sacrificial pattern, thereby previous study highlighted the use of post processing of the AM patterns 
prior to casting. There are many methods that can be employed for improving the surface topography 
as given in Figure 7. Table 1 show the various research attempts in order to improve the surface finish 
of AM parts.

It has been found from the literature review that the required level of surface finish is achievable 
through several different attempts including: optimizing process parameters (such as part orientation, 
built orientation and layer thickness), machining operation (like: CNC machining), chemical machining 
and barrel finishing laser surface finishing operations.

CASE STUDIES

In this section, a brief discussion of few interesting studies of the various AM technologies assisted IC 
process has been made in order to outline the feasibility of the combined route for attaining better quality 
characteristics in-terms of the finally obtained component.

FDM Assisted IC

FDM-ABS Patterns for Investment Casting Process (Harun et al., 2009)

The authors established the physical and collapsibility characteristics of H shaped FDM pattern produced 
as hollow and solid as shown in Figure 7. They have evaluated the various properties such as roughness, 
geometrical and distortion occurred and established these characteristics. The surface roughness was 

Figure 6. Methods of improving surface finish of AM parts.

 EBSCOhost - printed on 2/14/2023 11:31 AM via . All use subject to https://www.ebsco.com/terms-of-use



34

Recent Advancements in Customized Investment Castings Through Additive Manufacturing
﻿

recorded highest at the interface of support and model material as compared to other surfaces, and highest 
roughness value of 32.13μm. Other surfaces of both solid and hollow patterns were having a constant 
trend between 17.00μm to 19.00μm. The lowest surface roughness was recorded as 6.17μm in case of 
hollow patterns. In case of dimensional accuracy, the highest and least percentage of deviation found 
at location 22 and 2, respectively, as 1.23% and 1.14%. Distortion results refer Figure 8, showed that 
hollow construction distorted 33.11% higher solid patterns. Hollow specimens recorded lower deviation 
value than solid. It is suggested that the higher percentage of deviations occurred on solid patterns as 
compared to hollow pattern. From the graph plotted in Figure 9, 90% of the patterns were observed to 
be burned-off between 300°C and 400°C. However, the complete burn-off occurred at 500°C and ash 
free burn was visible above 550°C. At 300°C, 400°C, 450°C and 500°C, some cracks were observed on 
the shell of the solid pattern at the burning temperatures of due to expansion.

Table 1. Various attempts to improve surface finish of AM parts.

S. No. AM System Material Method Adopted Ref.

1

FDM ABS

Chemical vapor treatment
Singh et al., 
2017; Singh & 
Singh, 2017

2 Barrel finishing

Boschetto & 
Bottini, 2015; 
Boschetto et al., 
2016

3 Parametric optimization

Vijay et al., 
2011; Lan 
et al., 1997; 
Alexander et 
al., 1998

4 Hot cutter machining Pham et al., 
1999

5

SLA

Polyethylene wax 
emulsion

Micro-ultrahigh pressure atomizing 
coating

Yang et al., 
2017

6 E-shell and SI500 Process optimization-meniscus 
approach

Kunjan et al., 
2016

7 CIBA TOOL 5530 Process optimization Wood, 2016

8 Acrylats, epoxies and 
vinylethers New layerless fabrication strategy Onuh & Hon, 

1998

10

SLA

Polyamide 2200 Parametric optimization Bacchewar et 
al., 2007

11 Ciba Geigy XB5143 Mass burnishing media finishing Delfs et al., 
2015

12
Silicone, polyurethane, 
Vinyl-acryl polymers and 
divers

Vibratory grinder Schmid et al., 
2009

13 Polyamide 6 and 
polyamide 12 Process parameter optimization Arjun et al., 

2012

14 LOM Poly(vinyl chloride) Machine parameter regulation Pilipović et al., 
2011
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Figure 7. H shaped FDM pattern; (a) solid and (b) hollow

Figure 8. Distortion plot

Figure 9. Collapsibility analysis of pattern
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Overall, it has been found that hollow patterns were proved as viable in-terms of dimensional accuracy, 
mould cleanliness, pattern collapsibility and no mould cracking at all temperatures.

Surface Finish of Biomedical Implant Fabricated by 
Rapid Investment Casting (Singh et al., 2017)

In this study, the authors have verified the feasibility of four stage combined processes that includes FDM, 
chemical smoothing, vacuum casting and IC for the development of customized implant with appropriate 
surface and dimensional accuracy. They have first conducted the pilot study first and proceeded towards 
IC with the best settings as given in Table 2. Table 3 shows the third stage, i.e. IC stage, as per Taguchi 
L9 array and Figure 10 shows the S/N response. Table 2 Input parameters and their level.

From Figure 10, it has been found that accuracy decreased within crease in mould wall thickness 
and was least at 9 layers. In case of 7 layers, accuracy was highest because of less thickness of mould 
wall that resulted into higher rate of heat transfer and thereby shrinkage occurs. The tolerance grades for 
the dimensions obtained were found to be acceptable as per the ISO standard UNI EN 20286-I (1995). 

Table 2. Input parameters and their level

Stage Process Parameter Level 1 Level 2 Level 3 Optimum 
Setting

1

FDM
Orientation (degree) 0 90 - 90

Part density Low Medium High High

Chemical 
smoothing

Number of cycle 3 4 5 5

Cycle time (sec) 4 6 8 4

2 VC

PU material 6130 PX223 - PX223

% Hardener 90 95 100 100

Curing temperature 
(degree) 70 80 90 70

Curing time (sec) 45 55 65 45

Table 3. Control log of experiment

S. No. Dry Time (min) Number of Layers

1 330 7

2 330 8

3 330 9

4 360 7

5 360 8

6 360 9

7 390 7

8 390 8

9 390 9
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Moreover, this combined route is statistically controlled as the resulting Cpk value is 1.44, means non-
confirming parts per million are just 20.27.

Hardness of Al–Al2O3 Composite Prepared Using Alternative 
Reinforced FDM Pattern (Singh & Singh, 2016)

Here in this work, FDM assisted IC route was explored for the development of Al-Al2O3 based functionally 
graded material. Initially, alternative reinforced FDM filaments were fabricated on single screw extruder 
(refer Figure 11a) by using commercial available Al2O3 powder, Al and nylon-6 granules as filament 
ingredients. Then cubical patterns (shown in Figure 11b and 11c) of volume 17576mm3, 27000mm3 and 
39304mm3 were prepared with FDM at low density, high density and solid density. Barrel finishing was 
also performed on the resulting patterns in order to improve their surface finish and used for IC process.

Taguchi method used to optimize input parameters without increasing the manufacturing. It has been 
found that increasing Al2O3 content in FDM filament have increased the hardness value of the casted 
specimens.

SLA Assisted IC

Investment Casting of Hollow Turbine Blade Based 
on Stereo-Lithography (Wu et al., 2009)

The major purpose of this research study was to develop a new process of preparing integral ceramic 
molds for IC process by using SLA. Aqueous gel casting process was utilized to fill the resin pattern 
with low viscosity ceramic slurry. At last, IC of hollow turbine blade was obtained by vacuum drying, 
pyrolyzing and sintering. The process was outlined as stable due to guaranteed accuracy but difficult 
of measuring the inner dimensions and the relative position accuracy of cores and shell are reportedly 
required to test further. Figure 12 shows the finally produced hollow turbine blade. This novel approach 
enhanced the adaptability of SLA prototype in the manufacture of integral ceramic mold for IC process.

Figure 10. S/N response to dimensional accuracy (a) and surface roughness (b)
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Ceramic Shell Cracking in Stereo-Lithography-Based 
Rapid Casting Parts (Chen et al., 2011)

Similar to above, Chen et al. (2011) simplified a thermo-mechanical model for reducing the chances 
of cracks in ceramic mould prepared with using SLA patterns. In their work, the distribution rule of 
circumferential stress on the contact boundary between SL patterns and ceramic shell was theoretically 
derived using displacement method to predict dangerous area of freeform-surface parts. Then the variation 
rule of circumferential stress at the predicted dangerous area with changing temperature was revealed by 
applying transient thermo-mechanical finite element analysis on a turbine blade cross section. Circumfer-
ential stress prior to 70°C was occurred majorly due to thermal expansion-induced interaction, however 
relatively low stress and high strength in early stage did not ensure the preventing of shell cracking in 
the entire pyrolyzing process. By adding high-temperature polymers, strength at higher temperature can 
be increased to prevent shell cracking.

Figure 11. Extrusion of filament (a), prototyping of pattern (b) and reinforced prototypes (c)
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Lattice Structure for SL Investment Casting Patterns (Norouzi et al., 2009)

This study presented importance of octagonal lattice structure (refer Figure 13a) of SLA patterns for IC 
process in comparison of former hexagonal structure. The application of 3D-coupled thermal-mechanical 
FE analysis, magnitudes of hoop stresses on ceramic shell during burnout can be computed. Addition-
ally, practical results obtained by the real-time strain gauging (see Figure 13b) of the cylindrical models 
during the heating process up to 1008°C.

Numerical results for new octagonal structure indicate that, there was 62% reduction in maximum 
hoop stresses exerted on the ceramic shell as well as reduction of both axial and hoop strain (near to 

Figure 12. Developed hollow turbine blade

Figure 13. New proposed octagonal structure (a), strain measuring systems (b).
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50%). Furthermore, 49% of internal mass expressed the probability of dimensional accuracy improve-
ment for the octagonal structure.

LOM Assisted IC

Rapid Tooling and Patternmaking in Foundry Industry (Mueller & Kochan, 1999)

The LOM process in rapid tooling and pattern making is especially advantageous due to the robustness, 
wood-like properties and their low material costs. Explicit application examples in sand casting, invest-
ment casting and ceramics processing show how a reduction of necessary process steps and cycle times 
can be achieved by the application of LOM models. The axle bracket (refer Figure 14) was a typical 
pressure die casting part used in the automotive industry. To reduce the effort for the wax injection tool 
a LOM mold was used instead of a machined metal tool.

SLS Assisted IC

Selective Laser-Sintered of Zirconia Molds (Harlan et al., 2001)

The authors presented an approach of making zirconia and low temperature based copolymer moulds, 
with SLS, to create titanium casting molds. In this process, SLS shapes were infiltrated with colloidal 
zirconium and subsequently fired to pyrolyze the copolymer and crystallize the colloidal particles. The 
resulting mold, consisted of cubic and monoclinic zirconia phases, increased infiltrated weight, improved 
flexural strength and density, and reduced roughness of the mold material. The process resulted into 

Figure 14. Axle bracket of automobile
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flexural strength of 5MPa, average density close to 60% shrinkage occurred (during the first firing cycle) 
to 13%. Metallographic examination of titanium casting revealed a narrow alpha case and an interior 
consisting of acicular. This work demonstrated the feasibility of producing tailor titanium parts with 
complex geometries directly from the scanned data without using any wax tooling or pattern.

Quality and Success Rate of the Patterns (Dotchev & Soe, 2006)

The main objective of their work was to analyze all stages of the CastForme polystyrene (CF) pattern 
fabrication through laser sintering, to identify their inferior quality and to find out the scope for quality 
improvement and failures reduction. This paper described manufacturing of patterns for shell or flask 
investment casting. The process involved data preparation, laser sintering fabrication of “green” part, 
cleaning and wax infiltration. All process stages were equally important for successful project completion 
in terms of pattern quality and delivery time. The paper proposed a new approach for wax infiltration. 
For this the green parts were heater at about 70-80°C and the plate and part was immersed into a vat of 
molten wax. The infiltration process was observed through a window in the oven door and as soon as all 
part surfaces was covered with wax; the plate was lifted in order to drain any extra wax from the part. 
The preheating and infiltration time varied from 30 min to 1 hr as per the geometrical and volumetric 
requirements.

CONCLUSION

In the light of literature reviewed in this chapter with respect to various innovations and research efforts 
made with different types of AM technologies, following outcomes can be drawn:

The combination of AM and IC is a mature process that is continuously advancing to achieve the 
goal of digitization of the foundry workshops in order to eliminate the clutters of injection tools, metal-
lic dies as well as to strengthen their economy by producing superior quality castings in a robust and 
flexible manner. The outcomes of the literature are encouraging commercialization of the AM solutions 
in investment and sand casting technologies. It has been found that the utmost contributions of AM in 
foundry industry is the facilitation of concurrent engineering progresses in simulating, designing, de-
veloping, analysis and then production of any geometrical shape. The AM application, discussed here, 
would serve the purpose of researchers, industrialist, and academicians to explore the viability of the 
using established practices in their regular productions as well as to look into the areas where further 
development is required. The current approaches such as FDM, SLA and SLS have been more on ap-
plications in novel product development and specialty construction.

AM technologies are doing well enough in production of rapid patterns as per requirements. However, 
research efforts are still required to make these technologies suitable for mass production applications, 
aside of indirect routes. Also it is the demand of the time to integrate these methods into manufacturing 
oriented approaches that could include core, supports and mold production via sand printing and dies 
and tools.
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In literature, numerous metals and alloys are successfully casted through AM assisted IC technology 
and there is no restriction over the use of materials if is suitable for casting. Further, this hybrid manu-
facturing system is highly popular in medical sector hence it is utmost importance to study the counter 
effects of foreign elements on the biological life and performance of the devices. Along with this, four 
key tasks should also be addressed in the near future: (i) integrate AM into current metal casting, (ii) 
develop higher speed milling, turning and CNC approaches for pre or post operations, (iii) print pattern 
like disposable tooling by using AM and (iv) sustain and change traditional manufacturing with AM.
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ABSTRACT

The objective behind the development of miniaturization or small specimen test technology is to reduce 
the cost and quantity of material involved during the characterization of the material. The idea of the 
development of miniaturization took attention when the nuclear industry starts developing as these 
materials are very costly and it is not economically feasible to waste large amount of these materials 
for the sole purpose of testing. The second factor which promotes the miniaturization is that the work-
ing of machine is not affected while at the same time its material is being tested. At present, the idea of 
miniaturization is being applied to other materials also. The miniaturization of standards for metals 
has been done successfully in the past. For composites, not much work has been done. In the chapter, 
the specimen size effects on tensile properties of glass fiber composite have been identified by varying 
the length and width simultaneously and have established a relationship between the ASTM standard 
specimen and the small size specimen.

INTRODUCTION

Background and Motivation

Fiber reinforced composites have an extensive array of applications. They range from structural to 
recreational use. The aerospace and automotive industries look to composites to improve fuel economy 
due to their high strength to weight ratio. The sports industry looks to composites to improve sports 
equipment technologies. The fact that composites offer increased strength without sacrificing additional 
weight is what gives composites the advantage from most structural and recreational materials. There 
have been continuous efforts, to miniaturize test specimens for various reasons like scope for deriving 
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more number of specimens from the sample removed, reduction in size of test equipment, saving in waste 
handling requirements etc. The present work highlights the development of glass fiber composite, layout 
of miniature test specimens, preparation of test specimens, miniature specimen testing procedures and 
co-relationship with conventional procedures.

Problem Definition

The more recent introduction of FRP composite technology, together with the large range of materials 
used and being introduced, brings, a broad design base, which was available for many metals, yet not 
been compiled for FRP materials, which means, a much testing of composite specimens has to be carried 
out either on full-scale prototypes, or, in order to save both time and expense, on small-scale models by 
use of the principles of dimensional analysis. And if any discrepancies encountered whilst scaling from 
model to full size (i.e. any size effects) should be both identified and understood.

Materials are subjected to various types of tests like tensile, impact and fatigue-fracture characteriza-
tion. Sub-sized conventional tests, which are essentially a scaled down version of conventional testing, 
utilize specimens of similar geometry loaded in a similar manner, to produce results equivalent to that 
obtained from larger specimens. Miniature specimen tests are employed for determination of residual 
service life of the operating component, by extrapolating the results of evaluation of small specimen.

In a review of literature, it has been shown that the majority of the existing work in the field of small 
specimen test technology used high quality, pre-preg carbon/epoxy laminates which have been used in 
the aero- space industries. It is shown that a number of authors have come to the conclusion that the 
scale/size phenomenon exists. But very few statistical and experimental analyses of the results and 
trends are reported.

The scaling problem is very complex for composites due to intricate nature of their micro-structure. In 
addition the many possible material properties that may be considered, such as manufacturing technique 
and conditions, and fiber and matrix materials, further complicate the problem. Further, the mechanical 
testing of composite materials is a very wide subject, with many variables that would affect the observed 
material properties.

The objective of the present study is to identify specimen size effects on tensile properties of glass 
fiber composite by varying the in-plane dimensions (length and width) simultaneously and establish a 
relationship between the ASTM standard specimen and the small size specimen. Development of min-
iature specimen testing technique involves two aspects: namely, development of methods for preparation 
of miniature specimens and development of techniques to extract useful mechanical properties from such 
specimens. Hand lay-up method have been used to prepare glass fiber composite. ASTM D3039 standard 
have been used to prepare standardized specimen and the number of specimens prepared for each size 
is ten. ASTM standard specimen have been tested on nano plug machine and the sub-specimen have 
been tested tinius olsen machine. Regression analysis have been done with the help of minitab software.

ORGANIZATION OF CHAPTER

The current report is divided into six parts.
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Part 1 describes the objective and problem of the current work. Literature reviewed during the current 
work has been described in part 2. Literature gap and the justification of the objective has been given at 
the end of part 2. Testing conditions, standard used, testing equipment, material properties, fabrication 
method and problems encountered during experiments have been described in part 3. Results obtained 
by the testing of specimens for each sample is been given in part 4. Young modulus for all the samples, 
along with the correlation and regression analysis between ASTM standard specimen and the sub size 
specimens have also been described in part 4. In the end conclusion and future work have been given 
in part 5.

LITERATURE REVIEW

The question of size effect in composites has been around since 1960’s. The fact that much work is still 
underway shows that conclusive evidence has not yet arise to answer the question. The work done in 
the field of miniaturization which has been reviewed is described below under the separate heading of 
metals and composites.

Work Done in the Field of Metals

Reed et al. (1883) compare the results of two methods (miniature specimens machined from the plate and 
short transverse specimens with welded prolongations) to calculate the short transverse tensile properties 
of light gage (<50mm) steel plate. He found that the advantage of miniature specimen is that, they are 
ideally suited for light gage plates and have the ability to test specific regions of a plate such as surface, 
quarterline or centerline through positioning of the specimen. In the end he concluded that the miniature 
specimen provides valuable test data unobtainable from the welded specimens.

Manhan et al. (1995) presented the result of a study which is focused on designing an optimized 
miniature notch test (MNT) specimen and machine. Experiments are performed on one sided grooved 
miniaturized notch test specimens which shows that 1/16 scale miniature specimens can be designed to 
yield transitional fracture behavior and the fracture appearance and energy temperature curves can be 
quantitatively related to the conventional ASTM E23 specimen data.

Fleur et al. (1998) use small punch test techniques to evaluate mechanical properties of components 
using miniaturized sized specimens and correleations between mechanical characterstics determined 
from small punch test tests and uniaxial tensile tests for low alloy steels have been obtained. Analytical 
formulations have also been used to estimate the uniaxial tensile stress-strain behavior for low alloy 
steels from experimental small punch load deflection curves.

Rosinski and Corwin et al. (1998) study the result of an international testing exercise which was 
conducted under ASTM committee E10.02 to obtain a cross comparison of material properties which are 
obtained from various sub-size specimen testing techniques. The testing material used in the exercise is 
ASTM A533 grade B class 1 plate designated as HSST plate 03 privided by Oakridge national laboratory.

Yuanchao et al. (2000) uses the modified miniature specimen test (MMST) technique to determine 
the yield strength, tensile strength and uniform elongation of unirradiated and irradiated reactor pres-
sure vessel steels and also describe the conditions for irradiating the miniature specimensand compare 
the results with conventional tensile test data. He also describe the use of MMST technique to radiation 
surveillance for pressurized water reactor components.
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Kim et al. (2011) studies the constitutive data and widely obtained fracture toughness data sets at 
transition temperature of F82H to establish master curve method for reduced-activation ferritic (RAF) 
steels from view point of fracture mechanics and for effective production of irradiation database. Small 
specimen test are used with different levels of phosphorus addition to F82H steels. Effect of specimen 
size and phosphorus on fracture toughness is also evaluated using different size specimen.

Volak et al. (2012) design and manufacture the special miniature test specimens for the purpose of 
fatigue testing of seven different steels and an Al alloy. Also describe the results of fatigue tests performed 
on miniature test specimens in comparison with traditional fatigue tests.

Songa et al. (2012) performed conventional tensile test and small punch test on a failed ASTM 350 
forging flange to study specimen size effect on mechanical behavior and also study the effect of anisot-
ropy on mechanical properties by machining the specimens from failed flange along circumferential 
and longitudinal directions.

Shin et al. (2012) evaluate fatigue crack propagation properties using miniature specimens and find 
out that fatigue crack propagation rate in sub-size specimens is slightly but consistently slower than that 
in the standard specimens.

Ermi et al. (1986) developed miniature specimens to characterize the effect of neutron irradiation 
on the fatigue crack growth behavior of candidate fusionreactor first wall materials. The miniature 
centre-cracked-tension specimens show the same crack growth rate results as the larger specimens and 
occupying a fraction of the volume of the larger specimens.

Lucon et al. (1993) evaluate service exposed components mechanical properties by means of sub-
size and miniature specimens. Different sub-size or miniature specimens have been used for various 
mechanical testing, as, cylindrical specimens with circumferential crack for fracture toughness testing 
& miniature disk shaped specimens for upper shelf ductile regime, small size specimens for low cycle 
fatigue testing with enhanced cycle frequency.

Manhan et al. (1999) study the results of the two standards which are developed by ASTM subcom-
mittee E 28.07.07. The first standard focused on test procedures for instrumented impact testing and 
ASTM E23 will reference the instrumented test standard for tests conducting conventional Charpy V-
notch (CVN) specimens. The second standard covers miniaturized charpy V-notch (MCVN) testing. Six 
specimens each are tested in upper shelf region and in transition region.

Kundan et al. (2006) studies the boat sampling developed at BHABA ATOMIC RESEARCH CEN-
TER (BARC) and explain the method to prepare miniature specimens and develop co-releationship with 
conventional tets.

Ksada et al. (2006) find out the fracture toughness of blanket structural materials using master curve 
(MC) methodology and evaluate change in fracture toughness in the cleavage regime of a reduced ac-
tivation ferrite (RAF) before and after thermal embrittlement treatment has been applied by using sub 
sized compact tension test specimens.

Wanga et al. (2008) performed small punch tests on round specimens at room temperature with six 
kind of thicknesses and experiments results show that the small punch energy, fracture strain and fracture 
toughness increase with the thickness of the small punch samples.

Kurtz et al. (2002) developed the miniature specimen shear punch test to evaluate the shear behavior 
of ultra high molecular weight polyethylene used in total joint replacement components. Also investigated 
the shear punch behavior of virgin and crosslinked materials as well as of ultra high molecular weight 
polyethylene from tibial implants which were gamma irradiated in air and shelf aged for upto 8.5 years.
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Work Done in the Field of Composite

Mcloughlin et al. (1972) described a method for preparing small carbon fiber reinforced composite test 
specimens which results in high quality specimens of fiber volume fraction. The small size test speci-
mens will serve as standard against which large specimens can be compared and they are also useful 
for evaluating new fibers, resins and molding conditions. Also the effect of specimen geometry, such as 
span to thickness ratio and width to thickness ratio, has been studied for carbon fiber/epoxy composite.

Funk et al. (1986) developed a miniature double cantilever beam (DCB) and edge delamination test 
(EDT) specimens to determine the Mode I critical strain energy release rate GIc and the mixed mode I 
and II critical strain energy release rate Gc and the results from miniature specimens are compared with 
that of standard specimens used for DCB and EDT test.

Crasto et al. (1994) uses a miniature sandwich specimen to study the effect of matrix modulus and 
fiber matrix interfacial bond strength on unidirectional carbon/epoxy composite. The miniature specimens 
have higher compression strengths as compared to conventional specimens for unidirectional carbon/
epoxy composites.

Kim et al. (1994) used finite element method to study the effect of stress distribution at the ends of 
gage section of a miniature sandwich specimens and a conventional all composite specimen. The influ-
ence of parameters such as tab material, thickness and the taper angle is also investigated to optimize 
the geometry of miniature sandwich specimen with respect to stress concentrations.

Nozawa et al. (2002) investigated miniaturization of tensile specimen methodology to evaluate tensile 
properties of ceramic matrix composites such as SiC/SiC composites and for the establishment of small 
specimen test technique and specimen size effects on the tensile properties of plain weave, satin weave 
and 3-D SiC/SiC composites. There are dissimilarities between the dendencies of tensile properties for 
2-D SiC/SiC composites to that for 3-D ones.

Nozawa et al. (2005b) identify specimen size effects on tensile properties of SiC/SiC composites 
and find out that both 2D and 3D SiC/SiC composites with the same axial fiber volume content hardly 
exhibit meaningful size effect on the tensile properties in fiber longitudinal direction.

Nozawa et al. (2005a) uses the small specimen test technique to determine the tensile, flexural and 
shear properties of unidirectional SiC/SiC composites fabricated with highly crystalline and stochiometric 
fibers and matrix but with three different fiber matrix interfaces and then irradiated to compare the role 
of different interfaces on neutron irradiation behavior.

Lee et al. (2008) study the scaling effects in determining the effect of notch size, ply and thickness 
on the strength of composites with open holes which are prepared from carbon/epoxy pre-impregnated 
tapes by hand lay-up method in the form of unidirectional and multidirectional laminates.

Bing et al. (2008) studies the specimen size effect in off-axis compression test by conducting experi-
ments on small blocks off-axis specimens of low modulus S2 glass fiber reinforced composites and high 
modulus AS4 carbon fiber reinforced composites and found that the off-axis compressive strength of 
glass/epoxy composite decreased by small amount while there is a considerable reduction in off-axis 
compressive strength of high modulus carbon/epoxy composites when specimen width or thickness has 
increased.
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Literature Gap

Small size specimens have been prepared for carbon/epoxy composites and SiC/SiC composites and 
have been tested to determine various properties. But the correlation between the small size specimen 
properties and the ASTM standard specimen have not been identified.

While preparing the small size specimens, the dimensions of the ASTM standard specimen have been 
varied one at a time while keeping the other two dimensions kept constant. In the current problem, two 
dimensions (length and width) have been varied simultaneously while the third dimension (i.e thickness) 
will remain constant.

EXPERIMENTAL PROCEDURE

ASTM Standard

ASTM standard used during the experimental procedure is ASTM D3039.
ASTM D3039 determines the in-plane tensile properties of polymer matrix composite materials 

reinforced by high modulus fibers. The composite material forms are limited to continuous fiber or dis-
continuous fiber reinforced composites in which the laminate is balanced and symmetric with respect 
to the test direction.

Test Method

Thin flat strip of material having a constant rectangular cross section is mounted in the grips of a me-
chanical testing machine and monotonically loaded in tension while recording load. The ultimate tensile 
strength of the material can be determined from the maximum load carried prior to failure.

Properties Determined

The following properties can be determined by using the standard ASTM D3039:

•	 Ultimate tensile strength
•	 Ultimate tensile strain
•	 Tensile chord modulus of elasticity
•	 Poisson ratio
•	 Transition strain
•	 Test specimen geometry

Design recommendations for tensile test coupons for ASTM D3039 are given in table 1 and corre-
sponding dimensions will be given in table 2.

Tensile test specimen drawing is been shown in figure 1.
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Table 1. Tensile Specimen Geometry Requirements

Parameter Requirement

Coupon requirements:

Shape rectangular cross section

Minimum length Gripping + 2 times width+ gage length

Specimen width As needed

Specimen width tolerance ±1% of width

Specimen thickness As needed

Specimen thickness tolerance ±4% of thickness

Specimen flatness Flat with light finger pressure

Tab requirements (if used)

Tab material As needed

Fiber orientation(composite tabs) As needed

Tab thickness As needed

Tab thickness variation between tabs ±1% tab thickness

Tab bevel angle 5 to 90°, inclusive

Table 2. Tensile specimen geometry recommendations

Fiber Orientation Width 
mm(in.)

Overall 
Length 
mm(in.)

Thickness 
mm(in.)

Tab Length 
mm(in.)

Tab Thickness 
mm(in.)

Tab Bevel 
Angle, °

0° unidirectional 15(0.5) 250(10.0) 1.0(0.040) 56(2.25) 1.5(0.062) 7 or 90

90° unidirectional 25(1.0) 175(7.0) 2.0(0.080) 25(1.0) 1.5(0.062) 90

Balanced and symmetric 25(1.0) 250(10.0) 2.5(0.100) Emery cloth - -

Random-discontinuous 25(1.0) 250(10.0) 2.5(0.100) Emery cloth - -

Figure 1. Tensile Test Specimen
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MATERIAL USED

Glass Fiber

Glass fiber, in fabric form, is been supplied by KE- Technical textiles pvt. Limited. The relevant proper-
ties of glass fiber fabric is given in table 3(refer figure 2).

Resin Material

Epoxy LY556 has been used as resin matrix material. Hardner (Arador HY 951) has been mixed in the 
epoxy in the ratio of 1:10.

Figure 2. Glass Fiber Fabric

Table 3. Glass Fiber Fabric Properties

Manufacturer KE-Technical Textiles pvt. ltd.

Texture Plain

No. of Threads per Inch
Warp 15

Weft 12

Heat Loss at 600°c for ½ hr.(%) 0.82

Weight per Sq. Mtr. Gms. 362

Thickness(mm) 0.38±0.40

Tenslie Strength (kgf/cm.)
Warp 118-124

Weft NA

Width of Roll 40 inch

Length of Roll 20 meter
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TEST SPECIMEN PREPARATION

Test Specimen Dimension

Dimension of the test specimen and number of specimens prepared for each dimension with a particular 
code is given in table 4.

Fabrication Method of Test Specimen

Hand lay-up method has been used to prepare the test specimen (Refer Figure 3)
Method for composite fabrication have been described in the following steps:

•	 First a smooth surface (steel plate or tile) has been placed horizontally and cleaned thoroughly 
with the acetone so that there will be no tiny particles present on the surface which otherwise 
would produce unwanted impressions on the composite surface.

•	 Then, a polythene sheet was placed on smooth surface and wax polish was applied on it which 
works as a releasing agent.

•	 Then, first fabric layer was put on the polythene sheet and resin has been applied on it all over the 
surface.

•	 After applying the resin on the top side of first layer, it was inverted and again the resin was ap-
plied all over it, so that both surfaces will become smooth.

Table 4. Test specimen dimensions

Test Specimen Length(mm) Width(mm) Thickness(mm) No. of 
Specimens Code

Test specimen 1 250 15 1 10 UNID/G/A/1

Test specimen 2 250 12 1 10 UNID/G/A/2

Test specimen 3 250 9 1 10 UNID/G/A/3

Test specimen 4 250 6 1 10 UNID/G/A/4

Test specimen 5 200 15 1 10 UNID/G/B/1

Test specimen 6 200 12 1 10 UNID/G/B/2

Test specimen 7 200 9 1 10 UNID/G/B/3

Test specimen 8 200 6 1 10 UNID/G/B/4

Test specimen 9 150 15 1 10 UNID/G/C/1

Test specimen 10 150 12 1 10 UNID/G/C/2

Test specimen 11 150 9 1 10 UNID/G/C/3

Test specimen 12 150 6 1 10 UNID/G/C/4

Test specimen 13 100 15 1 10 UNID/G/D/1

Test specimen 14 100 12 1 10 UNID/G/D/2

Test specimen 15 100 9 1 10 UNID/G/D/3

Test specimen 16 100 6 1 10 UNID/G/D/4
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•	 Subsequently layers were added till the required thickness was achieved with resin being applied 
after addition of each layer.

•	 Care have been taken to avoid any air getting trapped between the layers while adding the resin.
•	 After the addition of required number of fabric layers, the excess resin between the fiber layers 

were squeezed out with the help of a steel roller.
•	 After that, a second polythene sheet, with wax polish applied on it, is placed on top of the fabric 

layers.
•	 After that, second tile were placed on the polythene sheet.
•	 At last, a distributed weight is placed on the tile and the setup was allowed to cure under room 

temperature conditions for 48 to 72 hours.

Preparation of Samples From Fabricated Laminate

•	 The edges of the laminate should be cut out as they are of uneven thickness.
•	 Specimen dimensions were marked on the laminate with the help of soft point marker. Hard point 

marker should not be used as it would destroy the surface of laminate (refer figure 4).
•	 Margin of 3.0 mm has been given between markings of two consecutive samples to ease the cut-

ting of samples from the laminate.
•	 Cut out samples were ground on the surface grinder to smooth the edges of the sample.
•	 At the end, the edges of the sample were rubbed with the emery paper to smooth out the edges.
•	 One of the main problems encountered during experiment was the slipping of specimens from the 

grip of machine. To avoid the slipping of specimen emery paper have been wrapped around the 
tab length of the specimen and then gripped in the machine (refer figure 5).

TESTING EQUIPMENT

Tinius Olsen machine with a load cell of range 10KN has been used to test sub size specimens. Nano 
Plug‘n’Play machine manufactured by BISS with a load cell of range 0 to 25KN and maximum stroke 
of 60mm has been used to test ASTM standard specimen. The grip provided in Tinius Olsen machine is 
of mechanical type while grip in Nano Plug‘n’Play machine is of hydraulic type (refer figure 6).

Figure 3. Hand Lay-up Method
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Figure 4. Composite Laminate with marks for cutting the test specimen

Figure 5. Gripping of specimen

Figure 6. Tinius Olsen and Nano Plug‘n’Play Machine
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RESULTS AND DISCUSSION

Tensile Test Result

Tensile test result for all the specimens with stress-strain curves, normal distribution of young modulus 
and tensile modulus for each sample has been shown from figure 7 to figure 22.

Mean value of tensile modulus for each sample and the standard deviation for all the specimen has 
been given in table 5.

CORRELATIONS BETWEEN ASTM STANDARD 
SPECIMEN AND SUB SIZE SPECIMEN

Pearson correlation coefficient is used to measure the degree of linear relationship between two variables. 
The correlation coefficient assumes a value between -1 and +1. If one variable tends to increase as the 
other decreases, the correlation coefficient is negative. Conversely, if the two variables tend to increase 
together the correlation coefficient is positive. Correlation between young modulus of ASTM standard 
specimen and the sub size specimens is given in table 5 and the nature of relationship based on the value 
of correlation coefficient is been given in table 6.

Table 5. Mean value of tensile modulus and standard deviation

Specimen Tensile Modulus (GPa) Standard Deviation

UD/G/A/1 26.38 1.265

UD/G/A/2 27.57 1.507

UD/G/A/3 6.216 1.513

UD/G/A/4 7.413 2.301

UD/G/B/1 4.007 1.113

UD/G/B/2 6.723 2.612

UD/G/B/3 4.943 1.366

UD/G/B/4 7.834 2.873

UD/G/C/1 4.259 1.200

UD/G/C/2 5.217 0.8126

UD/G/C/3 6.297 1.007

UD/G/C/4 6.839 1.789

UD/G/D/1 1.044 0.1904

UD/G/D/2 1.773 0.6014

UD/G/D/3 2.716 0.4662

UD/G/D/4 3.106 0.4982
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Correlation Coefficient Value Interpretation

From table 6 and 7, it is clear that there is a substantial relationship between specimens UD/G/B/4 & 
UD/G/A/1 and specimens UD/G/C/3 & UD/G/A/1.

Figure 7. Tensile Test result for Specimen UD/G/A/1

Figure 8. Tensile test result for specimen UD/G/A/2
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REGRESSION ANALYSIS

Regression analysis has been done with the help of MINITAB software. In the regression analysis the 
predictor are length and width of specimens and the response variable is young modulus of the specimens. 
In the regression equation, the specimen codes represent the young modulus of that particular specimen.

Figure 10. Tensile Test result for Specimen UD/G/A/4

Figure 9. Tensile Test Result for specimen UD/G/A/3
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Simple linear regression examines the linear relationship between two continuous variables: one 
dependent (y) and one independent (x). When the two variables are related, it is possible to predict a 
dependent value from an independent value with better than chance accuracy. Regression provides the 
line that “best” fits the data. This line can then be used to: how the dependent variable changes as the 
independent variable changes predict the value of a dependent variable (y) for any independent variable 
(x).The method used to draw this ‘best line” is called the least-squares criterion. The least- squares cri-
terion requires that the best-fitting regression line is the one with the smallest sum of the squared error 
terms (the distance of the points from the line).

Figure 11. Tensile Test result for Specimen UD/G/B/1

Figure 12. Tensile Test result for Specimen UD/G/B/2

 EBSCOhost - printed on 2/14/2023 11:31 AM via . All use subject to https://www.ebsco.com/terms-of-use



64

Miniaturization of Test Specimen for Composites
﻿

Regression Analysis for Change in Tensile Modulus 
(ΔE) vs. Change in Length (Δl) and Width (Δw)

The regression equation for change in tensile modulus (ΔE) is given by

∆ ∆ ∆ ∆ ∆E l w l w= × + × − × ×0 17544 2 34285 0 018711. . . 	

Table 9 gives the values of fits and residuals for regression analysis of change in tensile modulus.

Figure 14. Tensile Test result for Specimen UD/G/B/4

Figure 13. Tensile Test result for Specimen UD/G/B/3
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Figure 23 shows the residual plots for change in tensile modulus.

Regression Analysis for Tensile Modulus (E) vs. Length (l) and Width (w)

The regression equation for tensile modulus (E) is given by

E l w=− + +12 5 0 0889 0 438. . . 	

Figure 15. Tensile Test result for Specimen UD/G/C/1

Figure 16. Tensile Test result for Specimen UD/G/C/2
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COMPARISON OF RESULTS

Variation in tensile modulus for various combinations of length and width has been shown in figure 25.
From figure 25, it is clear that there is very little variation in the value of tensile modulus when width 

is change from 15mm to 12 mm while length is kept constant but after that, tensile modulus drops con-
siderably when width is further reduced to 9mm. Also there is very little variation in the tensile modulus 
with further change in the value of length and width.

Figure 18. Tensile Test result for Specimen UD/G/C/4

Figure 17. Tensile Test result for Specimen UD/G/C/3
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In figure 26 and 27, curve ‘experimental’ shows the values obtained of tensile modulus from experi-
mental results while the curve ‘fit1’ & curve ‘fit2’ shows the values of tensile modulus obtained from 
regression equation respectively.

Figure 19. Tensile Test result for Specimen UD/G/D/1

Figure 20. Tensile Test result for Specimen UD/G/D/2
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CONCLUSION

In the present study, tensile test specimen, of glass fiber composite, of ASTM standard and various sub 
sizes have been tested and the data obtained from the experiments have been studied. The observation 
made from the experimental data and the regression analysis has been given below:

•	 There is very minor difference between tensile modulus of specimen UD/G/A/1 & UD/G/A/2 i.e 
when the width is reduced from 15mm to 12mm while length is kept constant.

•	 The value of tensile modulus decrease considerably when the width is further reduced from 12mm 
to 9mm but after that there is very small variation in the tensile modulus.

Figure 22. Tensile Test result for Specimen UD/G/D/4

Figure 21. Tensile Test result for Specimen UD/G/D/3
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Table 6. Correlation between young modulus of ASTM standard specimen and the sub size specimen

Specimen
UD/G/A/1

Pearson Correlation P-Value

UD/G/A/2 -0.284 0.427

UD/G/A/3 -0.379 0.280

UD/G/A/4 0.043 0.907

UD/G/B/1 -0.225 0.533

UD/G/B/2 -0.391 0.265

UD/G/B/3 -0.373 0.288

UD/G/B/4 0.490 0.151

UD/G/C/1 -0.160 0.660

UD/G/C/2 -0.271 0.448

UD/G/C/3 -0.401 0.251

UD/G/C/4 0.107 0.769

UD/G/D/1 -0.180 0.618

UD/G/D/2 -0.182 0.616

UD/G/D/3 -0.275 0.442

UD/G/D/4 0.276 0.441

Table 7. Correlation Coefficient Value Interpretation

Correlation Coefficient Nature of Relationship

0.80 – 1.00 Very strong relationship

0.60 – 0.79 Strong relationship

0.40 – 0.59 Substantial/marked relationship

0.20 – 0.39 Low relationship

0.00 – 0.19 Negligible relationship

Box 1. 

Predictor    Coef   SE Coef1   T2 P3

Δ l   0.17544 0.03584 4.46 0.001

Δw 2.34285    0.5973 2.78 0.017

Δ l Δw -0.01871    0.006385 -2.59 0.024

S4 = 4.7881 R-Sq5 = 66.6% R-Sq(adj) = 58.8%
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•	 	Relationship between the change in tensile modulus & length and width and the relationship be-
tween the tensile modulus & length and width is given below:

∆ ∆ ∆ ∆ ∆E l w l w

E l

= × + × − × ×
=− + × +
0 17544 2 34285 0 018711

12 5 0 0889 0

. . .

. . .4438×w
	

Table 9. Fits and Residuals for Change in Modulus

Obs. Δ l Δ w ΔE fit9 Residual 10

1 0 0 0.00 0 0

2 0 3 -1.20 7.02855 -5.82855

3 0 6 20.16 14.0571 6.1029

4 0 9 18.96 21.08565 -2.12565

5 50 0 22.37 8.77 13.6

6 50 3 19.65 12.99205 6.65795

7 50 6 21.43 17.2141 4.2159

8 50 9 18.54 21.43615 -2.89615

9 100 0 22.12 17.54 4.58

10 100 3 21.16 18.95555 2.20445

11 100 6 20.08 20.3711 -0.2911

12 100 9 19.54 21.78665 -2.24665

13 150 0 25.33 26.31 -0.98

14 150 3 24.64 24.91905 -0.27905

15 150 6 23.66 23.5281 0.1319

16 150 9 23.27 22.13715 1.13285

Table 8. Analysis of Variance for regression equation

Source DF SS6 MS7 F8 P

Regression 3 549.35 183.12 7.98 0.003

Residual Error 12 275.19 22.93

Total 15 824.54

 EBSCOhost - printed on 2/14/2023 11:31 AM via . All use subject to https://www.ebsco.com/terms-of-use



71

Miniaturization of Test Specimen for Composites
﻿

Figure 23. Residual plots for change in tensile modulus

Figure 24. 

Box 2. 

Predictor Coef SE Coef11 T12 P13

Constant -12.517 6.930 -1.81 0.094

L 0.08892 0.02731 3.26 0.006

W 0.4380 0.4552 0.96 0.354

S14 = 6.10780 R-Sq15 = 47.0% R-Sq(adj) = 38.8%
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Table 11. Fits and Residuals for Tensile Modulus

Obs. l w E fit SE Fit Residual St Residual

1 250 15 26.38 16.28 3.27 10.09 1.96

2 250 12 27.57 14.97 2.64 12.60 2.29R

3 250 9 6.22 13.66 2.64 -7.44 -1.35

4 250 6 7.41 12.34 3.27 -4.93 -0.96

5 200 15 4.01 11.84 2.64 -7.83 -1.42

6 200 12 6.72 10.52 1.81 -3.80 -0.65

7 200 9 4.94 9.21 1.81 -4.27 -0.73

8 200 6 7.83 7.90 2.64 -0.06 -0.01

9 150 15 4.26 7.39 2.64 -3.13 -0.57

10 150 12 5.22 6.08 1.81 -0.86 -0.15

11 150 9 6.30 4.76 1.81 1.53 0.26

12 150 6 6.84 3.45 2.64 3.39 0.62

13 100 15 1.04 2.95 3.27 -1.90 -0.37

14 100 12 1.73 1.63 2.64 0.10 0.02

15 100 9 2.72 0.32 2.64 2.40 0.44

16 100 6 3.11 -1.00 3.27 4.10 0.80

Figure 25. 

Table 10. Analysis of Variance for regression equation

Source DF SS16 MS17 F18 P

Regression 2 429.90 214.95 5.76 0.016

Residual Error 13 484.97 37.31

Total 15 914.86
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Figure 26. 

Figure 27. 

 EBSCOhost - printed on 2/14/2023 11:31 AM via . All use subject to https://www.ebsco.com/terms-of-use



74

Miniaturization of Test Specimen for Composites
﻿

Future Work

1. 	 Further reduction in the size of ASTM standard specimen should be done but up to the dimensions 
where tensile effect dominates.

2. 	 Present work should be repeated for cross-ply and angle-ply laminates and the regression equations 
should be verified for cross-ply and angle-ply laminates.

3. 	 Experimental data can be verified with the help of inverse finite element method.
4. 	 Effect of miniaturization should also be inspected for three point bending test also.
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ENDNOTES

1 	 SE coef = gives estimated standard deviations (standard errors).
2 	 T= gives T-statistics which is used in significance test for null hypothesis.
3 	 P= gives Pearson correlation value.
4 	 S= standard deviation of error terms.
5 	 R-sq=coefficient of determination (gives amount of variation in the response which is explained 

by the model).
6 	 SS= sum of squares of error terms.
7 	 MS= mean of square of error terms.
8 	 F-value= test the hypothesis that all the coefficient in a regression model are zero.
9 	 Fit= value of change in modulus obtained from regression equation.
10 	 Residual= difference between experimental value and fitted value.
11 	 SE coef = gives estimated standard deviations (standard errors).
12 	 T= gives T-statistics which is used in significance test for null hypothesis.
13 	 P= gives Pearson correlation value.
14 	 S= standard deviation of error terms.
15 	 R-sq=coefficient of determination (gives amount of variation in the response which is explained 

by the model).
16 	 SS= sum of squares of error terms.
17 	 MS= mean of square of error terms.
18 	 F-value= test the hypothesis that all the coefficient in a regression model are zero.
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ABSTRACT

Robots are electromechanical systems that need mechatronic approach before manufacturing to reduce 
the development cost. In this chapter, the modelling of the 8 degrees of freedom (DOF) SCARA robot 
with a multiple gripper using SolidWorks CAD software and the dynamic study with the aid of MATLAB/
SimMechanics is presented. The SCARA with multiple gripper is used for pick and place operation in 
manufacturing industries. The SolidWorks CAD model of SCARA with multiple grippers is converted 
into SimMechanics block diagram by exporting the 3D CAD model to the MATLAB/SimMechanics sec-
ond generation technology environment. The motion sensing capability of the SimMechanics is used for 
determining the dynamic parameters of the manipulators. The SimMechanics block diagrams and the 
results of the dynamic study presented in this chapter infer that the structure of the robot can be changed 
to get the required dynamic parameters.

INTRODUCTION

The SCARA (Selective Compliance Articulated Robot Arm) is a extensively applicable robot manipulator 
in this industrial developed age. It is a popular configuration with RRP (Revolute Revolute Prismatic) 
structure with four degrees of freedom. It has two revolute and one prismatic joint. The gripper is at-
tached to end of the prismatic arm.The prototype of SCARA robot is introduced in the year 1978 in 
Japan (Siciliano & Khatib, 2008). SCARA is compact and the working envelopes are relatively limited. 
Today SCARA robots are very widely used in manufacturing industries for its high speed, short cycle 
time, advanced control for path precision and controlled compliance to perform the necessary light duty 
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tasks to achieve high flexibility, dexterity and productivity. Few light duty applications of SCARA are: 
product inspection, touch panel evaluation, conveying masks for wafers, Screw tightening, stacking 
electronics components, and inserting components in printed circuit boards, tapping, and chamfering, 
deburring, drilling, welding, soldering, gluing, packing, loading and unloading parts of an automated line.

BACKGROUND

Nowadays automotive industries are utilizing SCARA robots for handling the body works, engines, 
chassis, and other components (Jazar, 2009). The flexibility in workspace and the usage of multiple 
tool is very essential for the above task. This can be achieved by the redundancy in the design of the 
manipulator. The SCARA with redundant characteristics can be achieved by kinematic modelling of 
the configuration followed by dynamic study with the help of simulation environment in aid with CAD 
modelling tools. Rehiara (2011) worked and authored an article explaining the forward kinematics and 
inverse kinematic approach to find the position of the SCARA robot end effector position using D-H 
convention and corresponding transformation matrices. Spong, Hutchinson and Vidyasagar (2005) ex-
plained the forward and inverse kinematics of various robot configurations, including SCARA compre-
hensively in his publication. Hernandez, Bravo, de Jesus Rubio and Pacheco (2011) studied forward and 
inverse kinematics for SCARA, Cylindrical robot with four degrees of freedom to find the end-effector 
position and orientation which is applicable for TIG or MIG welding. The researchers like Wijesekara 
Arachchige and Salem Abderrahmane (2013) worked on reconfigurable end effectors. The SCARA robot 
was reconfigured from 4 DOF to 6 DOF. The state of the joint was selected by the motion of the end 
effector, and the constraints. This methodology is applied to the SCARA robot manipulator to improve 
its last joint capability. The researchers replaced the last joint with new reconfigurable joint and robot 
kinematic theory is applied for model evaluation. Patel and Sobh (2014) made a comprehensive study of 
manipulator performance measures that are very essential to design and study the applications of robotic 
manipulators. The kinematic indices, manipulability indices and important performance parameters are 
referred in his chapter to develop a robot with improvised configuration. These researches facilitates 
the development of new kinematic model for the SCARA robot with multiple tool which is mentioned 
in this chapter.

Fang and Li (2013) observed and verified the correctness of the SCARA robot model problem in 
terms of motion of each joint. The researchers used the kinematic modelling and simulation techniques. 
Alshamasin, Ionesco and Taha Al-Kasasbeh (2009) developed a complete mathematical model of the 
SCARA robot which includes servo actuator dynamics and presented together the dynamic simulation 
in the research. The forward and inverse kinematics equations are derived by using D-H convention. The 
researchers Ionescu, Chojnowski and Constantin (2002, 2007) proposed that simulation is important for 
robot programmers in allowing them to evaluate and predict the behaviour of a robot, and in addition to 
verify and optimize the path planning of the process. Michel (2004) emphasized in his chapter the need 
and the application of modelling and simulation software’s to predict the accuracy and computational 
efficiency of the manipulator dynamics. Zlajpah (2008) found that the simulation facilitates design-
ing visualization, testing robots and solve many problems before making it a reality. Al Mashagbeh 
and Khamesee (2015) developed a multi-body model of four degrees of freedom SCARA for pick and 
place application using MapleSim software and evaluated the robot performance. Wood and Kennedy 
(2015, April 24) presented the mathematical and software developments needed for efficient simulation 
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of mechanical systems in the Simulink simulation environment. Talib, Swadi, Abed, Abed and Karim 
(2013) studied and investigated the kinematics of SCARA robots using kinematic and vibration methods 
in dynamic conditions of the manipulator. The position, velocity and acceleration were analysed using 
the simulation study. Das and Dulger (2005) presented the simulation technique in his work for a verti-
cal revolute configuration 2-R robot with two degrees of freedom is for small parts insertion tasks in 
electronic component assembly lines. Ma, Zheng Lin Yu Guo, Hua Cao, Yan Bin Zheng & Liu (2014) 
developed the Kinematic equations for a high speed robot for material handling to analyse forward 
and inverse kinematics problems based on modified D-H coordinate system theory for their proposed 
SCARA. MATLAB Simulation was used to validate that the robot parameter design is reasonable and 
the trajectory planning by interpolation calculation in joint space is feasible. Kumar Jha, Dutta and 
Saha (2014) analysed the dynamics of the SCORA -ER14 robot with a single gripper end effector using 
MATLAB simulation.

Gouasmi, Ouali, Fernini and Meghatria (2012) compared the two robot postures for the same length 
of time with the same trajectory to obtain the kinematic and dynamic parameters using SolidWorks 
and MATLAB/Simulink. Urrea and Kern (2012) had modelled a redundant SCARA robot for pick and 
place application with five degrees of freedom. The authors developed the dynamic model of their pro-
posed robot by means of MATLAB/Simulink programming and performed several tests like actuator 
dynamics with different controllers under path tracking requirements. Schlotter (2003) described about 
simulating the dynamics of multibody systems with SimMechanics, a gripperbox for the MATLAB/
Simulink environment. The use of 3D CAD model and conversion of mechanical systems into a block 
diagram. The dynamic property of the robot mechanical system was well explained. He also mentioned 
the flexibility to change the structure, optimize system parameters and to analyse the results within the 
Simulink environment in much lesser time. Udai, Rajeevlochana and Saha (2011) developed a 3D CAD 
model of KUKA KR5 robot applicable for peg-in-hole insertion using Autodesk Inventor. Further, he 
performed the dynamic simulation using MATLAB/SimMechanics and verified the inverse dynamics. 
Umar and Bakarb (2014), performed the identical simulation, which results between derived direct 
dynamic mechanical system of robot manipulator and SimMechanics first generation model. It was 
found that both methods satisfied the principle of two link manipulator model. Zi (2011) investigated 
dynamic simulation and trajectory tracking control of hybrid driven planar five bar parallel mechanism 
using a simulation model of dynamics based on MATLAB/SimMechanics. The simulation based on 
SimMechanics was carried out and angular velocity, angular acceleration of two driving links of kine-
matic pairs at any time was acquired. Kütük, Halicioglu and Dulger (2015) studied the hybrid driven 
mechanical system mechanism characteristics using MATLAB/SimMechanics platform. The authors of 
this chapter, Saravanamohan and Anbumalar (2016) in one of their publication presented the modelling 
and simulation of the redundant SCARA robot with multiple drilling tool using MATLAB/SimMechan-
ics. Fedak, Durovsky, and Uveges (2014) presented an application of robot mechanics modelling and its 
dynamic simulation using add-on SimMechanics modules of MATLAB and Graphical User Interface 
(GUI) in their work. The above discussed research work by various researchers, indicate that modern 
simulation approach is very important and essential to develop SCARA Robot in reduced time and cost. 
To give impetus to the application of the SCARA, a newness in the design and development which is 
very cost effective is to be incorporated. Hence, many researchers adopted modelling and simulation 
methodology to develop and study the dynamic performance of conventional non redundant SCARA 
with various types of conventional end effectors to meet the industrial requirements. If the redundancy 
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in robot structure and the multiple tool end effector is used simultaneously, it will be expected to give 
dexterity to the manipulator. It is essential to meet with manufacturing competence today’s industries.

This chapter discusses the Kinematic Modelling and simulation of 8 degrees of freedom SCARA 
Robot with multiple gripper shown in the Figure 1. The method of developing a new generation and 
configuration of SCARA robots using kinematic modelling using Denavit Hartenberg method and MAT-
LAB/SimMechanics simulation incorporated with SolidWorks CAD modelling to achieve the objective 
of this chapter is explained in the following subsections.

KINEMATIC MODELLING OF SCARA WITH MULTIPLE GRIPPERS

Robot kinematics is a geometric study of motion of a robotic manipulator with respect to the datum 
coordinates system. The dynamics is described in terms of the time rate of change of the robot configu-
ration in relation to the joint torques. In this chapter kinematic model is developed using the Denavit-
Hartenberg (D-H) forward kinematic approach. Conventionally dynamic parameters are computed using 
the laborious equations, but in this present work the simulation is used to determine the dynamics of our 
system. The forward kinematics deals with computing the position and orientation of the end effector 
for the given joint variables. The kinematic model to find the position of the Multiple gripper end ef-
fector attached to the SCARA robotics derived using the Denavit-Hartenberg (D-H) forward kinematic 
approach. The coordinate frames are assigned based on D-H convention to each joint as shown in Figure 
2 and its parameters are given in the Table 1.

The homogeneous transformation Matrix Ai (Tsai, 1999) is shown in the Equation (1) and it is rep-
resented as a product of four basic transformations given in the Equations (1) to (6). It expresses the 
position of the gripper with respect to the reference frame.

Figure 1. SCARA Robot with multiple gripper
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Figure 2. D-H parameters of SCARA with multiple grippers
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The rotation and the translation motion by robotic the manipulator is mentioned in the equations (7) 
and (8).
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The 4 x 4 matrix given in the equations (6) and (7) is partitioned into two sub matrices as shown 
in the equations (8) and (9), which represent rotation combined with translation to produce the motion 
required by the manipulator. Where
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The (4x4) rigid homogeneous transformation matrices A1, A2, A3, A4, A5, A6, A7 shown in the equa-
tions (10) to (16) are computed by applying the D-H parameters listed in Table 1 in the equation (6)

Where l1, l2, l3 are link lengths in mm, la is length of the Gripper A from the prismatic arm axis (Z3), 
lb is length of the Gripper B from the prismatic arm axis (Z3), it is in the x axis but in negative direction. 
So it is assumed as - lb, d1, d2, d3, d4, d5, d5 are link offset length between the successive links,C2, C3, C6, 
C7 are Cosine function of joint angles, S2, S3, S6, S7 are Sine function of joint angles.
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Table 1. D-H parameters of the proposed SCARA robot with multiple grippers

Axis 
Number

Joint 
Angle (Өi)

Link 
Offset (di)

Link 
Length (ai)

Twist 
Angle (αi)

1 Ө1 d1 l1 0

2 Ө2 0 l2 0

3 Ө3 0 l3 1800

4 0 d4 la 0

5 0 d4 lb 0

6 Ө6 d5 0 0

7 Ө7 d6 0 0
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Kinematic Model for Positioning Gripper A and Gripper B

The direct kinematic model to find the position of the Gripper A is obtained by multiplying the suc-
cessive transformation matrices as shown in the equation (17) to get the coordinate equations in the 
transformation matrix given in the equation (18).

TA= A1.A2.A3.A4.A6.	 (17)

T

C C S S S C C S l l C l C l C

C S
A

a

=

+ − + + + +6 123 6 123 6 123 6 123 3 123 1 2 2 12

6 12

0 ( )

33 6 123 6 123 6 123 3 2

1 5 4

0

0 0 1

− − − + +
− − −

+S C S S C C l l l

d d d

( a 123 1 2 l2)S l S S

00 0 0 1
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


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




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The Equations (19) to (21) represent the Gripper A position with reference to the base frame

x l l C l C l C
A

a= + + +( )3 123 1 2 2 12 	 (19)

y l l l
A
= + + +( a 123 1 2 l2)S l S S3 2 	 (20)

z d d d
A
= − −1 5 4 	 (21)

The kinematic model in the homogeneous transformation matrix form for Gripper B is TB given in 
the Equations (22) and (23).

TB= A1.A2.A3.A5.A7	 (22)

T

C C S S S C C S l l C l C l C

C S
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b

=

+ − + − + +6 123 6 123 6 123 6 123 3 123 1 2 2 12

6 12

0 ( )

33 6 123 6 123 6 123 3 2

1 5 4

0

0 0 1

− − − +
− − −

+S C S S C C l l l

d d d

( b 123 1 2 l2- )S l S S

00 0 0 1

























	 (23)

Gripper B position is indicated by the Eqs.(17÷19)

x l l C l C l C
B

b= − + +( )3 123 1 2 2 12 	 (24)

y l l l
B
= + +( b 123 1 2 l2- )S l S S3 2 	 (25)

Z d d d
B
= − −1 5 4 	 (26)

where C23 denotes Cos (Ө2 + Ө3), S23 denotes Sin (Ө2 + Ө3)

Determination of Gripper C and D Position

The position of Gripper C and Gripper D are found out geometrically. By using the principle of a right 
angle triangle between the grippers and the links are shown in the Figure 3.

The Gripper C and gripper D position can be computed using the coordinate position equations of 
the midpoint ‘M’ of the gripper head given in the equations (27) to (29)
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x l C l C l C
M
= + +

3 123
1 2 2 12 	 (27)

y l l
M
= + +

3
2S l S S23 1 2 l2 	 (28)

z d d d
M M
= − −

1 4
	 (29)

From the geometrical representation in Figure 3, the Gripper C position coordinates xc and yc can be 
predicted by substituting the value θ3 = θ3 – β in the equations (30) and (31). Zc coordinate can be found 
out by using the equation (32).

x l C l C l C
C
= + +

3 123
1 2 2 12 	 (30)

y l l
C
= + +

3
2S l S S23 1 2 l2 	 (31)

z d d d
C M
= − −

1 4
	 (32)

Here dM = d5 = d6
Similarly substituting θ3 = θ3 + β in the equations (33) and (34). The position coordinates xd and yd 

of gripper D can be determined. The zd coordinate can be determined by using the Equation (35).

Figure 3. Geometrical representation of the SCARA with multiple grippers
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x l C l C l C
D
= + +

3 123
1 2 2 12 	 (33)

y l l
D
= + +

3
2S l S S23 1 2 l2 	 (34)

z d d d
D M
= − −

1 4
	 (35)

The values assigned for the D-H parameters l1 = l2 = l3 = 250mm, la = lb = 50mm, d1 = 320mm, d2= d3 
=0, d4 =5mm to 300mm, d5 = d6 = 80mm are substituted in the coordinate equations to obtain the posi-
tion coordinates of each gripper of the end effector .

INVERSE KINEMATICS

In the inverse kinematics the joint variables are determined for the desired position of the end effector of 
the robot. The algebraic methods of inverse kinematics are used to verify the joint angles (Asada, 2016).

After simplifying the terms of xA and yA coordinates given in the equation (19) and (20), θ1, θ2, and 
θ3 can be obtained for Gripper A position as shown in the equations (36) to (40). Similarly θ2 and θ3 are 
found out for gripper B, gripper C and gripper D positions.

x x l
J p p2 3
= − cosθ 	 (36)

y y l
J p p2 3
= − sinθ 	 (37)

θ π
2

1 1
2

2
2

2
2

2
2

1 2
2

= −
+ − −−cos
l l x y

l l
J J 	 (38)

θ
2

1 1 1
2

2
2

2
2

2
2

1 2
2

2
22

= −
− + +

+
− −tan cos
y

x

l l x y

l x y

p

p

J J

J J

	 (39)

θ θ θ θ
3 1 2
= − −

p
	 (40)

where the symbol θ1,θ2 and θ3 denotes the angular displacement of revolute joint 1, 2 and 3.
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DYNAMIC STUDY BY SIMMECHANICS SIMULATION

The dynamic behavior is in terms of the time rate of change of the robot configuration in relation to the 
joint torques exerted by the actuators is studied in this section instead of tedious equations, the simulation 
of the CAD models gives the results. The CAD model of the SCARA was exported from Solidworks 
environment to MATLAB/SimMechanics environment in the form of XML and STL file through Sim-
Mechanics second generation link .The XML file of the model was executed using the MATLAB com-
mand window.The CAD model of the robot was converted into a block diagram with the connecting 
blocks representing the revolute and prismatic joints. The inputs assigned to joint primitives to get the 
desired output through scope and Simout mentioned in the Figures 4 and 8.

Forward Dynamics and Motion Computation

In Forward Dynamic study using SimMechanics, the torque is specified by input and the motion is auto-
matically computed using SimMechanics block diagram shown in Figure 4. The automatically derived 
motion of the joint 1 and the joint 2 is simulated and viewed in MATLAB/Mechanics Explorer as shown 
in the Figure 5. The plots shown in Figure 6 and Figure 7 shows the simulation results of the forward 
dynamics in obtaining the motion of the joints automatically by the given input.

The simulated elbow up and elbow down path by the manipulator links for the assigned joint primi-
tives can be visualized in the MATLAB Explorer window as shown in Figure 5.

Figure 4. SimMechanics block diagram for forward dynamics of SCARA with Multiple Gripper
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Determination of Velocity by SimMechanics

The forward dynamics of SimMechanics pave the way to find the dynamic parameter, velocity. In the 
Figure 4, adding PS-Simulink converter blocks and configuring the joint primitives. It will provide the 
velocity of the joints output through the workspace blocks. The angular position of joint 1, joint 2 and 
joint 3 with change in time t = 10s is shown in the Figure 12 and Figure 13 of the SCARA model with 
multiple gripper. By enabling the joint velocity sensing primitive, the angular velocity in the joints are 
determined by the plots shown in the Figure 6, 7 and 8 respectively. The Figure 6, 7 and 8 indicates the 
graphical simulation results of angular velocity at the revolute joints if l1 = l2= l3 = 200mm and mass 
of the links l1 = l2 = l3 = 2.3Kg. For the revolute joint 1 joint 2 and joint 3, the angular displacement of 
900 was set in the joint actuation menu. The maximum angular velocity observed at the joint 1, joint 2 
and joint 3 are 14.37deg/s, 11.37deg/s and 12.14deg/s. The Figure 9 shows the linear velocity vs. time 
plot generated for prismatic joint 2. The linear velocity of the prismatic arm is observed as 9.91m/s.

Inverse Dynamics and Torque Computation

In inverse dynamics study the motion input is given in the joint primitive and thereby the torque is auto-
matically Computed. The automatically computed torque in the joint 1, joint 2 and the joint 3 is simulated 
using the block diagram generated from the CAD model of the SCARA in MATLAB/SimMechanics as 
shown in the Figure 10. The sine wave block and Simulink - PS converter block shown in the Figure 11 
provide the input motion to the revolute joint 1, joint 2 and joint 2.

The Figure 11, 12 and 13 shows the simulation results of the inverse dynamics. The simulation results 
in the Figure 11,12 and 13 indicates the automatically computed torque for the input motion for the joint 
1, joint 2 and joint 3 in the predetermined trajectory with respect to time t = 10s. The observed torque 
values areτ1= 619.1Nm, τ2=360.1Nm and τ3=1135.6 Nm respectively if l1 = l2 = l3= 200mm.

Figure 5. Simulated view of the proposed SCARA in MATLAB/SimMechanics Explorer
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Figure 6. Angular velocity at Joint 1

Figure 7. Angular velocity at Joint 2
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Figure 8. Angular velocity at joint 3

Figure 9. Linear velocity at prismatic joint
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Figure 10. SimMechanics model for inverse dynamics of the SCARA

Figure 11. Torque at joint 1
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Figure 12. Torque at joint 2

Figure 13. Torque at revolute joint 3
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For the prismatic joint the force is computed as F1 = 101.1N.

CONCLUSION

In this chapter the modeling of the SCARA robot with the Multiple gripper is carried out by SolidWorks 
CAD modeling software and simulated in the MATLAB/SimMechanics environment. Without having 
complicated mathematical calculations the joint torques are computed automatically for a predetermined 
trajectory of the manipulator for the given input motion using SimMechanics software with second gen-
eration technology. The modeling and simulation of robot using this methodology reveal that the design 
and structural changes can be done with great ease based on the dynamic study. Thus developing a robot 
with desired configuration will be economical and easier.

FUTURE RESEARCH DIRECTIONS

This work can be extended in future to predict the contact force acting on each gripper based on the job 
performed. Also the influence of the contact force on the joint dynamic parameters can also be investi-
gated. Various types of controllers can be implemented and position control can be studied. The number 
of links and joints of the manipulator can be increased and the dynamic characteristics can be studied. 
The work space study can also be performed for the improved redundant characteristics of a SCARA 
robot. The modelling and simulation methodology suggested in this research can be implemented for 
any kind of robot development.

Figure 14. Force at prismatic joint
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KEY TERMS AND DEFINITIONS

Denavit-Hartenberg Method: In this convention, coordinate frames are attached to the joints between 
two links. One transformation is associated with the joint and the another one is associated with the link.

Forward Kinematics: The forward kinematics is when the kinematical data are known for the joint 
coordinates. The variables of the end-effector in a given Cartesian space are to be computed.

Inverse Kinematics: The inverse kinematics is when the kinematics data are known for the end-
effecter in Cartesian space. The joint variables are to be computed.

Kinematic Model: It is a mathematical representation to define the orientation and translation of 
the manipulator is in the form of homogeneous transformation matrix.

Kinematics: Is the science of geometry in motion. It is restricted to a pure geometrical description 
of motion by means of position, orientation, and their time derivatives.

SCARA: SCARA means selective compliance assembly robot arm. The robotic arm is rigid in the 
Z-axis and flexible in the XY-axes.

SimMechanics: It is a set of add on block libraries and special simulation features for modeling 
physical systems in the Simulink environment.
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ABSTRACT

Applications of web data mining is the prediction of user behavior with respect to items. Recommender 
systems are being applied in knowledge discovery techniques to the problem of making decisions on 
personalized recommendation of information. Traditional CF approaches involve the amount of effort 
increases with number of users. Hence, new recommender systems need to be developed to process high 
quality recommendations for large-scale networks. In this chapter, a model for UAR matrix construc-
tion method for item rank calculations, a Page Rank-based item ranking approach are proposed. The 
analysis of various techniques for computing item-item similarities to identify relationship between the 
selected items and to produce a qualified recommendation for users to acquire the items as their wish. As 
a result, the new item rank-based approaches improve the quality of recommendation outcome. Results 
show that the proposed UAR method outperforms than the existing method. The same method is applied 
for the large real-time rating dataset like Movie Lens.
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1. INTRODUCTION

Most of the real world applications use the web. Web mining is one of the techniques of Data mining – a 
process of extracting knowledge or information from large volume of data. Web mining concept is broadly 
divided into three groups namely Web Content Mining, Web Usage Mining and Web Structure Mining.

Web Content Mining is the process of discovering interesting knowledge from the contents of the web 
documents. The content may have text, images, audio, video, or structured records.

Web Usage Mining is the process of extracting interesting usage pattern from the web data.
Web structure mining is the process of extracting structure information from the Web. This type of 

mining uses some of the concepts of graph theory.The structure of a typical web graph consists of web 
pages as nodes, and hyperlinks as edges connecting related pages. Based on the type of structure infor-
mation used, it can be further divided into hyperlinks and document structures. Here our focus is only 
on Web Structure Mining (Srivastava et al., 2005).

Web Structure analysis was first done by Larry Page and Sergey Brin who were the doctoral students 
of Stanford University, introduced the famous PageRank algorithm (Brin & Page, 2012) for performing 
link analysis of web pages for web search. It is the heart of Google search engine. Initially, the algorithm 
was designed to find out the significance of web pages over the web by allocating the rank score. Later, 
the applications of page rank expanded to some other areas which include rating as an important fac-
tor. The notable applications related to ratings are: movie ratings, product ratings for online shopping, 
article ratings, health recommendations, social networking and many more business applications. Those 
systems support user to attain a satisfactory thing or item which is fit for their requirements. More over 
recommender systems provide suggestions in some other applications like share market, medical sugges-
tions, hotel/restaurant bookings, music, web pages, search queries in the web and etc,. There are various 
recommendation systems available, namely MovieLens, Netflix, Jester, eBay and Amazon (Gao, Wu, 
& Jiang, 2010) The purpose of page rank is to rank any products or web pages which finally provide 
valid recommendations to the user.

Personalization is known to be an important factor in recommendation system. It is the facility to 
make content and services always available, which can be customized to each individual users according 
as their personal liking behaviors (Gao, Liu, & Wu, 2010; Gao & Wu, 2010; Gao, Wu, & Jiang, 2011). 
Personalized recommendation system is applied in several academic services including digital librar-
ies, e-learning, news filtering, e-commerce, and search engine domains and applications (Gao, Liu, & 
Wu, 2010). Recommendation system uses Collaborative Filtering (CF), an important concept, to collect 
and evaluate large amount of data based on the user selection (Zhao et al., 2016; Barbieri et al, 2011). 
An extension of CF model, a new recommendation engine (Lee, Kuo, & Lin, 2016)was developed to 
work with course recommendation. The proposal merged a two stage CF representation regularized by 
course dependency with a graph based recommender support. According to this paper the students are 
considered as users and the courses are considered as items.

Graph theory can be applied for web page ranking since the web can be related to a graph with nodes 
and edges. Here the nodes are considered as web pages and the link between web pages are considered 
as edges (Abedin & Sohrabi, 2009). There are several web link structure evaluation approaches were dis-
cussed like cognitive walk through for web, markov chains, survey methods, graph theory. Graph theory 
concept has been used in collaborative ranking to rank items founded on the consistent recommendation 
paths (Shams & Haratizadeh, 2017). An iterative network-oriented approach for collaborative ranking 
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has been proposed [19] to consider the data as a bipartite graph where one part has number of users and 
the other part has pair wise likings. Our research work is mainly focused on item ranking based on user 
preferences using graph theory concepts.

This paper is organized as follows: In section2 the related work is presented. In section3 we discuss 
about the web graph, Rating Matrix (RM), Correlation Symmetric Matrix (CSM), Normalization of CSM, 
and Page Rank algorithm. In section4, we present an overview of Item-Based Collaborative Filtering 
(CF) and Uniformly Average Rating Matrix (UAR Matrix) and an algorithm for UAR Matrix Construc-
tion are given. Section 5 describes an experimental analysis part using the MovieLens Dataset and the 
performance evaluation. Concluding remarks and future research directions are given in the last section.

2. RELATED WORK

While searching over the web, it is becoming hard to identify the interesting knowledge of user. Rec-
ommender System (Barbieri et al., 2011) is a type of filtering system that suggests people in selecting 
the preferred product or item. In recent years recommender systems are utilized in variety of popular 
fields such as movies, music, news, books, research articles, search queries, social tags, and products in 
general. There are some recommendation algorithms, well-known for their usage on e-commerce web 
sites, where the input of a single customer is used to produce a list of recommended items or products 
(Linden et al., 2003) For instance, we can consider “Amazon.com” where the customer provides as input 
a particular product, and then the system displays a list of related products to the customer.

The widely used approach for designing recommendation systems is Collaborative Filtering. Col-
laborative Filtering (Zhao et al., 2016; Barbieri et al, 2011) is the process of gathering and evaluating 
a huge amount of data on user behaviors, preferences and predicting what the users will prefer to use 
based on the similarity to other users. There are two types of CF techniques; one is user-based CF and 
the other one is item-based CF. User-based CF method calculates the user’s similarities based on user 
ratings and recommend the items whereas the Item-based CF method considers similarities between the 
items and recommends the most similar items. In Sarwar et al. (2001), various Item-based recommenda-
tion algorithms for measuring item-to-item similarities and techniques for obtaining recommendations 
are analyzed.

A contextual item –based CF method is proposed in Tan & Pan (2012), which computes the similar-
ity between the current context of an active user with other contexts. In a particular context, rating of 
previously given items by the active users is compared with user’s current context to decide whether it 
is similar or not. Then it predicts the item that the active user will like to choose in the current context.

Personalization is one of the important concepts used in recommendation systems. Personalized 
recommendation is a widely accepted approach and has achieved much interest in business and research 
fields (Gao, Liu, & Wu, 2010; Gao & Wu, 2010; Gao, Wu, & Jiang, 2011). Personalization is the process 
of collecting and evaluating user information for producing the accurate information at right time. The 
purpose of incorporating personalized contextual information with item-based collaborative filtering 
recommendation is to propose a context-based item difference analysis, a personalized context analysis, 
and a prediction of rating estimation method based on Slope One algorithm. The method chooses only 
one contextual parameter for a single user, and the user’s weight is not taken into consideration. This is 
the major limitation of this method (Jiang & Gao, 2009).
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In the item-based CF method with user ranking approach was proposed to find the relative weight 
of the users. The quality of recommendations is improved by incorporating the weight of a user, user-
rank into the calculation of item similarities and differentials. The calculations are done by using the 
Page-Rank based user ranking approach, user-rank based item similarities or differentials approach. One 
of the well-known ranking algorithms in web search is the PageRank algorithm. PageRank algorithm 
measures the significance of the web pages.

A random walk based scoring algorithm was proposed (Gori et al., 2007) to recommend high-ranking 
items to potentially attracted users by ranking the products based on the anticipation of user’s liking. The 
algorithm works better in terms of memory usage and computational cost when compared to other rank-
ing algorithms. Application of graph theory concepts with page rank algorithm was discussed in Abedin 
& Sohrabi, 2009). The study presented a new proposal by using page rank concept for the analysis and 
improvement of website link structure mining by means of web usage mining. The improvements were: 
discovery of target web pages by performing ranking and prioritizing the web pages and by applying 
graph theory definitions some direct links from other web pages were added to the target page. Also the 
study indicated that by applying graph theory concepts for evaluating the website usability is a better 
way than cognitive walk through, markov chains and survey-based methods. Two main drawbacks of 
the method were: the proposed ranking technique was unproductive with more than 40 pages and there 
was no upper and lower bound average connectivity level of edges.

Many research works dealt with the homogenous implicit feedback of buying preferences of various 
users in different transactions which did not include the implicit feedback like browsing activities of 
individuals (Pan et al., 2015). Hence the problem of such vagueness could be simply handled by means 
of heterogeneous implicit feedback method of adaptive Bayesian personalized ranking (ABPR). The 
proposed method avoided the uncertainty using pair wise preference analysis on implicit feedback. A 
hierarchical itemspace rank (HIR) method has been proposed (Nikolakopoulos, 2015) to reduce the 
problem of sparsity. The study proposed a disintegration method to divide the itemspace into item blocks 
by defining the indirect closeness among the elements. The proposed approach is scalable and efficacy 
because of not only the dimension is irrespective of the number of users but also the smart mathematical 
properties of the hierarchical closeness matrix which allow easy computational management.

A reliable graph-based collaborative ranking approach named ReGRank (Shams & Haratizadeh, 
2017a) has been presented to represent users’ priorities and evaluates it to produce a recommendation 
list directly. ReGRank ranked the items according as the reliable recommendation paths which are syn-
chronized with the semantics following different techniques in neighborhood collaborative ranking. The 
proposal used the neighborhood collaborative ranking method which enhanced the traditional collabora-
tive ranking method. A collaborative ranking technique using an iterative network-oriented approach has 
been proposed (Shams & Haratizadeh, 2017b) which used a bipartite graph where one part has number 
of users and the other part has pair wise likings. The proposed approach filtered the user similarities and 
likes by means of a random walk method on the graph arrangement.

3. PRELIMINARIES

A directed graph D V E= ( ),  consists of a finite nonempty set V whose elements are called vertices or 
nodes and a set E of ordered pairs of distinct elements of V are called edges or links.
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Web Graph: Web graph is a directed graph where V is a set of web pages and elements of E are 
hyperlinks.

Let U U U
m

= …{ }1
, ,  be a set of users and I I I

n
= …{ }1

, .,  be a set of items, and let r
ij

 denotes the 

rating value of item j by user i. The m n×  matrix R r
ij

= ( )  is called the Rating Matrix.

Suppose each pair of items i, j is rated by a single user u and r u i,( )  be the rating value of item i by 
user j.

Then the correlation similarity [4] of i and j is defined by,

Sim i j
R R R R

R R R R

u U u i i u j j

u U u i i u U u j j

,
, ,

, ,

( ) =
−( ) −( )

−( ) −( )
∈

∈ ∈

∑

∑ ∑
2 22

	 (1)

where,

R
ui

 and R
uj

 are the user’s rating on items i and j respectively.
R
i
 and R

j  
 are the rating values of particular items i and j respectively.

This gives an n n×  symmetric matrix and is called as the Correlation Symmetric Matrix (CSM). 
The CSM can be normalized by dividing each value of Sim i j,( )  by the sum of the elements of j th  
column. Hence in the normalized CSM, the sum of the elements in each column is 1.

3.1. Concept of PageRank Algorithm

PageRank is an important concept of link analysis, for evaluating the significance of web pages. The 
main objective of PageRank algorithm is to calculate the importance of web pages depending on the 
interconnection of links over the web. The more the number of incoming links to a page, the more the 
importance is.

Let G= (V, E) be a web graph (Gao, Wu, & Jiang, 2011). For any v V∈ , any hyperlink of the form 
u v,( )  is called an in-link at v and any hyperlink from v u,( )  is called an out-link at v. The in-degree 

id v( )  is the number of in-links at v and the out-degree od v( )  is the number of out-links at v.
Let us consider an example of 4 web pages which are interconnected by hyperlinks among them. The 

web pages are: P P P P
a b c d
, , , .

From the above example, the web pages are connected by using hyperlinks with each other. For any 
two web pages it is not necessary that a link must exist between them. The in-link and out-link may or 
may not exist for any specific web page with other web pages. It is understandable that there is no self 
loop exists for a particular web page in the web graph i.e. the hyperlink of any web page does not con-
nect to the same web page.

The rank (Liu, 2007) of a specific page, i is denoted by P(i) and is defined by the formula,
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P i
P j

od
j i E j

( ) = ( )
( )∈
∑
,

	 (2)

The above formula is the fraction of the summation of incoming links of all the connected pages with 
P i( )  to the out-degree of that particular page, P j( ) .

Let P P P P n
T

= ( ) ( ) … ( )( )





1 2, , . . Then for each page i, PageRank formula is also given by,

P i d d
P j

od jj i E

( ) = −( )+ ( )
( )( )∈

∑1
,

	 (3)

The parameter d is termed as the damping factor, the value of d is between 0 and 1. A Transition 
Probability Distribution (TPD) matrix, M M

ij
=  is defined by,

M

n
if od i

od
if i j E

otherwise

ij
i

=

( )=

( ) ∈




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
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1
0

1

0

,

, ,

,


	 (4)

The sum of all elements in a column of the TPD matrix must be 1.
Clearly,

i

n

Mij
=
∑ =
1

1�	 (5)

Figure 1. A web graph with interconnected links
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For any fixed j.
A TPD matrix of the sample web graph (Figure 1) is formed as follows:

M
ij
=













0 0 1 2 1 2

1 3 0 0 0

1 3 0 0 1 2

1 3 1 1 2 0

/ /

/

/ /

/ /


	

Matrix 1: TPD Matrix of the Web Graph

Note that in Matrix1, sum of all the elements of a single column is equal to 1.
An Initial Probability Distribution (IPD) matrix with n-dimensional column vector be,

P P P P n
T

0 0 0 0
1 2= ( ) ( ) … ( )( )






, , . 	

where 
i

n

P i
=
∑ ( )=
1
0

1 , be an initial probability distribution. IPD matrix can be formed as,

P
0

1 4

1 4

1 4

1 4

=













�

/

/

/

/

	

Matrix 2: IPD Matrix

Let,

P i M P j
i

n

ij( ) = ( )
=
∑
1

0
	 (6)

For the first transition, Equation (6) takes the form,

P M P
ij1 0

= × 	 (7)

Hence the probability distribution after n transitions is given by,

P M P
n ij n
= × −1

	 (8)

 EBSCOhost - printed on 2/14/2023 11:31 AM via . All use subject to https://www.ebsco.com/terms-of-use



106

PageRank Algorithm-Based Recommender System Using Uniformly Average Rating Matrix
﻿

The number P
i
 is called the page rank value of the page i.

Talking about the applications of PageRank algorithm, it is widely used in many of the business ap-
plications such as e-commerce (marketing areas, online shopping/tradings), social networking. While 
considering the marketing area, the concept of item – user transaction needs to be focused. There the 
user rates an item or product based on his/her previous history of experience. Based on the importance of 
item, it is rated by the user and could be ranked. Since the web is grown explosively, it is becoming hard 
to discover the desired item by simply searching over the web. In that situation, recommender system 
plays a vital role. Recommender System is a type of filtering system that suggests people to make choice 
of the preferred product or item. The most commonly used approach for designing recommendation 
systems is the Collaborative Filtering (CF). Collaborative Filtering is a filtering system of gathering 
and evaluating a huge amount of data from user likings, preferences and predicting what the users will 
prefer to use in future based on the similarity to other users. There are two types of CF techniques; one 
is user-based CF and the other one is item-based CF.

4. ITEM-BASED COLLABORATIVE FILTERING

The main concept of traditional (user-based) collaborative filtering approach is to predict ratings of a 
user based on the view of similar users. Though this approach has been very successful, there have been 
some potential problems such as sparsity and scalability (Sarwar et al., 2001) Hence item-based CF got 
importance in rating products to overcome the above problems.

4.1. Illustration of Item-Based CF

Consider the rating matrix R where U U U
m

= …{ , ,
1

 is the set of m users and I I I
n

= …{ }1
, .,  is the set 

of n items. For instance, if there are 7 users and 6 items, a rating matrix is given below. The rating val-
ues are taken in the 5-point scale and the entry ϕ represents that the item is not rated by the particular 
user (Jiang & Gao, 2009).

Matrix 3: The Rating Matrix (RM)

5 3 4 2

2 4 3 1

4 4 4

3 2 3 2 1 3

4 3 2

3 1 1 1 5

2 4 2 2 4












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4.2. Uniformly Average Rating Matrix: (UAR Matrix)

UAR matrix of a rating matrix is obtained by the following steps:

•	 If α is the largest number in a column, which is repeating n times where n > 1  then replace all the 
other entries by zero except α.

•	 	If the maximum number in a column is not repeated more than once, let x and y be the two largest 
numbers in that column, and let

α =
+x y
2

	 (9)

Replace x and y by α and replace all the other entries in the column by zero.

•	 	If x is the first largest number which is not repeated more than once but the second largest number 
y is repeating more than once in that column then we have,

α =
+ ( )
+( )

x n y

n 1
	 (10)

Here, we replace x and all the respective places of y by α.

Matrix 4: UAR Matrix of RM

The UAR Matrix of RM is given below.

3 67 0 3 25 3 2 33 0

0 0 3 25 0 2 33 0

0 4 0 3 0 4 33

3 67 0 3 25 3 0 0

0 4 3 25 0 2 3

. . .

. .

.

. .

. . 33 0

3 67 0 0 0 0 4 33

0 4 0 3 0 4 33

. .

.













	

Matrix 5: CSM From UAR Matrix

Next step is to find the correlation between the items of the UAR Matrix and CSM matrix of the above 
UAR matrix is given below.
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0 0 2 1 1 1

0 0 1 1 1 1

2 1 0 1 3 0

1 1 1 0 1 1

1 1 3 1 0 0

1 1 0 1 0 0













	

Matrix 6: Normalization of CSM

The normalized matrix of the CSM matrix is given below

0 0 2 7 1 5 1 6 1 3

0 0 1 7 1 5 1 6 1 3

2 5 1 4 0 1 5 3 6 0

1 5 1 4 1 7 0 1 6 1 3

/ / / /

/ / / /

/ / / /

/ / / / /

11 5 1 4 3 7 1 5 0 0

1 5 1 4 0 1 5 0 0

/ / / /

/ / /













	

5. EXPERIMENTAL ANALYSIS

5.1. The MovieLens Dataset

The commonly used popular dataset for the recommender systems is the MovieLens dataset that comes 
under MovieLens project (Sarwar et al., 2001). MovieLens is a freely available dataset by GroupLens 
Research Project at the University of Minnesota. GroupLens Research currently works on a movie recom-
mender system based on collaborative filtering (http://www.movielens.org). The dataset consists of 6040 
users and 3952 movies. The ratings are made on the scale of 1 – 5. Each user has at least 20 ratings from 
3952 movies. The dataset can be divided into two parts. i.e., training set and test set. 80% of the data was 
considered as training set and 20% of the data was considered as test set. The data set is represented as a 
user-item rating matrix, which has 6040 users in the row and 3952 movies in the column of the matrix.

5.2. Experimental Results

In this study, an algorithm is developed to remove the least significant items with lower ratings. For this, 
the top rating items can be kept as it is and the lower rating items must be ignored in the beginning itself. 
This process can be achieved by using the concept of UAR matrix construction method. As a result a 
symmetric matrix is obtained based on the column value of the initial matrix. Once the symmetric matrix 
is formed then the item ranking process can be carried out.
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The whole process of ranking is as follows: First we consider a web graph and the adjacency matrix 
of the same graph can be obtained. The Initial Probability matrix is formed first and also then Transition 
Probability Matrix is formed based on the existing link analysis algorithms. Next the rank of each item 
is calculated using Equations 4–8. Item ranking algorithm is executed for 10 iterations and the damping 
factor is set as 0.5 for both without UAR and with UAR matrix construction methods.

Replacement of Uniform Probability Distribution Value (1/n)

Uniform probability distribution value is applicable if any column has all the entry as 0. The same can 
be replaced by the uniform probability distribution values 1/n. And then the ranking calculations take 
place for further analysis.

Implementation of Large Real Time Dataset

The implementation of sample web graph has been explained with our proposed UAR matrix construc-
tion method of item ranking algorithm. Next we can do the same process for analyzing the large volume 
of real time data – MovieLens data. The values for number of iterations and the damping factor are set 
as 50 and 0.5 respectively. From the experimental results we come to know that the ranking values have 
significant changes than the existing ranking algorithm. UAR matrix construction method produces some 
significant changes in both sample and real time data. Because our process considers only the high rated 
items. Though the low rated items are ignored in the beginning of process, it is easy to find correlations 
depending upon the average values calculated by our UAR method.

5.3. Efficiency of Proposed UAR Matrix Calculation

The purpose of obtaining UAR matrix is to neglect the low rated items for further process. This step has 
the benefit that only the relevant- high rated products will be listed out for user selection. Then the cor-
relation matrix for the high rated item’s ratings is obtained. Finally Item ranking is calculated for those 
identified item’s ratings based on the PageRank algorithm. In the proposed UAR matrix construction 
method, the consideration of only high rated items plays a vital role in performing the item ranking. This 
is an efficient way of reducing the number of correlations.

Figure 2 explains about the ranking score of both existing and proposed methods of item ranking. 
In the figure IR represents Item Ranking. Here the increase in existing IR also shows the increase in 
proposed IR. Therefore the proposed ranking based on Uniformly Average Rating method proves to 
be efficient than the existing one. Similarly for the real time dataset, the experimental results show the 
significant improvement of the proposed method of ranking.

5.4. Evaluation Metrics

The most extensively used metrics for measuring recommendation deviations from their true values 
are the Mean Absolute Error (MAE) (Gao, Wu, & Jiang, 2011) and Root Mean Square Error (RMSE) 
(Zhao, Wang, & Lai, 2016).
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MAE can be calculated as follows: Let p p p
n1 2

, ,…{ }  be the set of all predictions and r r r
n1 2

, ,…{ }  
be the set of real ratings of predictions. MAE is the average of absolute error for each prediction-rating 
pair, i.e., p r

i i
,{ } . The cardinality of the prediction-rating pair can be denoted by p r

i i
− . Formula for 

measuring MAE is given by,

MAE
p r

n
i

n

i i=
−

=∑ 1
�

	 (11)

RMSE can be calculated by using the below formula.

RMSE
p r

n
i

n

i i=
−( )

=∑ 1

2
�

	 (12)

If the resulting MAE and RMSE values are lower, then the predictions will be more accurate and 
the recommendation will be better [6]. From the statistical analysis, results of MAE and RMSE in the 
proposed UAR method are lower than the existing IR method which proves that the proposed method 
produces comparatively better results than the existing one.

5.5. Performance Evaluation Using the Tests of Significance

A very important aspect of the sampling theory is the study of tests of significance which enable us to 
decide on the basis of sample results. To make the efficiency analysis of the proposed method more 

Figure 2. Experimental Results of Existing IR and Proposed UAR Based IR
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precise, significant tests can be conducted. We have used Paired T-test for evaluating the efficiency of 
UAR based IR method.

•	 Null Hypothesis H0: Proposed UAR method has no significant improvement than the existing IR 
method.

•	 Alternative Hypothesis H1: Proposed UAR method has a significant improvement than the exist-
ing IR method.

The calculated value of paired T-test method is greater than the tabulated value, for 5% level of sig-
nificance with 19 degree of freedom (since no of items taken for calculation here are 20).

Hence we accept H1 and reject H0. So the proposed UAR based IR method has significant improve-
ment than the existing IR method.

6. CONCLUSION

Recommender System suggests users to find items based on their interest. In this paper we have pre-
sented Uniformly Average Rating method to strengthen the recommendation system by neglecting the 
low rated items. Low ratings are identified and ignored, and the uniformly average rating value of each 
item given by the individual user is calculated by the UAR method. Then the item ranking is performed 
on the PageRank-based item ranking approach. The experimental results prove that the proposed method 
gives a considerable enhancement of the existing method. More over the results of paired T-test provides 
us there is a significant improvement than the existing IR method. In this paper the low-rated items were 
ignored for the calculations, so in the future work we will make use of the respective items for prepar-
ing recommender system such that even the low-rated items are also sold out. In this way we will be 
able to reduce the loss risk of the organization by making the user to buy the low-rated items using our 
recommender system.
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ABSTRACT

This chapter examines the influence of the various ferromagnetic materials on the performance of a 
single-phase tubular permanent-magnet linear generator (TPMLG) for wave energy conversion. Four 
ferromagnetic materials were considered in this study. They are non-oriented electrical steel, Permalloy 
(Ni-Fe-Mn), Accucore, and Somaloy 700. The generator equipped with a tubular stator carries a single 
coil and employs a quasi-Halbach magnetized moving-magnet translator. Therefore, in order to obtain an 
accurate performance analysis, the nonlinear time-stepping finite-element analysis (FEA) technique has 
been used. The electromagnetic characteristics, including the magnetic field distributions, flux-linkage, 
winding inductance, electromagnetic force, and electromotive force (EMF) have been investigated. It is 
shown that a generator whose stator is fabricated from soft magnetic composite (SMC) materials has 
potential advantages in terms of ease of manufacture, highest force capability, lower cost, and minimum 
eddy-current loss.
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INTRODUCTION

Nowadays, the consensus on the electric linear machines (ELMs) to replace their rotary counterparts 
has been gradually fostered. By using ELMs numerous advantages are possible, such as high efficient 
energy generation, the direct-drive system as well as simple structure (Lee, Kim, Jun, & Lee, 2011).

ELMs produce linear motions directly without mechanical transmission means. Thus, it can signifi-
cantly simplify the structure of the system and improve the working efficiency. These machines have been 
used in widespread applications, such as in wave energy generation, automotive applications, robotics, 
medical operation, and reciprocating compressors (Feng et al., 2015; Zheng, Huang, Gao, & Chang, 
2015; Abdalla, Ibrahim, & Mohd Nor, 2014). Among the ELMs, the tubular permanent-magnet linear 
machine (TPMLM) has superior merits, such as high efficiency, high power density, and remarkable 
force capability due to the lack of end-windings. Moreover, the net attractive force between the stator 
and translator is zero (Niu, Ho, & Fu, 2011).

The TPMLM can possibly be broken down into three categories, such as moving-coil, moving-iron, 
and moving-magnet. However, moving-coil TPMLM suffers from numerous demerits, such as limited 
access to moving-coil, difficulty in dissipating the heat from the coil and the fragility of the connections 
and flying leads, as well as the limited stroke. The moving-iron type is rarely used due to the heavy 
moving mass, relatively poor energy conversion, and low force density. Therefore, because of the copper 
coil directly wound around the yoke of the moving-magnet TPMLM accordingly the high force density 
can be obtained, thus, this kind of TPMLM it seems to be more suitable for the linear energy conversion 
(Ibrahim, 2009; Si, Feng, Su, & Zhang, 2014; Wang, Howe, & Lin, 2008).

The appropriate selection of the materials for the ELMs represents a significant role in the development 
and performance of the machine. The hard-magnetic materials of both high coercivity and high remanence 
at a wide range of temperature and affordable cost have an important role in the performance of ELMs. 
The rare-earth elements, such as neodymium-iron-boron (NdFeB) and samarium-cobalt (SmCo), can be 
considered as the best choice for the permanent-magnet (PM). As a comparison, the SmCo have better 
chemical properties, whereas, NdFeB is superior in terms of physical properties. The fact that, the PMs 
of the two groups have complementary characteristics to each other as well as their energy product is 
high, thus; they are possible to be used in the new technical designs of TPMLMs. Moreover, rare-earth 
PM materials have superior merits as compared with the conventional ferrite PMs; they can reduce the 
volume of the required PMs and have significantly higher flux densities (Gieras, 2008; Shahgholian & 
Shafaghi, 2010).

The soft magnetic composite (SMC) materials are gaining much attention when the high efficiency 
and manufacturing of the complex design of electrical machine are required. When comparing SMC 
materials with non-oriented electrical steel, the SMC materials have lower total magnetic losses at high 
frequency due to the iron particle insulation, which lowers the eddy current loss component. The use 
of the SMC materials offers near-net-shape, low-cost manufacture and good utilization of the available 
space to achieve a compact design. Besides, decreasing the hysteresis loss is considered as an important 
objective in the SMC development (Castro & Landgraf; Ibrahim, 2009).

Therefore, in order to have an efficient energy conversion system, the simplicity, affordability and 
force capability, are highly desirable features. Basically, the performance of the TPMLMs can be well 
improved by using a right selected materials (Chen, Fan, & Lu, 2008; Tavana, Shoulaie, & Dinavahi, 
2012). Besides, the usage of quasi-Halbach magnetization in the TPMLM offers numerous attractive 
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features, such as a sinusoidal field distribution, which results in a minimum EMF ripple (Lee, Choi, Lee, 
Lim, & Gweon, 2006; Meessen, Gysen, Paulides, & Lomonova, 2008).

This research aims to study the effect of the ferromagnetic materials on the performance of a single-
phase TPMLM that used for wave energy conversion. Four ferromagnetic materials have been considered 
in this study namely, non-oriented electrical steel, Permalloy (Ni-Fe-Mn) (Gieras, Piech, & Tomczuk, 
2011), Accucore (Gieras, 2008; Gieras et al., 2011; Gieras, Wang, & Kamper, 2008) and Somaloy 700 
(Gieras, 2008; Ibrahim, 2009). Therefore, Four analysis models for single-phase TPMLM were presented 
and compared. The conditions of the Four analysis models are the same, except for the ferromagnetic ma-
terials. Therefore, the electromagnetic quantities have been computed to investigate that the performance 
of the machine is depending on the characteristics of the core material. The non-linear time-stepping 
Finite-Element Analysis (FEA) has been successfully utilized in this study for the design and analysis.

BACKGROUND

The three most well-developed technologies for deriving electrical power from the ocean include tidal 
power, wave power and ocean thermal energy conversion. From these possibilities, the wave energy 
conversation seems to have the greatest general application (Szabo, Oprea, Viorel, & Biró, 2007).

Figure 1 depicts the simplest configuration of the wave energy conversation system that consists of 
the linear generator, the mechanical accessory, and the floating buoy lifted-dropped by the waves con-
nected directly to the linear generator fixed on a concrete foundation, which stands on the bottom of the 
sea (Li, Chau, & Jiang, 2011)

MAIN FOCUS OF THE CHAPTER

The study is based on the TPMLM that its initial design and operational specifications are listed in Table 
1, and its schematic representation for 2-D and 3-D is shown in Figure 2. The generator consists of a 
slotted stator and a 2-pole PMs translator with a trapezoidal PMs configuration.

Figure 1. Configuration of the floating buoy system with the linear generator
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The fundamental principles of electromagnetic machines are Lorentz law, Faraday law, and the Biot-
savart law. The force produced in the proposed TPMLM is based on Lorentz’s law as expressed in (1)

F B l i= × × 	

where B  is the air gap magnetic flux density, l  is the length of the conductor and i  is the current in 
the winding. Based on Faraday’s law, the induced voltage when the flux passes through of an N-turn 
coil is expressed as in (2) and (3) (Polinder, Mueller, Scuotto, & Goden de Sousa Prado, 2007)

e
d N

dt
c= −

φ
	

e B l v
t

= × × 	

Table 1. Design parameters and operational specifications of a tpmlm

No Parameter Value

1 Stator undercut angle 30o

2 Tooth tip height 1.0 mm

3 Thickness of the yoke 3.30 mm

4 Air gap length 0.8 mm

5 Pole-pitch 25 mm

6 Inner radius of the supporting tube 11.1 mm

7 Length of permanent-magnet 50.0 mm

8 Ferromagnetic height 3.9 mm

9 Outer diameter of the stator core 100.0 mm

10 Opening of the slot 10.0 mm

11 Outer radius of the magnet 26.0 mm

12 Magnet height 5.0 mm

Figure 2. The structure of the proposed TPMLM (a) 2-D (b) 3-D
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where e  is the induced voltage in the winding and φ  is the flux passing through the coil, N
c
 is the 

number of coil turns, t is the time and v
t
 is the speed of the translator. Generally, the flux density can 

be computed as

B
r
ir=

×
× ×

×
µ µ
π

0

2
	

where µ0 the permeability of the free space and its value is, µ π
0

74 10= × −( )  H/m and µr is the relative 
permeability, and for any material is given by the ratio of the permeability to the free space permeabil-
ity, and expressed as the following:

µ
µ
µr

=
0

	

The magnitude of the magnetic field intensity, H  in the core due to the applied current is, H i l= / , 
and then the equation (4) can be re-written as:

B H
r

= × ×µ µ
0

	

It can be noted that the strength of the magnetic field flux produced in the electromagnetic machines 
also depends on the properties of the materials (Feng et al., 2015).

The mechanical equation governing the motion of the proposed TPMLM can be expressed as in (7), 
while the resonant frequency, fr is expressed as in (8).

M K i k Dz t z t z
d T a d d
�� �( ) ( )= − − 	

f
k
Mr

=
1
2π

	

where M, KT, k  and D, are the mass of the translator, the thrust force coefficient, the effective spring 
stiffness and the damping coefficient, respectively. z t

d
( ) , �z t

d
( )  and ��z t

d
( ) , are the displacement, the 

velocity of the translator and the acceleration, respectively (Al-Otaibi & Jack, 2008; Ibrahim, 2009; Jang, 
Choi, Cho, & Lee, 2005).

Normally, the stator cores of the electrical machines are fabricated from electrical steel sheets. The 
ferromagnetic sheets their thicknesses are from 0.5 to 0.6 mm, at frequency 50 Hz, the skin effect practi-
cally does not exist. The laminated cores of small ELMs are more difficult to fabricate, whereas SMC 
materials simplify the manufacturing process for the complicated shapes (Gieras et al., 2011; Gieras et 
al., 2008).
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Figure 3 compares the B-H properties of non-oriented electrical steel sheets, Permalloy, Accucore 
and Somaloy 700 (Gieras, 2008; Gieras et al., 2011; Ibrahim, 2009). Actually, non-oriented electrical 
steel sheets are used for the construction of large, medium and low-power electrical machines as well 
as small transformers and magnetic amplifiers. The silicon content increases the resistivity (Gieras et 
al., 2011). Permalloy (Ni-Fe-Mn), is used for the construction of small electrical machines and micro-
machines working in humid or chemical active atmospheres, also it is a good ferromagnetic material for 
small transformers used in electronic devices and electromagnetic converters. The Permalloy has the 
best corrosion-resistant, but its saturation for magnetic flux density is lower than that of non-oriented 
electrical steel sheets (Gieras et al., 2011).

Accucore is a new SMC material that is competitive with traditional steel laminations. Accucore is 
used in the production of small electrical machines and electrical machines with complicated shapes. 
The components of SMC are iron powder, dielectric (epoxy resin) and filler (glass or carbon fibers) for 
mechanical strengthening, the specific density is 7550 to 7700 kg/m3 (Gieras, 2008; Gieras et al., 2011; 
Gieras et al., 2008). Somaloy 700 is an SMC material produced by Hoganas, Sweden, that is a surface-
coated metal powder with an excellent compressibility. Somaloy 700 can be used for developing 3-D 
electrical machines, transformers, and sensors (Ibrahim, 2009).

Therefore, in order to assess the performances of the proposed TPMLM, an axisymmetrical calcula-
tion model has been created by using the Maxwell 2-D FEA software, and the nonlinear characteristics 
of the materials were included. The machine was analyzed by using aforementioned different ferromag-
netic materials. The NdFeB PM has been used and modeled with a remanent flux density of 1.14 T, a 
coercive force of -860 kA/m and a relative permeability, µr of 1.05 as well as the magnetization vector 
direction has been adopted.

Therefore, the output results can be given in various forms, including a plot of vector magnetic 
potential, flux density map, and flux path plot. Figure 4 compares the magnetic flux density distribu-
tions in the TPMLM with PMs excitation only and zero current in the winding. The results plotted at 

Figure 3. B-H curves of the four ferromagnetic materials
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zero displacements between the stator and translator, this serves to illustrate that how the magnetic flux 
density flows in the proposed machine.

2-D FEA-calculated flux lines distributions in the TPMLM are presented in Figure 5. The results 
presented at the no-load and initial position of the translator (zd = 0.0 mm). It can be observed that at 
zero displacement the magnetic flux distributions is uniformed and symmetrical with respect to the axial 
center. Hence, the flux-linkage of the winding is zero.

Figure 6 and Figure 7, respectively, show the FEA calculated open-circuit radial and the axial com-
ponent flux density in the air gap of the proposed machine. The axial air gap flux density waveforms 
due only to the magnets of the TPMLM is shown in Figure 7. As can be been observed from Figure 7, 
the peak value of the flux density is due to the flux focus effect in the machine. Therefore, there are two 
kinds of peak values in the axial air gap flux density waveforms of the machine, where one is called the 
local peak value and the other is called the absolute peak value, that is due to the intersections between 
the translator and the stator teeth. Thus, the local peak value corresponds to the true peak value of the 
PM flux in the machine and it is more important. As it was proven from the plot representation, the 
non-oriented electrical steel and Permalloy are exhibiting a higher magnetic flux density distribution in 
the air gap of the proposed machine, consequently higher loss and resulted in low efficiency.

Figure 8 shows the moving speed versus time of the translator. Whilst the magnetic flux-linkage 
that is resulting in the winding is shown in Figure 9. From the result, it can be observed that maximum 
flux-linkage has been obtained for Somaloy 700.

Figure 10 compares the EMF waveforms of the four models at a constant armature velocity of 1 m/s. 
The PMs in the translator generates a magnetic field excitation. Whereas, the second magnetic field is 
generated from the excitation can be sinusoidal or non-sinusoidal including voltage and current applied 
to the winding or an external circuit attached to the winding of the machine.

Figure 4. Magnetic flux density distribution on a TPMLM at zero current in the winding (a) Non-oriented 
electrical steel (b) Permalloy (c) Accucore (d) Somaloy 700.
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Figure 5. Magnetic flux lines illustrated by the FEA for TPMLM at open-circuit (a) Non-oriented elec-
trical steel (b) Permalloy (c) Accucore (d) Somaloy 700.

Figure 6. Effect of the ferromagnetic materials on the air gap radial flux density distribution
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The force in the machine produces as a result of the interaction of the fields from the PMs and fields 
from the winding, or from the interaction of the PMs and the stator ferromagnetic material. The first 
force is called the electromagnetic or magnetic force, and the second one is called a cogging force (Jiabin 
Wang, Ibrahim, & Howe, 2010). The magnetic force value, and thereby the sense of the no-load move-
ment, depending on the relative position of the stator and mover magnets as well as the current sense 
in the stator coils. The calculated field distribution is used to estimate the electromagnetic force, which 
acts on the translator (Tomczuk, Schroder, & Waindok, 2007).

Figure 7. Effect of the ferromagnetic materials on the air gap axial flux density distribution

Figure 8. Translator moving speed versus time
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Figure 11 depicts the thrust force versus time characteristics of the four models which are dealt ac-
cording to the stator core material at rated armature current. The stator winding inductance represents 
one of the most important key parameters for the motor modeling and performance. Figure 12 compares 
the FE calculated winding inductances of the four models.

Figure 9. Effect of the ferromagnetic materials on the winding flux-linkages

Figure 10. Comparison of EMFs using four different ferromagnetic materials
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CONCLUSION

The influence of four ferromagnetic materials, such as non-oriented electrical steel sheets, Permal-
loy (Ni-Fe-Mn), Accucore and Somaloy 700, on the design and performance of single-phase tubular 
permanent-magnet linear generator (TPMLG) has been analyzed, and their relative merits have been 
evaluated. It has been shown that the designs which employ non-oriented electrical steel and Permalloy 
have the highest magnetic flux density at the air gap, despite its stator having poorer space utilization. 
The TPMLG with SMC materials offers potential features of lower cost manufacture, easy to be formed 
to any complicated shape and has a high force density and low eddy-current loss. The time-stepping

Figure 11. The magnetic forces of TPMLM using four different stator core materials

Figure 12. Comparison of winding inductances
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Finite-Element Analysis (FEA) has been successfully employed in this study. As the machine with 
SMC materials has low loss, the high efficiency is expected, which conducive to an energy-efficient 
generator. Computer simulations for the magnetic field distributions, thrust force, winding inductance 
and EMF of the four models have been established. The SMC materials have lower saturation induc-
tion than the electrical steel sheet. Besides, decreasing the hysteresis loss is considered as an important 
objective in the SMC materials development.
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ABSTRACT

Electrochemical machining (ECM) is a non-conventional machining process that is used for machining 
of hard-to-machine materials. The ECM process is widely used for the machining of metal matrix com-
posites. However, it is very essential to select optimum values of input process parameters to maximize 
the machining performance. However, the optimization of the output process parameters and hence the 
machining performance is a difficult task. In this chapter an attempt has been made to carry out single 
and multiple optimization of the material removal rate (MRR) and the surface roughness (SR) for the 
ECM process of EN19 using the particle swarm optimization (PSO) technique. The input parameter 
considered for the optimization are electrolyte concentration (%), voltage (V), feed rate (mm/min), and 
inter-electrode gap (mm). The optimum value of MRR and SR as found using the PSO algorithm are 
0.1847 cm3/min and 25.0612, respectively.
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INTRODUCTION

The traditional processes such as grinding, milling, turning, drilling etc., remove material by mechani-
cal abrasion, micro chipping or chip formation. However due to the following reasons the traditional 
processes are not economical and even possible (Kalpakjain, 1984):

•	 Hardness is very high i.e., above 400 HB.
•	 Material is too brittle
•	 The machining forces are too high for the delicate and slender workpiece specimen.
•	 The complexity of the part to be machined.
•	 The residual stresses in the machined component which is not at all acceptable.

The above disadvantages have led to the development of other material removal mechanisms such as 
chemical, thermal, electrochemical and other hybrid mechanisms. These material removal mechanisms 
have therefore resulted in machining processes referred to as non-traditional machining processes. Ow-
ing to the advantages offered by the non-traditional machining processes, these are available for a wide 
range of industrial applications. The source of energy used differ from process to process and therefore 
can be categorised accordingly: thermal and electrothermal processes such as laser beam machining, 
ion beam machining, electric discharge machining etc., chemical and electrochemical processes such as 
electrochemical machining, electrochemical honing etc., mechanical processes for instance ultrasonic 
machining water jet machining etc. and hybrid processes as for instance abrasive electrical discharge 
machining etc.

Amongst the different processes, electrochemical machining (ECM) process is one of the most 
promising methods and is the prime focus in the present study. The electrolysis process is the working 
principle of the ECM process (Rajurkar et al., 1999)the laws of which were formulated by Faraday in 
1983. In the ECM process tool and the workpiece are respectively the cathode and the anode. A high 
current density ranging 10-200 A/cm2 results on application of a constant potential difference across 
the two electrodes. A suitable electrolytic solution is used such that the shape of the cathodic tool re-
mains unchanged. The electrolytic solution is pumped at rates ranging 3-60 m/s and serves to remove 
the unwanted machining waste and minimize the effects arising due to electrical heating and generation 
of gas at the electrodes. The gap width along the electrode length reaches a steady value as the cathodic 
tool approaches the workpiece. Under these conditions the shape of the cathodic tool is produced as a 
mirror image on the anodic workpiece.

The ECM process possess a number of advantages such as the capability to handle a large number 
of materials which are not limited by their mechanical properties but by their electrochemical proper-
ties. The difficult to machine materials and high strength alloys are machined by the ECM process with 
higher material removal rates. Further, the ECM process can easily machine and shape the fragile parts.
The advantages such as the machining of the 3D curved surfaces free from striation marks, burrs and 
stress, no tool wear makes the ECM process a widely accepted machining processes for a number of 
applications. A wide range of sophisticated parts such as rifle bores, turbine blades, micro components 
etc., are being manufactured using the ECM process.

However the ECM process suffers from a number of limitations such as higher power consumption, 
high cost on initial investment and large floor space. The problem is further aggravated with the issues 
of toxicity and the corrosion from the etchants. Further the changes taking place at the inter electrode 
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gap are difficult to predict because of the complexity of the process involved. The properties of the 
electrolytic solution varies considerably because of the continual heat and gas bubbles. The analysis 
becomes further complicated as a result of the variation of hydrodynamic parameters such as pressure 
during the machining process. Therefore a careful selection of the different parameters and careful plan-
ning is recommended before commencing the machining process. The selection of suitable machining 
parameters is critical to achieve optimum machining results. Further, the production cost as well as 
the greenhouse gases increases with the increasing power consumption. Therefore, the optimization of 
machining parameters can lead to efficient machining operation and hence saving of energy resulting 
in green manufacturing.

In order to take note of the above limitations, number of reports has been published on optimization 
of the ECM process. A two dimensional inter electrode gap model was proposed by Bhattacharyya et 
al. (1973) with the objective of maximizing the material removal rate. The design variables considered 
were velocity of the electrolytic flow and the tool feed rate. Choking, passivity and temperature were 
considered as the constraints while optimizing the material removal rate. The authors had considered 
only single objective optimization problem and the optimization problem was solved using the less ac-
curate graphical technique. Simplified assumptions such as conductivity of the electrolyte as a function 
of void fraction and constant electrolytic pressure were considered.

A cost model considering the different costs involved was proposed for the ECM process by El-
Dardery (1982). The optimum values of the different variables considered in the cost equation i.e., feed 
rate, voltage and electrolytic flow rate, were obtained by partially differentiating the cost equation with 
respect to the variables considered. However, the values of the variables were not of practical importance 
since no constraints were considered in solving the problem.

A multi-objective optimization technique was investigated for the ECM process by Acharya et al. 
(1986). The material removal rate and the tool life were maximized while the dimensional inaccuracies 
were minimized.The decision variables considered were velocity of the electrolytic flow rate, applied 
voltage and tool feed rate. The choking constraints, passivity constraints and the temperature constraints 
were considered as the constraints for the multi-objective optimization problem. Goal programming was 
used for solving the problem. However, the bounds for the feed rate and differences in the inter electrode 
gap wasn’t considered for the model.

Choobineh and Jain (1993) overcame the limitations of the model proposed by Acharya et al. (1986). 
The authors of the work considered maximization of dimensional accuracy and material removal rate 
and adopted the vertex method to solve the multi-objective problem.

The optimization model proposed by Acharya et al. (1986) was modified by Jain and Jain (2007) 
by expanding the bound ranges for tool feed rate and velocity of electrolytic flow. The objective was to 
minimize the dimensional inaccuracy. The constraints and the objective function wasn’t linearized. Ge-
netic algorithm was used to address the optimization model.However, the authors of the work neglected 
the passivity constraint. Further, the single objective function was only considered by the authors. There 
are number of disadvantages associated with the genetic algorithm such as low speed of convergence, 
difficulty in selection of parameters such as crossover rate, rate of mutation and the population size.

The grey relational analysis (GRA) was used by Asokan et al (2008)to simultaneously optimize 
material removal rate and surface response. Optimization of material removal rate, cylindricity error, 
overcut and surface response was considered by Chakradhar and Gopal (2011). The authors of the work 
adopted the GRA method to solve the optimization problem with feed rate, concentration of electrolyte 
and applied voltage as input parameters.
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Grey-Taguchi approach was adopted by Das et al. (2014) for optimization of material removal rate 
and surface roughness of EN31machined using the ECM process. The process parameters considered 
for the optimization were voltage, electrolytic concentration, voltage and interelectrode gap. The opti-
mization of material removal rate for various process parameters for the ECM machining of EN41 and 
EN19 was carried out by Vikas et al. (2014) using the Taguchi method.

RESEARCH GAP

It can be observed from the above literature survey that traditional methods such as graphical solution 
technique, GRA, linear programming technique etc. have mostly been used for the parametric optimiza-
tion of the ECM process. However the traditional methods are restricted over a broad range of spectrum 
of problem domains. The complexity of the optimization problem further limits the application of the 
traditional optimization methods. The use of non-traditional methods such as GRA provides a near op-
timal solution. Therefore to overcome the drawbacks of the traditional optimization techniques and non-
traditional methods such as GRA, evolutionary optimization techniques are being used by the scientific 
community. The evolutionary optimization algorithm is based on biological genetics. These optimization 
techniques are more robust in comparison to the traditional techniques because instead of making use of 
functional derivatives, fitness information is used by the evolutionary optimization techniques. Therefore 
efforts are being made to use such optimization techniques to achieve a more accurate solution.

Therefore in this chapter, particle swarm optimization (PSO) was adopted for the optimization of 
surface roughness and material removal rate for the electro-Chemical Machining of EN19. Electrolyte 
concentration (%), Voltage (V), Feed rate (mm/min) and Inter-electrode gap (mm) were considered as 
the process parameters. Further, the multi-objective optimization was also performed for an objective 
function comprising of both the surface roughness and the material removal rate. The optimal process 
parameters would be identified for best output conditions.

EXPERIMENTATION FOR ECM PROCESS

Machine Set Up for ECM Experimentation

METATECH electrochemical set up was used for conducting the various experiments. The experimental 
set up is shown in the Figure 1. There are three important machining components for ECM machining set 
up: the control panel, machining chamber and the circulation system for the electrolytic flow. The anodic 
workpiece is fixed on a fixture inside the machining chamber whereas the cathodic tool is attached to 
the servo controlled main screw. A current sensing circuit is provided to take care of the shorty circuit. 
The current sensing circuit sends a signal to the stepper motor in case the machining current exceeds the 
acceptable limit. The controller circuit of the stepper motor immediately reverses the downward motion 
of the tool and thereby shutting the ECM machine. The electrolytic tank contains the electrolyte (KCl) 
which is pumped to the machining chamber.
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Material for ECM Experimentation

The anodic workpiece used for carrying out the ECM experimentation was EN 19 steel block with 
cylindrical cross-section. The EN19 steel has good ductility and shock absorbing capacity. Further the 
wear resistance of the tool is high and is known for its high strength property. The tool had the diameter 
of 25 mm and height of 15 mm. Figure 2 shows the EN19 steel tool used for carrying out the ECM 
experimentation. The EN19 steel tool lands itself for a wide range of applications such as drive shaft, 
axels, crankshaft, stud, high tensile bolt, rifle barrels and propeller shaft joints.

A copper tool with diameter of 17 mm was used for the ECM experimentation. The tool used is shown 
in the Figure 2. The electrolytic solution of KCL was fed to the machining zone through the centrally 
drilled hole in the tool. KCl was used because it has no passivation effect on the workpiece surface.

Figure 1. ECM process setup
(Tiwari et al., 2016)

Figure 2. EN19 tool for ECM experimentation
(Tiwari et al., 2016)
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Inputs Parameters

The four input parameters considered for the ECM experimentation were: Voltage (V), Electrolytic 
concentration (%), interelectrode gap (mm) and feed rate (mm/min).The above parameters were selected 
on the basis of extensive literature surveys that have reported these parameters to be most influential for 
the material removal rate (MRR) and the surface roughness (SR). The input parameters with their levels 
have been tabulated in the table 1.

Output Parameters

The two output parameters considered were: MRR and SR.

Material Removal Rate (MRR)

Equation 1 can be used for the determination of the MRR (cubic centimetre/min) in the ECM process:

MRR C I H= × × 	 (1)

where, C is the specific removal rate (cm3/amp-min); I is the current (amp) and h is the current efficiency.
Therefore, MRR depends upon the amount of current passed and the elapsed machining time. Besides 

these critical factors the MRR is also dependent on the type of electrolytic solution used, electrolytic 
flow rate etc.

Surface Roughness (SRR)

The deviation of a surface from its ideal level is defined in terms of surface roughness. The surface 
roughness is defined according to ISO 4287:1997 international standard. The term surface roughness is 
often referred to as roughness and determines the surface texture. The surface roughness is calculated 
by the deviations I i.e., deviation of surface from a theoretical centre line. If the deviations are large, the 
surface roughness is high. Whereas the surface is considered to be smooth for small deviations. This is 
known as arithmetic mean surface roughness and is depicted in Figure 3.

Table 1. Input parameters with their levels

Process Parameters (Unit) Symbol Level 1 Level 2 Level 3

Electrolytic Concentration (%) A 10 15 20

Voltage (V) B 8 10 12

Feed Rate (mm/min) C 0.1 0.21 0.32

Inter-electrode gap (mm) D 0.2 0.25 0.3
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Design of Experiments

One of the systematic processes to relate the input process parameters with that of the output process 
parameters is the design of experiments (DOE). The DOE aids in optimizing the output by processing the 
input process parameters. There are certain input factors that can be altered with respect to the time and 
are termed as the controllable factors, whereas there are uncontrollable factors that cannot be modified 
throughout an experiment. The DOE speeds up the designing process and minimizes the manufacturing 
cost. The DOE can be divided into five main phases: Conceptual, Discovery, Breakthrough, Optimiza-
tion and Validation.

Terms commonly used in DOE are:

•	 Response: A dependent variable which is the outcome in an experiment. There may be one or 
more than one response variables under investigation.

•	 Factors: Variable contributing and affecting the response variable.
•	 Levels: The conditions of the factors under study.
•	 Orthogonality: It is a desirable property that can be thought of as factors independence. In an 

orthogonal experiment the factors are independently varied. The summary of the results obtained 
by variation of the factors can be depicted graphically. However, orthogonality is no longer a re-
quirement because of the availability of powerful software and computers.

•	 Blocks/Blocking: there may be a situation in experimentation where there may be large number 
of runs that cannot be completed in homogeneous conditions. In such situations the inclusion of 
nuisance factors into investigation is inevitable. The nuisance factors are of not primary interest. 
Blocking can be used to account for the nuisance factor by separating the experimental runs into 
separate blocks carrying out experimental runs in homogeneous conditions.

•	 Randomization: it is the process of recording the observations in a random order i.e., assign-
ment of the different level of the input process parameters to the experimental output in random 
order. The process of randomization involves the start and stop technique for each observation 
performed.

•	 Replica/Repetition: the results obtained with the repetition of the experimental runs incepting 
from the initial step. However, the signal-to-noise ratio increases arising from the nuisance vari-
ables inevitable to be avoided. Replication is therefore the method for increasing the level of preci-
sion of the experiment.

Figure 3. Arithmetic mean surface roughness
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•	 Treatments: the condition that is associated with a specific level in a specific experimental run.
•	 Factorial Experimentation: the effect on the output process parameters of the individual factor 

or combination of factors is estimated using the method of factorial experimentation. The data is 
collected at the vertices of a cube in k-dimensions and if the data is collected from each of the 
vertices of a cube then it is known as full factorial.

Some of the techniques for design of experiments are: Taguchi method, Sieve DOE, Split-Plot DOE, 
and group method of data handling (GMDH). In the present work Taguchi method has been used for 
the formulation of DOE. According to Taguchi, the total degrees of freedom of the selected orthogonal 
array (OA) must be greater than the DOF for the standard OA. In the present the number of factors are 
four i.e., Voltage (V), Electrolytic concentration (%), interelectrode gap (mm) and feed rate (mm/min). 
The total number of interactions and the DOF of four factors is 20 (4x 2 + 3 x 4). Since the standard OA 
for four factors with three levels are L9 and L27 having DOF of 8 and 26 respectively, L27 orthogonal 
array was selected for the problem under consideration. The DOE with L27 orthogonal array has been 
tabulated in the Table 2. The results obtained for MRR and SR with the design of experiments have 
been tabulated in the Table 3.

Regression Model

The relationship between the input parameters and the output parameters can be obtained using the 
statistical tool of regression analysis. Minitab 16 was used for obtaining the relationship between MRR 
and input variables and also for obtaining the relationship between SR and the input variables. Equations 
1 and 2 are the relations for MRR and SR respectively.

Table 2. DOE using L27 Orthogonal array

Exp. No. A B C D Exp. No. A B C D

1. 1 1 1 1 15. 2 2 3 2

2. 1 1 2 2 16. 2 3 1 1

3. 1 1 3 3 17. 2 3 2 2

4. 1 2 1 2 18. 2 3 3 3

5. 1 2 2 3 19. 3 1 1 3

6. 1 2 3 1 20. 3 1 2 1

7. 1 3 1 3 21. 3 1 3 2

8. 1 3 2 1 22. 3 2 1 1

9. 1 3 3 2 23. 3 2 2 2

10. 2 1 1 2 24. 3 2 3 3

11. 2 1 2 3 25. 3 3 1 2

12. 2 1 3 1 26. 3 3 2 3

13. 2 2 1 3 27. 3 3 3 1

14 2 2 2 1
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𝑀𝑅𝑅 = 0.000253A +  0.011500B +  0.008014C − 0.250000D +  0.058007	 (1)

𝑆𝑅 =  0.0254A + 1.3904B + 0.3726C + 0.5101D + 2.0411	 (2)

OPTIMIZATION OF MATERIAL REMOVAL RATE USING PSO

Particle Swarm Optimization Technique

Kennedy and Eberhart (1995) developed the particle swarm optimization (PSO) technique which is one 
of the evolutionary optimization techniques. The common evolutionary computational attributes exhib-
ited by the PSO technique simulates graphically the choreography of the bird flock. The PSO technique 
incepts with the initialization with population of random solution and then updating the generations to 
achieve the optimal solution. The potential solutions which are referred to as particles are then flown 
through the space of the problem which follows the current optimum solution. The particles in the prob-
lem space keeps track of its position. The coordinate of each particle is associated with the best solution 
achieved so far. The best position achieved by the particle is referred to as ‘pBest’. The best position 
achieved by any particle in the problem space is known as the ‘gBest’. Thus the PSO technique is based 
on accelerating the particles towards their ‘pBest’ and ‘gBest’ locations. The random terms weights the 
acceleration and therefore separate set of random numbers are generated for acceleration towards ‘gBest’ 
and ‘pBest’. The updated velocity i.e., the new velocity of the particle is obtained using the Equation 3. 
Equation 4 on the other hand gives the updated position of the particle in the problem space.

Table 3. DOE results

Exp No. MRR SR Exp No. MRR SR

1. 0.1033 13.5576 15. 0.1169 16.5729

2. 0.0917 13.6241 16. 0.1506 19.2462

3. 0.0801 13.6906 17. 0.1390 19.3127

4. 0.1138 16.3639 18. 0.1274 19.3792

5. 0.1022 16.4304 19. 0.0809 13.8626

6. 0.1281 16.4204 20. 0.1067 13.8526

7. 0.1243 19.1702 21. 0.0951 13.9191

8. 0.1502 19.1602 22. 0.1289 16.9524

9. 0.1386 19.2267 23. 0.1172 16.6589

10. 0.0921 13.7101 24. 0.1056 16.7254

11. 0.0805 13.7766 25. 0.1394 19.3987

12. 0.1064 13.7666 26. 0.1277 19.4652

13. 0.1026 16.5164 27. 0.1536 19.4552

14 0.1285 16.5064
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V wV c r pBest X c r gBest X
i i i i i i+ = + − + −
1 1 1 2 2

( ) ( ) 	 (3)

X X V
i i i+ += +
1 1

	 (4)

The random numbers r1 and r2 are generated randomly and lies in the range [0, 1]. c1and c2 are the 
acceleration constants that weights the acceleration terms. The confidence of the particle in itself is 
represented by c1 whereas c2 represents the confidence a particle has in a swarm. c1 and c2 are referred 
to as cognitive and social parameters respectively. The values of these two parameters determines the 
change in amount of tension in the system. The low values of the parameters results in the particles 
roaming far away from the target regions whereas a higher value results in an abrupt movement towards 
the target solution (Dong et al., 2005). The exploration abilities of the swarm particles are controlled 
by the inertia weight w and is therefore very critical in determining the convergence behaviour of PSO. 
The lower values of w restricts the velocity updates to nearby region in the search space, whereas higher 
values results in velocity updates for a wider space in the problem space. Berg and Engelbrecht (2006) 
have investigated the effect on convergence if benchmark functions of w, c1 and c2.

Heuristics have been developed to obtain the values of c1 c2 and w but these are applicable for 
single-objective optimization problems only. Determination of the parameters and the inertia weights 
for multi-objective optimization problems is relatively difficult and therefore a time variant of PSO has 
been described by Tripathi et al. (2007). In this variant of PSO, the parameters and the inertia weights 
are adaptive and changes with the iterations. The search space can be explored more efficiently with 
the adaptive nature of the time variant PSO technique. The premature convergence was taken care off 
by the mutation operator.

The PSO technique doesn’t require complex encoding and decoding process as required by genetic 
algorithm. The real number represents a particle which update their internal velocity in search of the 
best solution. In PSO technique the particles tend to converge towards the best solution by iteratively 
looking for the best position which comprises of the evolution phase. It is very important to handle the 
non-linear equation constraints and evaluate the infeasible particles. This is mainly due to the fact that 
the particles generated during the process may violate the constraints of the system and thereby resulting 
in infeasible particles. Various approaches such as repair of infeasible particles, rejection of the infea-
sible particles, penalty function methods etc. can be adopted to cope with the evolutionary problems 
with constraints. The recent developments however suggest the use of penalty method for addressing 
the same (Dong et al., 2005).

Optimization of Material Removal Rate and Surface Roughness Using PSO

The PSO technique incepts with the setting of PSO parameters which determines the performance of the 
PSO algorithm. The values of parameters were taken from the work of Hu and Eberhart (2002) Therefore, 
w = (0.5+ (rand/2), c1 =c2= 1.49445, number of iterations =100 and population size = 27 particles.

As a second step to PSO technique, initialization of the random position and velocity vectors is fol-
lowed. The fitness values are derived from the following function given by Equation 5.
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MinF x w f w f( )=− +
1 1 2 2

	 (5)

f1 and f2 are normalized values of MRR and SR. The values of inertia weights considered are 0.7 
for MRR and 0.3 for SR. a higher value of inertia weight for the MRR signifies that a MRR is given 
relatively higher significance than SR. The initial values have been tabulated in the Table 4.

Finding pBest and gBest is a third step to the PSO technique. In this chapter 3 particles have been 
considered for each parameter. The lowest fitness value is selected as the gBest and for the first iteration 
the pBest will be same as gBest. The change in position is then obtained using Equations 3 and 4 for 
each of the parameters. Table 5 shows the new position of particles after first iteration and the change 
in position of each particle has been tabulated in the Table 6.

As can be observed from Table 5, the particle 1 has the lowest fitness value of 7.7726. Therefore 
the pBest for each parameter will be the values corresponding to 7.7726. However, it is higher than the 
initial gBest value which was 5.7618. Hence the gBest achieve is not updated. The process is continued 
for 100 iterations and the final optimised value of gBest gives the final solution.

Similar process was adopted for the single objective optimization of MRR and SR.

Table 4. Initial population and fitness value

Particle A B C D MRR SR Fitness Value

1 10 8 0.1 0.2 0.1033 13.5576 3.9949

2 15 10 0.21 0.25 0.1160 16.5319 4.8784

3 20 12 0.32 0.3 0.1286 19.5062 5.7618

Table 5. New position of particles after the first iteration

Particle A B C D MRR SR Fitness Value

1 12.3728 16.9602 0.3374 0.4118 0.1559 26.2726 7.7726

2 21.8046 18.6454 0.1986 0.2630 0.2138 28.7277 8.4686

3 24.5809 17.3213 0.6141 0.6934 0.095 27.2726 8.1330

Table 6. Changed position of particles after the first iteration

Particle A B C D

1 2.3728 8.9602 0.2374 0.2118

2 6.8046 8.6454 -0.0114 0.0130

3 4.5809 5.3213 0.2941 0.3934
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RESULTS AND DISCUSSION

The results obtained from the PSO algorithm have been tabulated in the Table 7. As can be observed 
from Table 7 that the maximum value of MRR is corresponding to experimental number 13 and is 
0.1847 cubic centimetre/min. The values corresponding to the maximum MRR for the various input 
parameters are: A=15; B=10; C=0.1; D=0.3. Figure 4 shows the variation of optimized values of MRR 
for the different experimental runs.

On the other hand the minimum value of SR is 25.0612 corresponding to the experiment number 3. 
The values corresponding to the minimum SR for the various input parameters are at A=10; B=8; C=0.32; 
D=0.3. Figure 5 shows the variation of optimized values of SR for the different experimental runs.

The fitness calculation for the multi-objective optimization shows that experiment number 2 is the 
best experimental run with the minimum fitness value of 7.4251. The values of input parameters for the 
minimum value of fitness function are: corresponding to the input parameters are: A=10; B=8; C=0.32; 
D=0.3. The variation of fitness values for different experimental runs is depicted in Figure 6.

CONCLUSION

In the present chapter the single and multi-objective optimization of the MRR and SR for the ECM 
process of EN19 was carried out using the PSO algorithm. The optimum value of MRR and SR were 
established. The single objective optimization can be used to fulfil the specific requirement of the manu-
facturing unit. For instance if MRR plays a critical role in production of goods, then the manufacturer 
can go for maximizing of the MRR value.

Table 7. PSO results

Exp 
No. A B C D MRR SR Fitness 

Value
Exp 
No. A B C D MRR SR Fitness 

Value

1. 1 1 1 1 0.1311 25.1447 7.4517 15. 2 2 3 2 0.1791 29.2040 8.6358

2. 1 1 2 2 0.1451 25.0888 7.4251 16. 2 3 1 1 0.1470 27.0418 8.0097

3. 1 1 3 3 0.1493 25.0612 7.4138 17. 2 3 2 2 0.1610 26.9859 7.9831

4. 1 2 1 2 0.1786 29.1024 8.6057 18. 2 3 3 3 0.1653 26.9583 7.9718

5. 1 2 2 3 0.1827 29.0667 8.5921 19. 3 1 1 3 0.1512 25.1968 7.4532

6. 1 2 3 1 0.1631 29.0879 8.6122 20. 3 1 2 1 0.1314 25.2099 7.4710

7. 1 3 1 3 0.1648 26.8567 7.9417 21. 3 1 3 2 0.1456 25.1621 7.4467

8. 1 3 2 1 0.1450 26.8698 7.9594 22. 3 2 1 1 0.1650 29.2235 8.6516

9. 1 3 3 2 0.1592 26.8220 7.9352 23. 3 2 2 2 0.1790 29.1676 8.6250

10. 2 1 1 2 0.1471 25.2608 7.4753 24. 3 2 3 3 0.1832 29.1400 8.6137

11. 2 1 2 3 0.1512 25.2251 7.4617 25. 3 3 1 2 0.1610 26.9576 7.9746

12. 2 1 3 1 0.1316 25.2463 7.4818 26. 3 3 2 3 0.1651 26.9219 7.9610

13. 2 2 1 3 0.1847 29.2388 8.6423 27. 3 3 3 1 0.1455 26.9431 7.9811

14 2 2 2 1 0.1649 29.2518 8.6601
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The multi-objective optimization was based on the concept of fitness function and the experimental 
run with the minimum value of fitness function was found to be best amongst the different runs consid-
ered. Therefore the PSO algorithm proved to be a cost effective solution for establishing the optimum 
values of input process parameters for enhancing the machining performance of the ECM process. The 
multi-objective optimization thus aids in selecting the best experimental run for the production of goods 
and services under the conflicting output process parameters such as MRR and SR.

SCOPES OF FUTURE RESERACH

The PSO algorithm can be used for the optimization of other output process parameters such as accuracy. 
Further, the optimization can be performed by taking into account more input parameters. The machin-
ing optimization of ECM for composite materials can be investigated with the PSO. The PSO algorithm 
can be used for the optimization of process parameters for other non-conventional machining processes 
such as ultrasonic machining, electro discharge machining etc.

Figure 4. Variation of optimized value of MRR.
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Figure 5. Variation of optimized value of SR.

Figure 6. Variation of optimized value of SR.
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ABSTRACT

This chapter presents an effective approach to assess the abrasive water jet machining of lanthanum 
phosphate reinforced with yttrium composite. A novel composite is prepared with the mixture of lantha-
num phosphate sol and yttrium nitrate hexalate with a ratio of 80/20 by aqueous sol-gel process. Silicon 
carbide of 80 mesh size is used as abrasive. The effects of each input parameter of abrasive water jet 
machining are studied with an objective to improve the material removal rate with reduced kerf angle 
and surface roughness. The observations show that the jet pressure contributes by 77.6% and 45.15% in 
determining material removal rate and kerf angle, respectively. Through analysis of variance, an equal 
contribution of jet pressure (38.18%) and traverse speed (40.97%) on surface roughness is recorded. 
Microscopic examination shows the internal stress developed by silicon carbide which tends to get plastic 
deformation over the cut surface.
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INTRODUCTION

Ceramic materials are well known for its high temperature stability, high strength, relatively low density, 
high hardness, excellent wear and corrosion resistance. In present days the efforts have been taken to 
improve their toughness so that better machineability can be achieved. However, the growing demand 
of new materials for use in a variety of environments has become necessary to investigate and identify 
new materials which will suit to specific requirements. The rare earth phosphate material because of its 
poor toughness and high brittleness, it is limited in its wide practical applications.

Development of rare earth composites is of great interest to the researchers owing to their advantages 
over conventional materials. Among them, rare earth lanthanum phosphates had attracted many research-
ers as Sujith (2014), Chenghao (2015), Min (2001) whose study explores the unique characteristics 
of the composite like: high temperature withstanding capacity, non-reactant, chemically inert and no 
phase transformation at elevated sintering temperature and it also proved that the Lanthanum Phosphate 
(LaPO4) acts as an interfacial material in machining composite. Gong (2006), had proved that the LaPO4 
in the composite mixture will enhance to form an interfacial layer while machining. Hence it induces the 
toughness property to the hard materials and leads to increase the machiniability of the materials. Abdul 
Majeed (2008), prepared Al2O3-LaPO4 composite, with an addition of 30% of LaPO4. This composite 
was identified to have least hardness value and improves machinability.

Alangi (2011), had developed a Y2O3 thin film deposition on tantalum substrate. The developed thin 
film admirably act as a corrosion resistance layer against the liquid uranium attack, even at elevated 
working conditions of 13000 C. Study made on different materials likely CaO, MgO and Y2O3 by Alberdi 
(2013) upon developing of a stabilized compound with Zirconia, Yttrium Oxide (Y2O3) has identified 
to have a least hardness value. Composite with the addition of Y2O3 particles is found that an increase 
in densification of the composite. Hence it is stated that the yttria particles have a tendency to reduce 
the porosity of the particle. To validate the Alberdi etal work, Gunduz (2008), observed a similar report 
while doping Yttria with Bovine Hydroxyapatite. Further it is confirmed that the composite has found 
to have least porosity even at the elevated sintering temperature of about 12000 C. Maiti (2006), report 
on microstructural property of Al2O3 based Y2O3 composite delivers that an equiaxed grain structure 
with fine grain size and grain boundary is obtained with addition of yttria elements. According to Sun 
(2007), the additions of yttria in the silicate ceramic enhance the machiniability of the composite. The 
formation of weak interface bonds of the atomic planes (Y-O) with silicate improves the toughness 
of the composite material. Mogilevsky (2007), had identified that the solubility of the yttrium in the 
LaPO4 was superior with increase in the working temperatures. It is further reported that the solubility 
of yttrium is found to be maximum when the atomic composition of yttrium is below 42%. Kim (2006), 
states that at elevated sintering temperature reduction in porosity of W-Y2O3 composite is achieved with 
increase of Y2O3 particles. Sankar (2011, 2012) in his studies on LaPO4/Y2O3 composite states that the 
properties Y2O3 and LaPO4 are found to be similar in nature moreover, it is further stated that when 
these particles are formed as composite, they are proven to be in a stabilized state at ambient condition. 
Hence this enhances the researchers to develop a composite material that possess an excellent property. 
Also, this composite has been found to withstand high temperature and the sankar et al., proposed that 
the LaPO4/Y2O3 composite could be a suitable material for high thermal barrier, melting and also for 
functional material applications.
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Use of conventional methods to machine these ceramic composites are often difficult is due to their 
superior physical and mechanical properties. To perform the machining operation, it requires a very high 
cutting energy and temperature. The removal of material in Abrasive Water Jet Machining (AWJM) is 
purely by erosion caused by the high accelerated abrasive particles from the jet stream. Xu (1995) reported 
that the erosion wear on hard surface causes an increase in temperature on sample surface. Further the 
simultaneous cooling by water in AWJM will induces residual stresses on the cut surface. This would 
results in the formation of micro-crack on the machined surface of the composites. Zhang (2011) had 
conducted a comparative study on various unconventional machining practices like laser cutting machine 
and the wire electrical discharge machine, it is concluded that AWJM is a cold working process and the 
surfaces are free from heat affected zones. AWJM studies by Wang (2004) limits by kerf width. Kerf 
taper is characterized by a wider entry at the top than at the bottom. It is one of the major barriers that 
limit AWJM applications. Early research studies by Shanmugam (2009, 2008) had described various 
methods to reduce the Kerf Angle (KA) on machining ceramic composites in AWJM. The effect of out-
put performance characteristics on different operating conditions in AWJM with various abrasives on 
different materials shows diverse results which has been evaluated and reported by Gudimetla (2002), 
Ghosh (2015), Chen (1996), Ahmet Hascalik. (2007). According to Kopac (2007), exclusive of input 
parameters material properties predominantly determine the machinability of the material.

According to Pirso (2010), the ratio of hardness of an abrasive and the hardness of the structured 
material (Hardness Ratio: Ha/Hm) creates an impact in machining. Selection of abrasive particle will 
enhance the quality of the machining. Further, it is also stated that SiC abrasive is broadly used for the 
manufacturing of highly engineered parts because of its high hardness, low coefficient of friction, wear 
resistance and high decomposition temperature. Inspite of the report, Srinivas (2011), had suggested that 
apart from the hardness of abrasives, the hardness of the particles present in the matrix composition will 
also significantly affect the machining performance. Investigation on abrasive erosion in AWJM by Fang 
(1992, 1993), proves that based on the movement of abrasive particles in the jet, the nature of wear will 
be in the form of micro-cutting, grain fracture or plastic deformation on the cut surface.

Khan (2007) had performed the AWJM on glass substrate material with different abrasives. Through 
the observation, it is suggested that SiC abrasives will exhibits a superior performance characteristic in 
AWJM machining compared to alumina and garnet. The abrasive wear mechanism mainly depends on the 
relative hardness between the machinable material and abrasives. When Xiaoyong (2013), made a review 
on use of different abrasive in AWJM and it is identified that on use of varied abrasives creates different 
sign on the kerf region. Al2O3 abrasive enhance to get kerf surface such as ploughing, when SiC is used 
as abrasive, it creates micro-cutting, grain fracture and plastic deformation, on use of SiO2 as abrasives 
tend to produces extrusion and removal of binder phase and also, a slight plastic deformation surface with 
grooves are identified on the cut surface. The hard abrasive particles intensively determine MRR and 
Surface Roughness (Ra) but according to Fowler (2009), they do not have any influence on the surface 
waviness. Zhao (2014), performed an experimental analysis in AWJM with four different materials. The 
authors concluded that for hard materials the cut surface was found to be smooth whereas rough wear 
tracks and wear scare are found in ductile type of materials. The AWJM will change depending upon 
the material properties and cutting conditions. Selvan (2012), on cutting the cast iron using AWJM, on 
considering the surface roughness alone, it is found that JP significantly determines the output response 
than SOD and TS. Whereas in Derzija (2015), study in AWJM on aluminium material yields a diverse 
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result showing that the TS has significant effect than the other independent parameters. Hence the ma-
chining effects will change based on the working condition and the material property. Sharma (2011), 
suggest that to evaluate the machining performance of a newly fabricated composite material and also, 
to predict the various independent parameters limitations on AWJM while machining the composite, a 
necessity of consideration of an integrated taguchy approach will reduce the complicity. This could be 
done by optimizing the series of experiments.

Hloch (2009) has conducted a series of experiments with varied sample thickness. The surface 
topography and the mechanism of material removal in AWJM are studied. The study reveals that with 
increase in depth of cut the surface tend to have more wear track, also the kerf taper increases with in-
crease in the thickness of the sample. Hutyrova (2015), had extended the AWJM applications as beside 
cut through operations, it is also now used in turning operations. This kind of operations will completely 
eliminate the tool wear, thermal induced surface and is also not limited with the material properties. It 
could perform operations on wood, plastics and alloys etc. Carach (2016), had performed the turning 
operation on hard materials and reported that there is no evidence of melt surface over the kerf regions.

Every material varies in their mechanical behavior because of their physical and chemical nature. 
So it became important to investigate the mechanical properties before advocating the use of a ceramic 
matrix composite for a particular application. In general large numbers of combination of matrix and 
reinforcements are available to develop ceramic matrix composite. In present work, a series of experi-
ments have been conducted on LaPO4/Y2O3 composite which is prepared by the Sol-Gel process. The 
composite is cut for taguchy’s L27 orthogonal array using AWJM. The input parameters such as Jet 
Pressure (JP), Stand-Off Distance (SOD) and Traverse Speed (TS) are considered to be the affecting 
machining parameters and observations are conducted with an objective to minimize the KA, Ra and 
to improve the MRR. Further, ANOVA study is performed on each output parameters to measure the 
performance deviation of each input parameter over the individual output parameters.

MATERIALS AND METHODS

Preparation of Composite

Synthesis of these nano-structured gels requires significantly milder conditions and temperatures than 
we encountered in the “heat and beat” method. Wet gels in which the pores are filled with a fluid can be 
synthesized by a number of different so-called “sol-gel” routes involving the controlled hydrolysis and 
condensation of molecular precursors.

Synthesis of Lanthanum Phosphate

A Wide Variety of synthesis of lanthanum phosphate powders are performed by the researchers. An at-
tempt has been made to synthesis the lanthanum powder by Aqueous Sol-Gel process. The commercial 
available materials are used as the starting component for the process. The obtained powders are sintered 
to the determined temperature to get the nanosize particles. The prepared powders are characterized and 
reported in detail. From the observations lanthanum and the lanthanum phosphate powders obtained 
through the sol-gel process are in the range of 25-80 nm.
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Commercially available lanthanum chloride is mixed with deionized water to form the solution and 
further addition of orthophosphoric acid in a defined stoichiometric estimation in a ultrasonic bath and 
as a supplementary product 25% of ammonia is flocculated to LaPO4 particle. With a pH range of 6.8 
± 0.2, a complete flocculated precipitate of LaPO4 is obtained. The precipitate is rinsed several times in 
hot water followed by centrifuged force to remove the chlorine content. To convert the precipitate in to a 
colloidal sol, 20% (Vol) of nitric acid is added with continuous stirring condition at pH in a range of 1.75 
to 1.85 and it is followed by ultrasonication for 15 min. LaPO4 gel is obtained in the ammonia atmosphere 
and is dried followed by ball milling. The gained powder is calcinated to1400oC for 2 hours. A systematic 
flowchart had shown in Figure 1 will delivers the preparatory steps of lanthanum phosphate powder.

For a typical case phenomenon, to fabricate 20 gms of lanthanum phosphate powder, commercially 
available lanthanum chloride hexa hydrate (LaCl3.6H2O) is taken as the starting material. The deionized 
water is added gently to the LaCl3.6H2O, as it converts to solution state. Nearly 1700 to 1800 ml of deion-
ized water is required to acquire the 0.5 mole of LaCl3.6H2O solution. To reduce the concentration of the 
prepared solution (pH), 88% concentrated orthophosphoric acid (H3PO4) is added as a supplementary 
product. To obtain the value of pH.2, the H3PO4 acid is added drop wise with continuous stirring condition.

Once the pH value is reached addition of the supplementary product is stopped. Further the stirring 
operation is performed continuously for about 2 hours for the complete mixing of the solution. To attain 
the lanthanum phosphate sol from the obtained solution, ammonia solution is also added like the H3PO4 
to flocculate the sol. The addition of ammonia solution is performed until all the phosphate molecules 
in the solution get deposited. The pH value will change on the quantity of the ammonia solution. Once 
the clear solution is found in the top portion of the beaker make sure that all the phosphate molecules are 
deposited and then the addition of ammonia solution can be dropped. The precipitates formed are rinsed 
several times with warm water by centrifugal force to remove the chlorine content in the precipitate. By 
means of washing the precipitate through the centrifugal force will results in the removal of the excess 
amount of phosphate elements present in the medium.

A conventional silver test is carried out to confirm the complete removal of chlorine atoms in the 
medium. The rinsed precipitate is then mixed with the deionized water to form the sol. Nitric acid with 
20% in volume percentage of sol is added with the pH in the range of 1.75 to 1.85. Under vigorous stir-
ring condition of about 5 hours, the lanthanum phosphate sol is peptized. Using Ultra sonic processor 
P2, Vibronics, India, Ultrasonification is done for 15 minutes. By placing the ammonia solution closer to 
the dessicator, the ammonia atmosphere is created. In this atmosphere, the sol is allowed to settle down. 
After 24 hours of settlement, a thick lanthanum phosphate gel is formed. The obtained gel is calcinated 
to 70oC for about 24 hours and then it is grinded. To remove the water content, the grinded powders are 
further heated to about 1400oC.

Synthesis of Lanthanum Phosphate: Yttria Composite

To synthesis 80% lanthanum phosphate with 20% yttria composite, the stoichiometrically prepared 
lanthanum phosphate sol is taken as the primary material. Lanthanum phosphate sol is obtained when 
preparation of LaPO4 without yttria which is explained in the above topic. The commercially available 
Yttrium nitrate hexahydrate (99.9%) (Y (NO3). 6H2O) is used as the starting material for the yttrium 
oxide. The systemic procedure for the preparation of the lanthanum phosphate is revealed on preparation 
of the lanthanum phosphate powder.
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The calculated quantity of the starting element of the yttrium oxide is mixed with the distilled water 
to acquire a sol form. The acquire sol is mixed with the primarily obtained lanthanum phosphate sol 
with the continuous string condition. Mechanical stirrer is used for the stirring operating. Ammonia 
solution is taken as a supplementary product and is added to the mixer to maintain the pH value. The 
addition of ammonia solution will rise the pH value also, it flocculated the LaPO4 and yttrium oxide 
from the sol. The addition of ammonia is carefully monitored. Stirring is done continuously for 3 hours 
for the homogeneous mixture of the solution. The precipitate obtained is washed with the warm water 
and it is dried to 70oC to remove the excess water content. The obtained powder is furthered calcinated 
to 700oC for two hours.

To synthesis a 5gm of LaPO4+20 wt%Y2O3 nano composite, 17gm of yttrium nitrate is dissolved in 
a minimum quantity of distilled water. The mixture is then added with 0.05 M lanthanum phosphate sol 
(preparation is stated in earlier stage) under constant stirring using a mechanical stirrer. The homogeneous 
mixture of lanthanum phosphate sol and the yttrium nitrate solution are obtained at the constant string 
condition of about 2 hours. The precipitation of Y(OH)3 as well as flocculation of LaPO4 is achieved 
slowly by adjusting the pH to 8 using 25% NH3 solution and the composite precursor is kept stirring 
for 3 hours. The precipitate obtained was later dried over water bath and further calcined to different 
temperatures 1400oC and let for further characterization.

The obtained powder is consolidated to disk shape (36mm diameter and 7mm thickness) in titanium 
coated Oil Hardening Non Shrinking Die Steel (OHNS) with a uniaxial compression force of about 480 
MPa at room temperature. The obtained disk is sintered to 1400oC for two hours.

EXPERIMENTAL STUDIES AND PROCEDURES

AWJM of model DIP 6D-2230 manufactured by Dardi International Corporation has a tungsten carbide 
nozzle of 0.67mm diameter with an inbuilt orifice of 0.25mm diameter is used for the observation. In 
the machining of these type of composite materials, selection of machining parameters is found to be a 
challenge for the researchers. To induce the usage of this technology over cutting these composites, its 
various input parameters are to be optimized. Table 2 shows the list of selected factors and levels used in 
the observation. The significance of each input parameter over the output parameter and its interaction 
are studied using Analysis of Variance.

Parameters of AWJM Process

There are many parameters involved in an AWJ machining process. The most significant factors of 
AWJM are considered in the study. The considered independent parameters are:

Table 1. Properties of LaPO4-Y2O3 composite

S.No
Young’s 
Modulus 
(N/m2)

Flexural 
Strength 

(GPa)

Micro Vickers 
Hardness 

(GPa)

Theoretical 
Density 
(g/cm3)

Experimental 
Density 
(g/cm3)

Porosity 
(%)

1 4.96 96±4 5.2 4.95 4.87 1.1616
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•	 Jet Pressure (JP)
•	 Stand Off-Distance (SOD)
•	 Traverse Speed (TS)

The output responses are

•	 Material Removal rate (MRR)
•	 Kerf Angle (KA)
•	 Surface Roughness (Ra)

Material Removal Rate

The high precision weighing balance (AUX 220 make of shimadzu) is used to check the loss of mate-
rial during machining and it has a least count of 10 mg. The quantity of material removed per minute is 
calculated using the following equation (1).

MRR
Wf Wi

Dw t
=

−( )*
*

1000
	 (1)

where, Wi - Initial Weight of work piece in grams before cutting, Wf - Final Weight of work piece in 
grams after cutting, Dw - Density of the Work piece (gm/cm3) and t - Period of trial (min).

Kerf Angle

The generated cut surface in AWJM will always exhibit some poor surface characteristics. Among them 
kerf angle or kerf taper is a predominant problem exists on the finished end product. This alternatively 
moves to take the secondary operations to remove this kerf taper. The taper is formed by the impinge-
ment of the abrasives on the samples as the depth of cut on the sample increase will enhance to get larger 
taper. Burr formation on the cut section is due to the directional impingement of the water beam which 
leads to plastic deformation surface. This kerf taper defect will cause problems in assembling of com-
ponents, formation of sharp edge which are dangerous for handling and this may affect the component’s 
performance. The KA is measured using the profile projector. KA is measured by using equation (2).

Table 2. Selected Factor and Levels

S.No Factors
Levels

Units Symbols
1 2 3

1 Jet Pressure 220 240 260 bar A

2 Stand-off-distance 1 2 3 mm B

3 Traverse Speed 20 30 40 mm/sec C
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Kerf angle = tan-1 
X X

t

1 2

2

−



 	 (2)

where x1 = Top kerf width, x2 = Bottom kerf width and t = Thickness of the material.

Surface Roughness

The cut surface can be divided into three regions. The initial deformation region (IDR) is where the 
jet initially enters the cut part the work piece. Continuous impingement of abrasives on the cut surface 
causes stray particles to create a rounding of the upper edges. The second region is the smooth cutting 
region (SCR), also called as cutting wear dominates. During cutting operation, the shear force of the 
sharp edges abrasive particles will chip away material from the work piece. A small amount of materi-
als are removed by each abrasives at the low angles of incidence hence the surface finish in this regions 
are considerably higher than rough cut region. This may lead to enhance the good surface finish in this 
region. The third region is the rough cut region (RCR). On further down the cut region, the jet curves 
create a higher angle face area. The collision of particles at higher angles will primarily change the 
mode of material removal. The wear is by deformation mechanism which will leads to striation and 
rough cutting marks which are generated along the diverged water beam. The increase in kerf taper is 
observed with increase in thickness of the cut samples. The surface roughness is measured by using 
surface roughness tester SJ-411which has a range of 350 µm with a probe speed of 0.25 mm/s over a 
span of 5mm. Three observations are made at top, middle and bottom of cut section and the averages 
of these are tabulated in Ra.

RESULTS AND DISCUSSION

Material Characterization

X-Ray diffraction of LaPO4 with Yttria composite is shown in Figure 1. The pattern identified through 
XRD-X’Pert high score software indicates the crystal structure of the elements. The dominating elements 
were found to be in the combination of YPO4. This has been drawn from the LaPO4 and Y2O3 based on 
heat sintering process done at the elevated temperature of 1400oC ± 10oC. The mechanism behind this 
shows the agglomeration of yttria and phosphate reveals at elevated temperature and lanthanum can 
sustain temperatures above 2000oC. Thus these two materials possess high strength with good corrosion 
and oxidation resistance.

The objective is to identify the significance of each input parameters over various levels of individual 
output parameter. To get good surface finish with acceptable MRR and KA, a suitable orthogonal array 
is to be selected. The number of Degrees Of Freedom (DOF) for the selected three factors is determined 
by the total number of levels (n) in each parameter minus one (n-1). The L27 Orthogonal Array may 
well be computed to get the significant output. The experimental observations are presented in Table 3.
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Figure 1. XRD of the LaPO4 with 20% Y2O3

Table 3. Experimental observation of MRR, KA and Ra

Ex.No JP (bar) SOD (mm) TS (mm/min) MRR(g/s) KA(Deg) Ra (µm)

1 220 1 20 0.03189 0.215 1.191

2 220 1 30 0.02589 0.315 1.328

3 220 1 40 0.02152 0.364 1.486

4 220 2 20 0.03258 0.249 1.139

5 220 2 30 0.02998 0.332 1.289

6 220 2 40 0.02681 0.414 1.542

7 220 3 20 0.03471 0.298 1.344

8 220 3 30 0.03186 0.342 1.508

9 220 3 40 0.02895 0.398 1.675

10 240 1 20 0.04112 0.292 1.231

11 240 1 30 0.03412 0.364 1.494

12 240 1 40 0.03097 0.411 1.651

13 240 2 20 0.04526 0.293 1.331

14 240 2 30 0.04291 0.362 1.531

15 240 2 40 0.04017 0.454 1.682

16 240 3 20 0.05621 0.425 1.515

17 240 3 30 0.05014 0.468 1.656

18 240 3 40 0.04519 0.517 1.797

19 260 1 20 0.05495 0.348 1.423

20 260 1 30 0.04951 0.396 1.572

21 260 1 40 0.04652 0.492 1.692

22 260 2 20 0.06488 0.393 1.598

23 260 2 30 0.05715 0.462 1.731

24 260 2 40 0.05359 0.554 1.881

25 260 3 20 0.06887 0.516 1.645

26 260 3 30 0.06574 0.598 1.847

27 260 3 40 0.06252 0.681 1.966
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Effect of Parameters on MRR

MRR is found to be a dominating factor in the determination of manufacturing cost and machining time. 
Figure 2 is plotted on the working condition of JP of 220 bar pressure for the three levels of TS and 
SOD, respectively. From Figure 2(a), MRR trends to increase with the increase in JP. An increase of JP 
accelerates the abrasive particle results and increases the width of jet beam before it hits the top surface 
of the specimen. It is noted that increase in TS gradually decreases MRR irrespective of JP. Due to the 
lack of machining time, the erosion of the abrasive particles at the rough cut section of the samples is 
reduced significantly. From Figure 2(b) it is clear that the increase in SOD increases MRR with respect 
to change in TS. The abrasive particles in a scattered beam losses its energy before it touches the rough 
cut region. The random movement of abrasive material is caused all over the bottom section of the cut 
surface due to high TS, which creates a large shift in MRR. At TS of 20 mm/min in varying levels of 
SOD, a least significance in MRR is obtained.

ANOVA for MRR is shown in Table 4 and it reveals that JP plays a most significant role of 77.6% 
in the determination of MRR, whereas a minor contribution of 13.36% for SOD and 6.39% for TS is 
observed. However, among the interfaces, JP x SOD contributes significantly higher than the other in-
teractions (JP x TS and SOD x TS) of 2.02%. From Fisher test at 95% confidential level (F0.05, 2, 8= 4.46), 
investigations done on these parameters reveals that JP, SOD and TS play a significant role in MRR.

Effect of Parameters on Kerf Angle

Figure 3(a) is plotted between JP and KA shows that a significant change in JP and TS which affects 
and lead to increase KA. The rapid movement of nozzle over the cut surface irrespective of JP produces 
the larger top kerf width and a narrow bottom kerf width. With increase in JP and increase in TS, a 
significant rise of KA is observed and this is due to increase in machining time which leads the water 
beam to propel through the entire thickness of the composite. The increase in JP improves the kinetic 
energy of the abrasive particle, which results in the bounce of particles within the jet and the back scat-

Figure 2. Effect of input parameters in MRR
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tered abrasives affect the prior cut region of the composite which leads to jet divergence. A simultaneous 
increase of SOD wider the water beam and affects the newly cut region. This may create a wider kerf 
entry. In Figure 3(b), an unexpected increase in KA is observed, with the increase in SOD with respect 
to TS. The divergence of water beam, the collision of abrasive particle inside the jet, partial losses in 
sharp edges of the abrasive before impact and a significant reduction of machining time lead to the 
reduction of erosion effect.

From ANOVA of KA shown in Table 5, it is noted that JP influences greatly in affecting KA with 
the active contribution of nearly 45.15%. The other parameters namely; SOD and TS contribute nearly 
22.10% and 25.98%, respectively. Among the interactions shown in Table 5, JP x SOD interaction 
alone significantly affects KA at a rate of 5.49%. F-test at 95% confidential level shows that the input 
parameters of AWJM (JP, SOD and TS) are greater than F0.05, 2, 8 = 4.46 and have greater significance in 
affecting the output KA. Excluding JP x SOD, the other two interactions have no significance in KA.

Table 4. ANOVA for MRR

Parameter DOF Sum of Squares Mean Square F-Value Contribution (%)

JP 2 0.0037 0.0018 710.97 77.60

SOD 2 0.00065 0.0003 122.40 13.36

TS 2 0.00031 0.00015 58.60 6.39

JP x SOD 4 9.8E-05 2.44E-05 9.27 2.023

JP x TS 4 2.8E-06 7.24E-07 0.27 0.061

SOD x TS 4 5.9E-06 1.47E-06 0.56 0.122

Error 8 2.1E-05 2.63E-06 0.436

Total 26 0.0048 0.0023 100

Figure 3. Effect of input parameters in KA
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Effect of Parameters on Surface Roughness

Surface finish is found to be a compromising factor in determining the quality and the end use of the 
product. Figure 4(a) is plotted with JP of 240 bar and SOD of 2mm for different levels of TS. The surface 
finish is found to be decreasing with the increase of JP and TS. The mechanism behind this is at high JP 

Table 5. ANOVA for KA

Parameter DOF Sum of Squares Mean Square F-value Contribution %

JP 2 0.135 0.0677 347.05 45.15

SOD 2 0.066 0.033 169.79 22.10

TS 2 0.078 0.039 199.69 25.98

JP x SOD 4 0.0165 0.004 21.09 5.49

JP x TS 4 0.0018 0.0005 2.42 0.63

SOD x TS 4 0.0004 0.0001 0.55 0.14

Error 8 0.002 0.0002 0.52

Total 26 0.299 0.144 100

Figure 4. Effect of input parameters in Ra
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and TS, a superior removal of material is gained by accelerated abrasive particle. Owing to less machin-
ing time irrespective of high water pressure, the abrasives particles produce poor erosion over the cut 
surface of the composite. The dispersed water jet produces lower etching effect on the cut surface of the 
composite. In Figure 4(b) at the same machining condition, the rate of change in the Ra value is found 
to be negligible. It is believed that the influence of SOD and TS on surface finish of this composite has 
least significance. A linear trend line is drawn and it is shown in Figure 4 (c). From the obtained plots, 
a slight increase in Ra is noted but however, the range of increase is in an acceptable level. From the 
obtained linear equation at a varying SOD and TS machining condition, the residual square observation 
is found to be in acceptable range from 90% to 97%.

ANOVA of Ra is shown in Table 6. It is evident that there is an equal contribution of nearly 40% in 
JP and TS, where as in SOD, a contribution of 17.17% is obtained. The contribution level of JP x SOD is 
found to have a least value of 2.26% but its adverse effect on surface finish of the composites is verified 
by the F-test. Whereas the other two interactions (JP x TS and SOD x TS) give a partial influence less 
than 0.5% contribution and do have no effect in Ra. At 95% confident level in F-Test (F0.05, 2, 8 = 4.46), 
all the individual input parameters interpret to have a significant effect in Ra.

Analysis on Optimum Level

The manipulated level for each input parameters to enhance the optimistic output responses are shown 
in Table 7. JP alone shows a superior influence in MRR. High accelerated abrasives with less loss in 
kinetic energy of the particle, will erode a considerable amount of composite material at low SOD. The 
loss in kinetic energy of the particle at high SOD and increased width of water beam, results in larger 
top kerf width that cause an increase in MRR.

Each independent parameter in AWJM plays a significant role in the determination of the output 
responses. To reveal information about the machining effects on LaPO-Y2O3 composite in AWJM, the 
independent parameters are to be optimized to get the acceptable level of output responses. The data 
will provides the researcher in exploring the further addition properties of this composite material to a 
greater extent. From the observation, a minimum level of input parameters yields an affordable value 
to the composite.

Table 6. ANOVA for Ra

Parameter DOF Sum of 
Squares Mean Square F-Value Contribution %

JP 2 0.452 0.226 195.23 38.18

SOD 2 0.203 0.102 87.83 17.17

TS 2 0.485 0.243 209.51 40.97

JP x SOD 4 0.0267 0.007 5.77 2.26

JP x TS 4 0.0056 0.001 1.22 0.48

SOD x TS 4 0.0019 0.0005 0.42 0.17

Error 8 0.0092 0.001 0.78

Total 26 1.184 0.579 100
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CUT SURFACE MICROSTRUCTURE CHARACTERIZATION STUDY

The microscopic images shown in Figure 5 under different operating conditions expose the presence of 
wear track, overlapping effect, weak grain boundary and erosion of composites by random movement 
of abrasives on cut surface. Figure 5 shows the microscopy image of the cut region of composite. The 
hard SiC particles with high acceleration energy impinge the top surface to perform the machining op-
erations. With increase in machining time the rate of impingement of backscatter particles over the cut 
surface gets increased and it leads to get the plastic deformation surface. Figure 5(a) shows the surface 
roughness (Ra) on the top kerf surface. Fine cracks, direction of the motion of the abrasives and the crater 
formed during the machining are clearly visible. In Figure 5(b), it is noticed that the distribution of the 
spectrum on the Peak Roughness (Rp) and Valley Roughness (Rv) is uniform. The less energy backscatter 
abrasives erode the newly formed cut surface by increasing the kerf angle with superior surface finish.

Figure 5(c) shows the middle region of the kerf surface. A piece of composite about to tear apart on 
the kerf surface is noticed. The lack of machining time on these region reduces the abrasion flow rate 
may failed to remove this portion. Impinging abrasives after machining the composite with its remaining 
energy punches the nearby kerf surface. The continuous bombardment in the same portion results in the 
formation of large crater wear. Figure 5(d) shows the spectrum of the middle kerf surface. The irregular 
distribution of the peaks shows the random movement of the abrasives over the cut surface. The value 
of Rp is found to be less than Rv.

Figure 5(e) shows the rough kerf surface of the composite. The large wear and scar tracks are visible 
over the entire surface and the linear movement of the abrasives creates the curvy motion of the abra-
sives. The full acceleration gained abrasives require an additional time to reach the rough kerf surface 
than the top kerf surface at constant TS. This condition leads to get striations over these cut region. The 
deviation between the Rp and Rv in Figure 5(f), shows the irregular movement of hard abrasives while 
removing the composite. The amount of backscatter abrasives that hits the kerf surface is found to be 
negligible and this leads to have less wear track over the kerf surfaces.

Microscopy examinations of the kerf surface of the composite reveal that on SiC machined surface, 
the failure occurs by grain boundary deformation. The developed internal stress and repetitive cyclic 
impact load of hard SiC abrasives over the composite lead to get plastic deformation.

Table 7. Parametric Optimistic Levels of each Input Parameters

Output Responses Significant Factors Proposed Levels to Optimistic Output

MRR JP JP=260bar, SOD=3mm and TS=20mm/min.

KA JP JP=220bar, SOD=1mm and TS=20mm/min.

Ra JP, TS JP=220bar, SOD=1mm and TS=20mm/min.

 EBSCOhost - printed on 2/14/2023 11:31 AM via . All use subject to https://www.ebsco.com/terms-of-use



157

Performance Study of LaPO4-Y2O3 Composite Fabricated by Sol-Gel Process
﻿

Figure 5. The three cut region in the composite with its profile spectrum on using SiC. a: SEM image 
of upper kerf surface, b: Kinematic profile of upper kerf surface, c: SEM image of middle kerf surface, 
d: kinematic profile of middle kerf surface, e: SEM image of low kerf surface, f: kinematic profile of 
lower kerf surface
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CONCLUSION

The LaPO4/Y2O3 ceramic matrix composite with 80-20 ratio (Vol %) has been prepared by Aqueous Sol-
Gel Process. The prepared powder is compacted to get the required shape. The composite is subjected to 
AWJM for interference study of each input process parameters over the individual output responses and 
the microstructural characterization studies on the cut region of composite are summarized as follows:

•	 Substantial increase in MRR is obtained on different input parameters. Increasing the SOD and 
TS, irrespective of JP produces an acceptable linear range in MRR with increase in KA.

•	 ANOVA of MRR shows that JP with a major contribution of 77.6% interprets MRR in the machin-
able composite.

•	 Increasing in JP and TS, irrespective of SOD produces an acceptable range of Ra with increase 
in KA.

•	 ANOVA of KA shows that JP of 45.14% followed by TS of 25.09% and SOD of 22.08% affects 
KA. In-spite of least contribution in interaction by F-test, a significant influence of JP x SOD with 
5.5% on KA is noted.

•	 ANOVA of Ra shows that the JP and TS significantly affect with a contribution of nearly 40% 
each. From the F-test, it is identified that there is a significant effect in the interaction of JP x SOD 
in determining the surface finish of the composite.

•	 Among the input parameters, JP plays a vital role in the determination of each individual output 
responses.

•	 Microscopic examinations on the cut surface show that the tear of particles in the composite is by 
both transgranular and intergranular failure.

•	 The initiation and propagated cracks which are visualized along the grain boundary reveal that the 
impingement of hard abrasives on composite produces a break in bond and simultaneous hammer-
ing effect leads to the machining of the composite material.
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ABSTRACT

Key performance indicators (KPIs) are a critical tool to support activities and results’ monitoring in 
any industrial organization. The published literature and the available approaches on KPIs focus on 
the business and administrative level, being computed with information retrieved at the shop-floor level. 
Despite that, there is a scarcity of structured and comprehensive approaches to support the generation of 
KPIs to be used at the shop-floor level (the few existent approaches are empiric-based). In this chapter, 
a methodology to support the selection and organization of KPIs at the shop-floor level is proposed. 
Departing from the Hoshin Kanri strategy deployment, it identifies the levels of decision and control 
in the company regarding the production activities and derives the most adequate KPIs for each level 
based on universal questions about “what performance to assess.” The build-up of visual management 
boards for each level is also proposed.

INTRODUCTION

The Industry 4.0 and the KPIs

Nowadays Big Data is a widely used term to refer the generation and communication of data associ-
ated with new technologies (Fanning, 2016). This communication flow is based on the data collected 
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by the company itself and it is done with the final aim of allowing quick and informed decisions, with 
increased productivity in mind. This has become increasingly popular as a result of the Industry 4.0 
concept, also known as fourth industrial revolution (Hermann, Pentek, & Otto, 2016). Industry 4.0 is 
associated with information technology, automation and control applied to production processes, i.e. 
through the “internet of things”, the cyber-physical systems communicates and collaborates with each 
other and with humans, throughout the entire value chain and in real time (Hermann et al., 2016). This 
concept was born in Germany in 2011, under a German Government strategic project which aimed to 
promote the digitalization of production systems and to allow its in-line monitoring and from afar (Hen-
ning, Wolfgang, & Johannes, 2013; Hermann, Pentek, & Otto, 2015).

As this type of systems is implemented, the amount of data generated is expected to increase. If this 
data is to be used in a useful and efficient way, it requires an appropriate treatment. As a result, there is 
the need to transform “big data” into “smart data”, nurturing to speed up the decision-making process, 
supplying vital and assertive information for management activities (Fanning, 2016; Hermann et al., 2016).

Taking into account such difficulties and the need to find how to filter the data (to make it useful) 
generated in companies, the concept of Key Performance Indicator (KPI) has become increasingly men-
tioned in the literature, as an essential instrument in the interface between data generated and decision 
makers (humans or decision algorithms) (Fanning, 2016; Hermann et al., 2016; Marr, 2015). A definition 
of KPIs can be given: a restricted group of indicators intended to gauge the performance of a system in 
a systematic and comprehensive manner (Kahn, 2013; Parmenter, 2010).

The (Mis)Use of KPIs

In order to derive the greatest benefits from KPIs, they should be linked to the company strategy, re-
flecting completely its key points (Kahn, 2013; Parmenter, 2010). Therefore, the KPIs can be used as a 
mean of communicating the company’s strategy (inside the company) and monitor the effectiveness of 
its application. Usually, the adoption of Hoshin Kanri and Balanced Scorecard (BSC) approaches are 
recommended together with a well-established link with suitable KPIs for gauging the strategic objectives 
(Kaplan & Norton, 2005; Thürer, 2013; Witcher & Chau, 1993). Within the Hoshin Kanri approach, 
the strategy should result from a long process of negotiation creating an organic flow of information 
circulating throughout the entire company (Tennant & Roberts, 2001; Witcher & Butterworth, 1999). 
One of the purposes of using the BSC is to make it easier to define and communicate the strategy, in 
such a way as to help to define the KPIs (Kaplan & Norton, 2005). In order to be able to monitor all the 
work carried out, it is therefore essential to combine the generation of KPIs with these two approaches.

The effectiveness of the use of KPIs depends on alignment of the selected ones with the company 
strategy and on the ability of controlling the KPI. For this latter task, it is fundamental to define the target 
(the value that it intends to reach) and the baseline (initial KPI value, before any improvement measure) 
for each KPI. By comparing KPIs with these values, it will be possible to monitor the performance of 
the company in relation to its strategic-based objectives. The detection of the problems and the potential 
improvements identification is easier when the company performance is mirrored concisely by proper 
selected and controlled KPIs (Kahn, 2013; Parmenter, 2010). KPIs are also considered a fundamental 
tool for Lean Manufacturing and Kaizen philosophy implementation, since the final objective in these 
two approaches is the optimization of processes through a continuous reduction of waste (España, Tsao, 
& Hauser, 2012; Mourtzis, Fotia, & Vlachou, 2017; Dimitris Mourtzis, Fotia, Vlachou, & Koutoupes, 
2017; Sanders, Elangeswaran, & Wulfsberg, 2016). Lastly, for the KPIs to be fully understood and to 
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have an impact on the entire organization, they must be reconciled with visual management. This would 
make them attractive as well as allow them to be integrated in the company’s daily activities and com-
munity informal communication (Bhoi, Desai, & Patel, 2014; iF, 2017; Murata & Katayama, 2009).

Despite the referred huge potential of KPIs, its selection (i.e. the set of KPIs used), use and display 
are not done in the best way by most of the companies. From in-situ observation of the praxis in sev-
eral companies, the authors of this chapter found a common situation regarding the KPIs selection: the 
companies have as inspiration to their KPIs, the KPIs in use by other companies. This situation is also 
confirmed by several experts in KPIs implementation (España et al., 2012; iF, 2017; leanmanufacture, 
2017; Marr, 2015; Savkin, 2016). This situation increases the risk of the used KPIs not reflect an asser-
tive and comprehensive performance of the company. So, if the company does not spend enough time 
properly defining and communicating its strategy, the analysis of results (KPIs) can be compromised 
and even give incorrect or insufficient indications of necessary changes. Another common mistake in 
the selection of KPIs comes from collecting of an excessive number of indicators, resulting in an excess 
of data, and so not useful for decision-making. Lastly, sometimes the KPIs are displayed in an unap-
pealing way and so do not cause the desire impact (iF, 2017; Marr, 2015; Savkin, 2016). Thus, given 
the difficulty in selecting, showing and exploring KPIs correctly, they are often used inefficiently and 
ineffectively – they are not selected and used to take full advantage of its potential.

The Shop-Floor KPIs: The Motivation

The above characterization of the use of KPIs was done for KPIs in general. In the particular case of KPIs 
to be used in the shop-floor, the problems regarding its selection and exploration should be discussed 
specifically. In the bibliography is possible to find a fair amount of information on the nature of the KPIs 
and some methodologies about how to select them. But, most of these methodologies are associated 
with macro performance assessment mainly for top management decision-making, existing only a few 
publications that refer some aspects about the use of KPIs at shop-floor level (Marr, 2015; Parmenter, 
2007; Protzman et al., 2016). In these references is not explicitly described how to select, display and 
explore KPIs at the shop-floor level. There are also several suggestion of sets of KPIs available in the 
web, as well as examples of displays to be used at shop-floor level, but they are usually published by 
consultancy companies resulting in lack of theoretical foundation and comprehensiveness and absence 
of applicability to each company specificities. This scenario was the base for the motivation to develop 
the methodology proposed in this chapter.

The Contribution

Having in mind the general misuses of KPIs and the particular gaps on guidance about the selection 
and use of KPIs at shop-floor level, a methodology is proposed in this chapter. Consequently, the main 
aim of this methodology is to guide the use of KPIs based on a structured and comprehensive selection, 
intended to explore the shop-floor level through:

•	 Overcoming of the difficulty associated with the effective communication of the strategy to all the 
staff, and its conversion into concrete objectives, to ensure that the chosen KPIs reflect the com-
pany strategy as well as its critical points;
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•	 Comprehensive analysis of all the aspects of the production processes, ensuring that any problem 
or deviation will be identified;

•	 Ensure a regular review of KPIs, checking that they are a true reflection of the company over a 
certain period of time;

•	 Involvement of the staff in the selection of KPIs, so that they feel committed to them and moti-
vated to achieve company’s goals;

•	 Show the KPIs in a way that is engaging, intuitive and easy to assimilate;
•	 Standardize the way of showing the KPIs;
•	 Show each employee only the relevant information towards his/her performance increasing and 

avoiding to spend time with excessive/inadequate information;

As an assumption, the proposed methodology recommends the use of Hoshin Kanri strategy deploy-
ment and of the BSC method to assure that all the company collaborators are aware of the strategy of 
the company. After this fact is assured, the next steps consist in the decision levels identification (i.e. 
equipment, line/cell, section, business unit) and activities to control (i.e. quality, production, maintenance, 
etc.) in the company (regarding the production system). A survey is conducted to the several decision 
levels, with pre-defined universal questions about “what performance to assess” – each question is linked 
to a KPI, so the methodology includes a KPI database for shop-floor (besides other more general KPIs). 
The KPIs are selected among the most answered questions for each level of decision and are displayed 
using intuitive dashboards – visual management boards.

The recurrent use of the proposed methodology allows to take full advantage of the KPIs because it 
allows their proper selection, design, display and revision. The proposed methodology is also flexible 
about the type of companies where it can be applied, although it is more adequate for manufacturing 
and assembling companies.

THE EXISTING MODELS

In general, the set of KPIs selected to monitor the performance of a company are used for the following 
aims (Kahn, 2013; Marr, 2015; Parmenter, 2010; Savkin, 2016):

•	 To help in decision making, since they filter the essential information, highlighting it;
•	 As a mean of communication, allowing managers to transmit objectives and goals to the employ-

ees, as a result of the predefined strategy;
•	 To promote a sense of commitment between all the staff and their work, so they can see just how 

influential they are in the performance of the company;
•	 To encourage improvement measures, focused on results, with the intention of improving them;
•	 To prevent problems, by monitoring the critical values;
•	 To make comparison with other companies, resulting in the search for better market opportunities, 

based on the benchmark.

Given the difficulty in selecting “ideal” KPIs, several authors developed different models for choos-
ing them. Table 1 summarizes the three models studied in this chapter. Both Parmenter’s model (Par-
menter, 2007) and Marr’s model (Marr, 2015) are connected with top management, unlike the +QDIP 
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model (Hurley, 2012; Protzman et al., 2016), which is directed at the shop-floor. Parmenter (Parmenter, 
2010) and Marr (Marr, 2015) divide the indicators into different groups: for Parmenter there are results 
indicators (RI) and performance indicators (PI), identifying also the most important (key ones) of each 
group (Key results indicators – KRIs, Key performance indicators – KPIs); Marr prefers to divide them 
into strategical and operational. The strategical ones aim to assess the performance regarding the stra-
tegic targets and should be measured weekly or monthly; the operational ones aim to monitor the daily 
performance of the organization.

The way these two authors separate indicators is remarkably similar. In both models the authors also 
classify the indicators regarding its different time use: i) indicators measured in real time or at most every 
week, focused on operational objectives and daily actions; ii) indicators measured monthly, focused on 
strategy and long-term results. This means the first one can be considered as operational indicators, related 
to the front line and the daily goals of each employee, and the latter can be considered to be used at higher 
level of management, so more strategic and of greater interest for top management. Nevertheless, there is 
no defined guidelines to allow the selection of properly adequate KPIs for a specific production system.

Marr (2015) argues that there should be 15 to 20 indicators for each business unit. These should be 
standardized (making alterations only when strictly necessary) to facilitate their reading, comprehen-
sion and contextualization. Parmenter (2010) does not mention this, stating (only) that each company 
should use 10 KPIs, 80 PIs and RIs, and 10 KRIs. Neither of the authors mention categories of KPIs, 
even though their books mention the following indicators: financial, client, marketing and sales, project, 
production, workers and social responsibility.

The +QDIP model (that means Quality, Delivery, Inventory, Production) (Hurley, 2012; Protzman et 
al., 2016) is a practical model to be used on the shop-floor giving less emphasis to the alignment with 
the management structure in the choice of KPIs, while still using visual management. This model devises 
the KPIs in different categories and uses two to four KPIs per category. In some cases an “E” is added 
to assess environmental performance. Each category is represented by the first letter devised in several 
sections, one for each day of the month. Red and green colors are daily used to fill the devised sections, 
depending if the performance on the KPI was below or above the target. This model is used in some 
companies and recommended by consultant companies, but it does not have a theoretical background.

METHODOLOGY DEVELOPMENT

The methodology developed for the selection, display and exploration of KPIs at the shop-floor level is 
explained and discussed in this section. The methodology combines two important aspects referred in the 
KPIs misusing: the harmony between the company strategy and the selected KPIs, and the involvement 
of the staff in the KPIs selection. It proposes the staff involvement in the KPIs choice to increase the 
feeling of commitment. It is also intended that the employees feel more stimulated to achieve the defined 
target. These assumptions are defended by different authors, like Marr (2015) and Parmenter (2010) 
the main references of this work. It also includes the categorization of KPIs to support its control and 
organization, and a proposal for its display fostering the visual management. In fact, one of the common 
difficulties in the use of KPIs is the poor effectiveness of most of the visual boards, so the methodology 
suggests a way to expose the KPIs to be as clear and intuitive as possible.
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In order to overcome the limitations of the existing methods, the methodology proposed recommends, 
before its application, the communication of the company strategy to the employees, aiming to ensure 
that everyone knows their role in the company and to establish a feeling of sharing the same objectives 
and targets. The methodology can be applied in other circumstances, i.e, without the implementation of 
this recommendation. However, this communication and sharing is suggested to obtain more realistic 
results and to be able to choose indicators that truly reflect the company. The authors recommend the 
use of Hoshin Kanri and BSC methods to define the strategy and allow an easier communication to the 
company employees and therefore contribute to the alignment of the generated KPIs with the company 
strategy.

Step 1: Production System Model and Levels

The first difficulty in the methodology development was the fact that KPIs should be explicitly explained 
to those who are responsible for their performance and for whom they have meaning and relevance. It 
must be kept in mind that important KPIs for one area can be insignificant for others. Because of this, 
it is necessary to avoid excess data and/or lack of contextualization.

To solve that problem, a typical production system model was considered to develop the methodology 
(Figure 1). An organizational pyramid was also used as reference to develop the methodology, taking 
into consideration different management levels and their responsibilities, as shown in Figure 2. These 
two models are generic and allow the understanding of the methodology application; they should be 
adapted for the company real situation when applying the methodology.

The production system model considered (Figure 1) is composed by five distinct production levels. 
The Production System itself (a macro level) is composed by a set of business units. Each Business Unit, 
the next level, is made up of a number of Sections, being each Section a family of products. Within the 
Sections there are various Cells, and each of these consists in a group of different Processes.

This model can be adapted depending on the productive unit being studied. For example, the cell 
level can be omitted if the product results from only one process (as can be seen in the bottom right 
corner of (Figure 1). More levels can also be created. For example, when the same company has more 
than one production system, and wants to monitor all of them in the same way, it is possible to create a 
sixth level to control that large system.

Table 1. Comparison between the Parmenter, Marr and + QDIP models, according to their division of 
indicators, number and update intervals.

Models Parmenter Marr +QDIP

Division of 
indicators

Results of Indicators (KRIs e RIs) 
and Performance Indicators (KPIs, 
PIs)

Strategic indicators and operational 
indicators

Safety, quality, delivery, cost, inventory, 
production, environment

Number of 
indicators

10 KPIs and 10 KRIs 
80 Pis and 80 RIs

15 to 20 high level, and a similar 
number for each business unit

Each category represents some indicators, 
there being no defined number

Update 
intervals

KPIs: real time to weekly 
KRIs: one to four months 
RIs e PIs: real time to monthly

Strategic indicators: weekly and 
monthly 
Operational indicators: real time

    Daily in a monthly spectrum
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The physical division of the production system of Figure 1, combined with the staff division of 
responsibilities, results in the organizational pyramid of Figure 2. The relationship proposed in this 
pyramid was established in order to link the responsibilities of each worker with their place of work: i) 
the operators are responsible for the process, thus constituting level 1; ii) the cell is the responsibility 
of the cell leader, forming level 2, etc. Again, both physical and staff divisions can be adapted to each 
company, depending on its structure and organization. The purpose of this division is to select the ap-
propriated information for each level and guarantee that every worker is involved and tuned with the 
KPIs of his/her level.

Since every level of the pyramid has different responsibilities, each of these levels needs to check 
different indicators. This way, they can monitor their work results more effectively. Thus, each group 
will have different displays, associated with specific KPIs.

Step 2: Classes of KPIs

The KPIs aim to measure different type of performances. At shop-floor level several activities occur 
simultaneously and a comprehensive set of KPIs must cover all the types of activities. To assure that the 
final set of KPIs covers all the significant areas of performance in the shop floor, a set of nine Classes 
is proposed covering all the company value chain. These nine classes were based on the +QDIP model 
(Hurley, 2012) but proposing a few more classes since that model only consider five or sometimes six 
classes (Hurley, 2012; Protzman et al., 2016). An acronym will be used to designate each Class in this 
chapter as indicated in Table 2 (acronym).

A match between the Levels and the Classes is proposed (Table 3). In fact there is no need to as-
sess all the classes of KPIs in all levels, avoiding excessive and redundant information. Some examples 
explain the need for this matrix. The Mechanical class is relevant for Level 1 (the operators’ level). The 
Suppliers class performance only makes sense to be analyzed in groups of the same production processes 

Figure 1. Production System Model used as reference for the proposed methodology.
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(from level 2 to 5), since the same process has the same type of supplier. About the classes of Clients 
and Workers, the analysis is only relevant for higher levels of decision (level 3,4 and 5) because it is a 
very sensitive information.

Following Marr (2015), who suggest the use of 15 to 20 indicators, each class will be represented 
by three KPIs. Therefore, the KPIs will depend on the company where the methodology is being imple-
mented and the levels which are represented.

Figure 2. Organizational Pyramid Model used as reference for the proposed methodology, with the color 
code of Figure 1.

Table 2. List of Classes defined in the proposed methodology

Class Name Acronym Content

Suppliers S Includes the internal (process to process) and external performance of the suppliers. 
Evaluate its performance and the performance of the previous process.

Planning Pl
Evaluate the planning effectiveness; if this is performed correctly and in time. Also, it 
evaluates the influence of the delays in the performance and the level of resources using 
according to the planning.

Productivity Pr Evaluates the process itself, its performance and levels of productivity.

Quality Q Reflects the problems of bad quality and the actions to correct them. 
Evaluates also the critical parameters of bad quality in each process.

Mechanical Mec
Evaluates and identify the deviation between the established and the real value of the 
mechanical parameters of the machines. These parameters are analyzed because they can 
influence the process and the quality of the parts.

Maintenance Mai Referring to all the maintenance (planned or unplanned) points, evaluating its efficiency 
and cost.

Clients C Focused on internal and external clients, studying their satisfaction and targets/
specifications fulfilment.

Environment E Evaluates the several types of wastes and environmental related aspects.

Workers W Evaluate workers’ performance, satisfaction and costs associated to them.
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The contextualization of the specific characteristics of the company is assured by this and by the 
latter steps, assuring that all the representative decision levels and types of activities are represented. It 
is important to mention that, if the company does not need all these classes, it is possible to take them 
out or add new ones.

Step 3: Key Performance Questions and Surveys

The proposed methodology assures the selection of appropriated and tuned KPIs through the application 
of surveys to the several levels of the production system. The employees of the several levels will answer 
to specifically designed surveys (for their level). Depending on the surveys’ results three KPIs will be 
selected for each class in each level. This way, two important aspects are assured by the methodology: 
KPIs comprehensiveness (by the complete list of classes) and KPIs meaning to its users (they are selected 
specifically by the ones that will explore them). This is one of the reasons why is so important all the 
employees are tuned with the company strategy: if they are not aware of it, the selection of KPIs might 
be not aligned with the mission, objectives and value proposal of the company. Prior to the delivery of 
the surveys to the employees, and to increase transparency and commitment, a workshop should be held 
to explain the main aim and advantages of using KPIs as well as the process of KPIs selection.

The way the surveys are designed is now explained. They are based on good practices proposed by 
other authors. According to Marr (2015) a good understanding of what is intended to measure by the KPI 
is more important than the selection of KPI. For this reason, he has created the KPQ (Key Performance 
Question). KPQs guarantee that the information provided by the KPIs is really important and give them 
a “raison d’être” (Marr, 2015). These questions also help in contextualizing the KPIs and converting 
them into knowledge.

An intermediary step prior to the construction of the KPQs list, was the creation of a list of possible 
KPIs to be used at shop-floor level. That list is one important asset of the proposed methodology and 
was build based on the study and analysis of several published books and on-line KPIs libraries (BI, 
2017; Kahn, 2013; Klipfolio, 2017; KPIlibrary, 2017; leanmanufacture, 2017; Marr, 2015; Parmenter, 
2010). The most commonly used and recommended KPIs were listed and subsequently divided into the 
classes. Then, for each KPI, a KPQ was constructed. The KPI will be the operational quantification or 
measurement of the proposed KPQ. The list of KPIs drawn up leaves room for improvement, since it is 
not exhaustive and can be modified and/or incremented. In addition, the KPIs listed were translated into 
formulas, in order to show the data that needs to be collected. In the construction of the KPQs, explicit 
caution was taken not to make them too explicit in order to avoid biased answers. The intention here was 
for respondents to focus more on questions they want clarified, rather than on the KPIs that they want 
to see at the end. The intention was also to achieve impartial choices, as opposed to ones biased in favor 

Table 3. Matching of Levels and Classes (refer to acronym of Table 2).

Level
Classes

S Pl Pr Q Mec Mai C E W

1 X X X X X X

2 X X X X X X

3,4,5 X X X X X X X X
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of KPIs that are easier to measure or that the company generally uses, without taking into consideration 
their real purpose (Parmenter, 2010). Furthermore, the levels and classes where the each KPQ should 
be applied were defined (Table 4 and Appendix Table 7).

The KPIs identified as the possible ones for the levels 1 and 2 are the real shop-floor KPIs. Marr 
(2015) and Parmenter (2010) had defined them but without a clear support for its definition and creation 
(operational indicators for the first level and KPIs for the latter). In line with the definitions proposed by 
both authors, these types of indicators should be measured at short intervals, focusing on the operational 
objectives and daily actions of each employee. For levels 3, 4 and 5, the questions were filtered in such a 
way that sensitive and/or aggregated information could only reach the highest levels. This is because such 
information is only important for top management, where it will have significant impact. An example 
are the costs and aspects related to the macro strategy of the company. If we make a comparison with 
the models referred above, these can be seen as KRIs (Parmenter, 2010) or strategic indicators (Marr, 
2015). So, their purpose is to help monitor the strategy of the company and evaluate the work of vari-
ous teams working together. The staff at these higher levels have the option of seeing only operational 
indicators or strategic indicators, or a mixture of both, depending on what they want. This enables them 
to focus only on the macro strategy, instead of on the operational objectives of each employee/section. 

Table 4. Partial list of KPQs and KPIs, with indication of the class and level (full list in Appendix).

KPIs KPQs Levels

S

Quantity of non-compliant Are we receiving non-compliant parts? 2,3,4,5

Supplier Quality Do the supplied parts have the desired quality? 2,3,4,5

Cost of non-quality To what extent should we be concerned about suppliers’ non-quality 
costs? 4,5

Troubleshooting time Do the suppliers quickly solve the problems we report them? 3,4,5

Waiting time Is the supply being done correctly? 2,3,4,5

Pl

Level of inactivity Is our performance far from planned? 2,3,4,5

Equipment occupancy fee Are we using our maximum potential? 1,2,3,4,5

Boot Time Is the machine / line starting at the scheduled time? 1,2,3,4,5

Production in time Was the work carried out at the planned time? 2,3,4,5

Set up time Is the programmed stoppage schedule being fulfilled? 1,2,3,4,5

Stock rotation Is our material too long in stock? 3,4,5

WIP Amount Is WIP as defined? 2,3,4,5

Pr

Production time How long does the product take since it starts to be produced until it 
is finished? 3,4,5

Set up tasks Are set up tasks being carried out efficiently? 1,2,3,4

Cycle time Is the production cycle time being fulfilled? 1,2,3,4,5

Unplanned stops Does this machine / line have unscheduled stops? 1,2,3,4,5

Performance Are the parts / assemblies being produced in the established quantity? 1,2,3,4,5

OEE Are we operating effectively? 2,3,4,5

Production cost Is production being carried out as budgeted? 4,5

continued on following page
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KPIs KPQs Levels

Q

First Pass Yield (FPY) How efficient are our internal operational processes? 2,3,4,5

Quantity of non-conformities 
detected at the end of the process Are we identifying nonconformities at the end of the process? 1,2,3,4,5

Quantity of non-compliant parts at 
start-up

Was the production of nonconforming product units excessive during 
start-up? 1,2,3,4,5

Non-conformity production cost To what extent are production costs associated with non-conformities 
excessive? 4,5

Time between self-control Are self-checks performed at the set time? 2,3,4,5

Recurring problems Are we encountering recurring quality problems? 1,2,3,4,5

Cost of rework To what extent are the cost of rework a problem? 4,5

Quality troubleshooting time Are we efficient in solving quality problems? 3,4,5

Non-quality costs Is non-quality turning into an overspending for the company? 4,5

(*) Mec
Pressure Is the machine working under the set pressure conditions? 1

Temperature Is the machine working at the set temperature? 1

Mai

MTBF Are there too many equipment failures? 1,2,3,4,5

MTTR Does the equipment take too long to repair? 1,2,3,4,5

Maintenance time Is the machine stopped too many times for maintenance? 1,2,3,4,5

Maintenance Costs Is the maintenance of equipment a source of high expenses? 4,5

C

Reliability of delivery Do our customers get what they want when they want? 3,4,5

Satisfaction Are our customers satisfied? 3,4,5

Claims Are we providing our service as the customer intends? 3,4,5

Number of orders Are our orders increasing? 3,4,5

Order value Do we have a high monetary value of orders related with this section? 4,5

E

Waste of raw material Is the raw material being spent in excess? 1,2,3,4,5

Cost of raw material waste To what extent should we be concerned about the cost of wasted raw 
material? 4,5

Power Consumption Does energy consumption deviate from the stipulation? 1,2,3,4,5

Cost of energy consumption Are energy costs as stipulated? 4,5

Carbon Emissions To what extent are carbon emissions a problem? 3,4,5

Water consumption To what extent is water consumed a problem? 3,4,5

Cost of wasted resources Have the wasted resources a major financial impact? 4,5

W

Immediate problem solving How autonomous are employees when they meet a problem? 3,4,5

Satisfaction Are employees happy with their job? 3,4,5

5S Do we have a clean and organized workplace? 3,4,5

Accidents at work Is the workplace propitious to accidents? 3,4,5

Number of training hours Have the employees been assiduous in the training sessions? 4,5

Cost of employees To what extent is the associated cost of the workers from this section 
a concern? 4,5

(*) These groups / indicators depend on the process, having to be adapted according to the type of process in the company.

Table 4. Continued

 EBSCOhost - printed on 2/14/2023 11:31 AM via . All use subject to https://www.ebsco.com/terms-of-use



174

Methodology of Operationalization of KPIs for Shop-Floor
﻿

It is also possible for each staff member to consult the display of the levels below. Thus, if there are any 
irregularities, they can trace the source of the problem.

The surveys were based on the outcome of these considerations, with each survey corresponding 
to one level. So, taking into account the different KPQs and their distribution at different levels, five 
different surveys were set up with their corresponding KPQs. Figure 3 illustrates an excerpt from one 
survey and its explanation.

In these surveys employees are requested to rate, on a scale of 1 to 5, how important is to find the 
answers to these questions (divided into classes). They should answer the survey bearing in mind the 
strategy of the company and the possibility of improving performance. Workers are also asked to indi-
cate any relevant questions that need answering that is not included in the survey. This would allow the 
methodology in question to be improved and further developed. Apart from selecting the most important 
KPQs, the survey also intended to uncover problems that until then had not been recognized or followed.

Figure 3. Outline of a survey with explanation of its content
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The survey of each level should be handed to all the staff of that level and the level above, as shown in 
Figure 4. It must be borne in mind that heads and members of each department will only answer questions 
related to their area of responsibility. For example, maintenance KPIs will be chosen by the maintenance 
department together with that section manager, as well as the business unit manager and so on.

Step 4: The Selection of the KPIs

The selection of the KPIs is based on the survey’s results. The results should be presented in a second 
workshop and discussed with the employees in each section or business unit, depending on the size 
company. The KPIs selected are the one with higher voting rate. When even points are obtained by sev-
eral KPIs, a second level decision criterion should be used, like selecting the one with lower standard 
deviation. In addition, during the workshop this decision can be shared with the employees and make 
trade-offs that foster the best performance assessing net of KPIs.

After selecting the KPIs, the target values should be defined and the baseline values should be 
identified. The target value should be realistic and achievable, taking into account the limitations and 
constraints of the specific production system. The target value should be set together with the elements 
involved on its use, aiming to assure peoples empowerment and commitment with the target fulfilment.

Step 5: The Dashboards for KPIs Visualization

KPIs must have visual impact. For this, it is essential that they are presented in a way to be understood 
immediately, preventing users from getting lost in excess data and/or irrelevant KPIs for their job. KPIs 
must show the problems and the objectives clearly, in such a way that the user understands them without 
the need to ask any question (Bell & Davison, 2013; iF, 2017; Parry & Turner, 2006).

Some authors support the use of color coding to quickly understand the state of the process regarding 
the target values defined by the company (Bell & Davison, 2013; Parry & Turner, 2006). The typical color 
code is the use of green if the target value is achieved, yellow if the assessed performance is below the 
target value but higher than the baseline, and the red if is below the baseline. In addition, the numerical 

Figure 4. Surveys distribution into different levels
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value of the performance should be showed together with the respective color. This type of board should 
be consistent, easy to understand, visible from a distance and placed near the area in question (Bateman, 
Philp, & Warrender, 2016; Parry & Turner, 2006).

Given the above, the result of this methodology is a visual management board that summarizes the 
performance of a particular area, fostering KPIs assertiveness and comprehensibility. So, the present 
methodology proposes distinct types of displays for each level of decision, as it can be seen in Figure 6.

Dashboard 1 and 2 (level 1 and 2) should be updated in the shorter time considered possible, depend-
ing on the limitations of the data collection equipment. A short revision period allows the indicators to 
be synchronized with the undergoing tasks, which might be useful in these two levels. This also allows 
to take immediate measures in conformity with the KPIs evolution. If an in-line monitoring is useless 
because it gives no practical information, a more adequate revision period should be used, being highly 
advisable that should be lower than 1 day (or 1 shift if the company works in shifts).

For levels 3 to 5, a different dashboard is proposed (similar for these three levels). In the methodol-
ogy the daily assessment of level 3 KPIs is proposed, for level 4 KPIs the weekly period, and for level 
5 monthly. Once again, these revision periods depend on the function that the KPIs must perform for 
those who view them. Top management is usually more interested understand the performance on a 
month basis rather than the hourly behavior of a machine, nevertheless the higher levels have access to 
all the KPIs of the lower levels.

Each of the dashboards proposed (Figure 5) has different divisions and each division has a color 
depending on the performance of the corresponding KPIs in relation to the target (previously defined 
by the company). Following the common practice in companies,, the division is green when the perfor-
mance is better than the target (e.g. the suppliers in Figure 5); yellow when the performance is below 
the target but above the baseline (see productivity in Figure 5); and red when the performance is below 
the baseline (e.g. quality in Figure 5).

For levels 1 and 2, data will be updated at short intervals. However, these updates can cover a long 
period of time. For example, although the number of “ok components” must be updated instantaneously, 
the target should refer to daily values. Thus, the worker can have an idea of his performance while work-
ing. Furthermore, the main point of this is to understand, at the end of the day, if the worker completed 

Figure 5. Dashboards types for each level of decision, with indication of the revision period.
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all the work that was allocated to him or not. For the company, it is irrelevant if at any point during the 
day the worker was ahead of or behind schedule. For these reasons, in addition to the KPI value for some 
KPIs (when justifiable) the history of the KPI is also shown in the same display. Figure 6 represents an 
example of the level 2 dashboard (a similar one can be used for level 1). This kind of dashboard besides 
giving information on the color and on the KPIs figures, also allows to visualize the recent evolution 
of the KPIs.

For the displays referring to levels 3, 4 and 5, it was decided not to show individual KPIs avoiding 
excess of data, since the aim is to analyze 3 KPIs for each section (Figure 7). The proposed display is 
formed by 8 small peripheral circles, each one referring to one of the classes. There is also a central 
circle which reflects the average performance of the 8 classes taken as a whole. In the circles the daily 
value of each class (numerator) and respective target (denominator) are possible to find, in the case of 
level 3. When the dashboard is for level 4 the weekly value is used, and the monthly value is used for 
level 5. This number is the result of the average of the 3 KPIs previously selected by the surveys. Every 
circle will be painted green, yellow or red, depending on the general performance of each class. The 
peripheral circles are organized following the order of the process, clockwise. The order is the same 
for every display. This standardization is intended to make them readily understandable minimizing the 
possibility of doubt.

In order to have an idea of the history of the events, the last 15 days/12 weeks/12 months of perfor-
mance (depending on the level in question) is shown in colors around each circle. These small sections 
also follow a clockwise direction (Figure 7). The first section refers to the day before and the last section 
before the white one refers to the performance of 15 previously time units. In Figure 7 this evolution is 
indicated by arrows.

Figure 6. Example of a level 2 dashboard
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As already mentioned, each of the small circles in Figure 7 represents one class, and that class is 
the result of the performance of 3 KPIs. The 3 KPIs of each class must be associated with a group of 
employees that influence the performance of the KPI with their work and also have the responsibility to 
react when a KPI value is yellow or red: a procedure must exist to support this action (in the KPI Card 
explained in the next point of this chapter).

These dashboards should also be used as reference/focus for the recommended periodic meetings 
in the shop-floor, to assess the good/bad performances of the last period. At the shop-floor level, level 
1, 2 and 3, these meetings should be done daily. These meetings also provide an opportunity for ideas 
brainstorming. The main aim of these meetings is to increase performance and identify where improve-
ments can be made.

Considering levels 4 and 5, the meetings should be done weekly and monthly, respectively. For level 
4, a weekly meeting to discuss the performance of the business unit is usually enough. In level 5, a 
monthly meeting would be enough to analyze the performance of the production system, comparing it 
with the strategy of the company.

The way these displays are presented enables the KPIs to be immediately understood. Taking all 
this into consideration, standardized displays can be developed and used, as recommended by different 
authors (Espana et al., 2012; Henning et al., 2013; Hermann et al., 2016)

Figure 7. Example of a level 3 dashboard
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Step 6: The KPIs Cards and Surveillance

The methodology proposed in this chapter would not be completed if it doesn’t tackle one of the most 
important aspects for the low effectiveness of KPIs in some companies: the lack of KPI surveillance. An 
Identity Card per KPI (Figure 8) should be build and maintain by a company employee designated for 
that job – the KPI Guardian. The KPI guardian has the responsibility to assure that the metrics used and 
its evolution keeps being understood and being used by the elements that use it (or should use it). Each 
KPI has different specifications and metrics, so the guardian should also explain the KPI interpretation 
for new comers in the company/team. The KPI guardian is also responsible to verify if the target value 
keeps up-to-date or if a performance increasing in the process has to be reflected in the definition of a 
higher value for the target; briefly, the guardian has to keep the KPI alive and useful and also to propose 
its extinction or deeper reformulation when becomes useless.

The last component of the proposed methodology, not considered as a step, is its periodic application, 
aiming to identify KPIs that are not used/useful and to identify novel needs of performance monitoring. 
The 6 steps proposed foster the alignment of the KPIs with the company strategy, assures the involvement 
of company elements of different levels in the KPIs generation, assures all dimensions of performance 
are cover as well all the decision levels, and also that the visualization and usefulness are used to assure 
their easy interpretation and up-dating. In the next section the results of the application of the methodol-
ogy to an industrial company are described and discussed.

Figure 8. KPI Identity Card proposed: the fields are listed on the left card and an example is given in 
the right card.
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METHODOLOGY APPLICATION: A CASE STUDY

The Company

The methodology was applied in a European producer of products for plastic-based products for toilets, 
one of the biggest in Europe. The production system is located in Portugal, has around 400 employees, 
80 injection molding machines, 1000 molds and 80 production lines (including assembly lines). There 
are 3 business units in this production site. Each business unit is composed by two or three families of 
products. The methodology was applied only to a section that produces one of the most complex prod-
ucts. The assembling phase of this section is composed by 8 cells, with 24 operators and 1 cell leader in 
charge, working 24/7. The injection molding area is formed by 7 machines controlled by 3 technicians 
and 3 machines operators. This structure is kept unchanged for all the other processes. In addition to the 
production and assembling areas, there are several parallel departments common to all the business units:

•	 Provisioning: responsible for external supplied parts and for their availability in the company;
•	 External Logistics: responsible for the material storage, transportation and distribution in all the 

different cells inside the company;
•	 Planning: responsible for planning all the production and dispatch of orders;
•	 Maintenance: responsible for the maintenance of all the equipment and machines, as well as 

aspects related with energy consumption;
•	 Quality: responsible for the parts inspection and defects, searching their causes and how to avoid 

it.

The assembly department is responsible for the assembly lines and the injection department for the 
injection machines. The injection team is composed by machine operators and injection technicians, 
being the last ones responsible for mold exchanges. The human resources department was also included 
in this study because its work is associated with all the company’s members, and consequently with the 
production system.

The company uses KPIs being most of them derived from BSC. As a result, they are mainly monetary 
based KPIs only accessed by top management, and updated monthly and annually. The company also 
uses a set of shop-floor KPIs that are collected for each shift and exposed in a board named Daily Kaizen 
for each section (where an every-day meeting of seven minutes occurs with the staff of that section). The 
KPIs used are: OEE, number of open claims associated, number of actions, number of mold change, 
stopping times and percentage of non-conformities. These latter KPIs are usually updated daily but they 
are not visible during the working day, being only used during the Daily Kaizen meeting (Figure 10). In 
addition to these boards, some screens are exposed near the assembly lines. These are instantaneously 
updated and give information to the worker about: what product is being produced, how many parts 
of the model will be produced, how many parts were already produced and if the pace of production 
established is being fulfilled (Figure 11).

The Model, the Levels and the Surveys

Having in mind the company structure explained above, the identification of the model of the production 
system for the levels of decision identification was done (Figure 9). It was necessary to divide level 1 

 EBSCOhost - printed on 2/14/2023 11:31 AM via . All use subject to https://www.ebsco.com/terms-of-use



181

Methodology of Operationalization of KPIs for Shop-Floor
﻿

into two different groups, because the two processes studied are quite different and need different KPIs. 
In accordance with the structure of the company level 2 only relates to assembly. This decision was also 
made because there is no need to monitor the majority of the KPIs of the machines together, since the 
information would end up getting lost. Concerning the section (level 3), the company does not have a 
single person in charge of assembly and injection as stipulated in the model. However, the company has 
a section manager (responsible for assembly) and a shift master (responsible for injection). So, it was 
decided to put these two employees together in level 3 with the members of each department. The model 
was able to be used without any changes for level 5 and 6.

Figure 9. Organizational pyramid adapted to the company studied

Figure 10. Daily Kaizen board with indicators
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After the identification of the levels of decision, the KPQs were organized and adapted to the different 
levels, resulting in 6 surveys (A, B, C, D, E, F), one for each division of the pyramid. As stipulated by 
the methodology, each level answers its corresponding survey and the survey of the level above. Each 
department should only answer the questions related to their job and their responsibilities.

The choice of classes to be answered by each department was made with the help of the production 
manager together with the head of the human resources department, with the aim of giving each worker 
only the information that would help them for improve performance. For this reason, for example, it 
makes no sense for the logistics department to be involved in the choice of KPIs related to maintenance.

The surveys were handed to the heads of each department, with clear instructions on how to distribute 
and fill them as described in Table 5.

Table 5. Distribution of the surveys by KPIs classes and company elements

Survey Regarding to Classes Answered by

A Injection Pl, Pr, Q, 
Mec, Mai, E

3 machine operators (Pl, Pr, Q, Mec), injection technicians (Pl, Pr, Q, Mec), 5 maintenance 
technicians (Mec, Mai, E), 3 shift masters (entire)

B Assembly line S, Pl, Pr, Q 24 assembly operators (entire), 1 team leader (entire)

C Assembly S, Pl, Pr, Q
1 team leader (entire), 1 section manager (entire), 4 Provisioning members (S), 3 Planning 
members (Pl, Pr, Q), 6 Quality members (Q), 4 External logistics members (S, Pl), 3 
Assembly members (Pr, Q)

D Tap section S, Pl, Pr, Q, 
Mai, C, E, W

1 section manager (entire), 3 shift master (entire), 1 Business unit manager (entire), 5 
Provisioning members (S), 4 Planning members (Pl, Pr, Q, C), 7 Quality members (Q), 5 
External logistics members (S, Pl), 4 Assembly members (Pr, Q, E), 2 Injection members 
(Pr, Q, E), 2 Maintenance members (Mai, E), 3 HR members (W).

E Business unit S, Pl, Pr, Q, 
Mai, C, E, W

Heads of: UN (entire), Provisioning (S), Planning (Pl, Pr, Q, C), Quality (Q), External 
logistics (S, Pl), Assembly (Pr, Q, E), Injection (Pr, Q, E), Maintenance (Mai, E), HR (W). 
Production manager (entire), management advisor (entire), CEO (entire)

F Production 
System

S, Pl, Pr, Q, 
Mai, C, E, W Production manager (entire), management advisor (entire), CEO (entire).

Figure 11. Screen of assembly lines units produced
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KPIs Selection From the Survey’s Analysis

After the completed surveys were handed back, the 3 highest rated KPIs for each level and class were 
selected (Table 6). In cases of an equal rating for two or more KPIs, the company top management 
decided that the KPI with lower standard deviation was chosen. This reflects greater unanimity regard-
ing the importance of that KPI. The results show the cost related indicators were selected in almost all 
classes where they were an option (they are only present for levels 5 and 6). This demonstrates that top 
management is more interested in cost-related KPIs because top management is more focused on ag-
gregated results than on individual processes.

The results also show that there are a group of KPIs which were selected in every survey where they 
were an option. The explanation for this is that they can summarize effectively the performance of each 
class:

•	 Cycle Time: important to achieve a good work pace and, consequently, high productivity;
•	 Recurring Problems and Complaints Associated With Quality: representing quality. It reflects 

the performance of the company when it comes to efficiency in detecting and solving problems;
•	 Unplanned Maintenance: mirrors the performance of maintenance, if there are too many unfore-

seen breakdowns, as well as if the maintenance is being performed efficiently;
•	 Client Satisfaction: it summarizes all the processes behind the product, from efficient production 

to delivery on time;
•	 Incidents Where the Board Intervened: it shows, once again, the ability of the company to deal 

successfully with problems.

Table 6. KPIs selected for each class in each survey (A to F). The KPIs that were selected in all the 
surveys where they were included are highlighted by a dashed colour.

Niveis 1 1 2 3 4 5

S Cost of not quality - - - - 4.0

Pl Extra hours of labor cost - - - - 4.0

Pr
Cycle time 4.0 3.96 4.63 4.62 4.5 4.33

Production cost - - - - - 5.0

Q

Recurring problems 4.0 - 4.43 4.55 4.43 4.33

Non-quality costs - - - - 4.57 4.33

Complaints associated with quality - - 4.64 4.75 5 5

Mai

Unplanned maintenance 4.25 - - 4.38 4.5 4.0

Unplanned maintenance cost - - - 4.33

Maintenance cost - - - - 4.33

C

Satisfaction - - - 4.89 5 4.67

Incidentes em que a administração teve que intervir - - - 4.89 4.5 5.0

Orders / customer - - - 4.67

E Cost of wasted resources - - - - 3.83 4.33

W Cost of employees - - - - 4.33
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The results also show a significant spread of the votes among several KPIs, meaning each person 
has a specific idea about what has to be measured. A reason that might contribute to these is the low 
effectiveness of the communication of the company strategy to the employees that was later recognized 
by the company top management. It was also decided by the company to repeat the “survey exercise” 
after 12 months, after a more effective company strategy communication to the employees, and verify if 
the results are more focus on a few KPIs increasing the relevance of the selected ones. If the same situ-
ation persist it means that is a characteristic of the company culture and compromises must be achieved.

Implementing the Selected KPIs

As mentioned before, the company already uses KPIs in the shop-floor and also at the top-management 
level. Comparing the KPIs selected by the methodology and the KPIs already measured by the company 
(even though its usefulness was recognized by the company as not effective) there is a match of about 
50%. However, most of them are neither updated in the interval of time established by the methodology 
nor exposed to the right audience. Regarding the KPIs of the Daily Kaizen board of the company related 
to productivity, all of them were selected by the methodology. Nevertheless, with the dashboards and 
updating period proposed by the methodology its effectiveness is expected to increase. This means that 
the way they are being collected may have to change.

For these KPIs and for the remaining KPIs, two kinds of changes were identified for their imple-
mentation in the company: i) there are KPIs that are not monitored regularly, being accessed only when 
there is a non-conformity (i.e. energy consumption), so these kind of KPIs are to be kept but monitored 
regularly towards the target value; ii) the data collection must be more sensors-based to avoid losing 
times by the operators and the data collection that cannot be automatized must be supported by devices/
systems to facilitate operator data collecting task (it also increases data accuracy).

The company decided not to implement immediately the dashboards because significant work has 
to be done regarding the preparation for a more agile data collection that is already an ongoing work. 
In addition, as referred before the company recognized the low level of employees’ knowledge about 
the company strategy, so the survey’s results obtained cannot be considered highly valuable as a way 
to define the most appropriated KPIs. So, the company decided to give 12 months to project leader to 
implement what is necessary to be ready to collect process related data in the shop-floor (based on the 
selected KPIs) and then repeat the survey (but only after the strategy of the company is disseminated 
among the workers and after some workshops to explain the aims and advantages of the KPIs selection 
and exploration methodology – the one proposed in this chapter).

CONCLUSION

A novel methodology to select, explore and display KPIs at shop-floor level is proposed in this chapter 
to overcome several limitations of the current industrial practices and gaps of the existing methods. The 
limitations and gaps were identified and the steps of the proposed methodology were described. The aim 
is to answer to the challenges related with generation of a comprehensive and assertive set of indicators 
yet limited in number to be easy apprehended by the company employees. The comprehensiveness is 
assured by the definition of seven classes of KPIs covering the several types of activities and by “forcing” 
the existence of indicators for every classes. The assertiveness is assured by the selection of a specific 
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set of KPIs for each levels of decision in the company (previously identified). The easiness is assured by 
limiting to three the number of KPIs for each class guaranteeing a final controlled number of KPIs. The 
use of surveys (based on KPQ) is another contribution for the merging of the company employees with 
the generated KPIs, by identifying the “most wanted” KPIs in the company. Finally, easy to implement 
and interpret visual dashboards are proposed for each level of decision, fostering the application of the 
visual management practices of using the KPIs for monitoring and continuous improving logics. To 
assure the validity and effectiveness of the KPI an Identity Card is created that includes the nomination 
of a responsible of verifying the evolution of the use of the KPI, namely the way data is collected, if its 
variation is taken into account when actions are necessary, if it is used by who should use it and if the 
target value is updated.

In summary, with the proposed methodology is possible to:

•	 Chose a group of KPIs which contextualize a process;
•	 Enable a relation between the strategy of the organization and the selected KPIs;
•	 Link the KPIs with the workers in order to involve them;
•	 Achieve a commitment between the workers and selected KPIs;
•	 Intuitively analyze a KPI performance, in relation to its baseline and target;
•	 Monitor the selected KPIs;
•	 Easy and quick display of each process critical points;
•	 Facilitate the attribution of responsibility to each KPI;
•	 Periodical review and actualization of KPIs.

The methodology was applied in a company, revealing all the positive points identified. As regards 
limitations and points to improve, a few conclusions were withdrawn. One of the lessons learned is 
about the high sensitivity of the methodology effectiveness to the dissemination level the strategy of the 
company to the employees: weaker their knowledge, weaker are the match between the selected KPIs 
and company strategy. The other is related with the importance of explaining to the company employees 
the reasons and potential benefits of having aligned and accurate measures of the company performance, 
to assure their real commitment. The last one is related with the need to change cultural and technical 
aspects related with the recurrence and accuracy of data acquisition that tends to delay the full imple-
mentation of the methodology. Naturally, the proposed methodology will be easily implemented in a 
context of Industry 4.0, with the relevant machines, tasks and actions monitored by sensors and other 
data collecting systems.
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APPENDIX

Table 7. KPIs list and formulas per class of KPIs.

KPIs Formulas

S

Quantity of non-compliant
Nr of non complaintunits provided

Nr of unitssupplied
.

.
−

Supplier Quality
Nr of complaintunits provided

Nr of unitssupplied
.

.

Cost of non-quality
Costsassociatedwithnon qualitiesof suppliers

Intendedc
     

 
−

oostsassociated withnon qualitiesof suppliers     −

Troubleshooting time
Supplier troublesooting time

Intended supplier troublesooti
  

  nngtime  

Waiting time
Unnplaneddowntimeduetosuppliers

Unplannedstoptime
    

  

Pl

Inactivity Level
Actual productiontime
Planned productiontime

  
  

Equipment occupancy fee
Currentcapacity
Possiblecapacity

 
 

Boot Time
Productionstarting time

Planned productionstarting time
  

   

Production in time
Nr of manufacturingorders performed intime

Nr of manufa
.

. ccturingorders�

Set up time
Setuptime

Plannedsetuptime
  
   

Stock rotation Averagecurrentconsumption
Availablestock
  

  

WIP Amount
Nr ofWIPunits

Nr stipulatedunits forWIP
.

.

continued on following page
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KPIs Formulas

Pr

Production time
Time fromthestartof the productionof aunit until its            ccompletion

Stipulated productiontimeof aunit     

Set up tasks
Setuptime

Stipulatedset uptime
  

   

Cycle time
Performedcycletime
Intendedcycletime

  
  

Unplanned stops
Sumof unscheduled stoptimes

Stoppagetimes
    

 

Performance
Nr of producedunits

Plannednr of producedunits
.

.

OEE Availability Performance Quality* *

Q

First Pass Yield (FPY)
Nr of unitswithoutdefectsat theendof a pass
Nr of un
.
. iitsat thebegginingof a pass� � � � � �

Quantity of non-conformities 
detected at the end of the process

Nr of non conformitiesdetectedat theendof the process. −
NNr of producedunits.

Quantity of non-compliant parts 
at start-up

Nr of non compliant partsat start up
Nr of producedunit

.
.
− −

ss

Non-conformity production cost Non conformity production cost−
Productioncost�

Time between self-control
Time for self control

Planned time for self control
  
   

−
−

Recurring problems
Nr of recurring problems

Nr of problems
.

.

Cost of rework
Costof rework

IntendedCostof rework
  
   

Quality troubleshooting time
Qualitytroubleshooting time

Intendedqualitytroubleshooti
  

  nngtime 

Non-quality costs
Sumof theabovecosts

Sumof theaboveintendedcosts
    

     

Mec
Pressure Actual value

Intended value
 
 Temperature

continued on following page
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KPIs Formulas

Man

MTBF
Totalof correct runtime

Nr of failures
� � �
.� �

MTTR
Totalmaintenancetime

Nr of failures
� �
.� �

Maintenance time
Maintenancetime
Stoppagetime

 
 

Maintenance Costs
Maintenancecost

Stipulatedmaintenancecost
 

  

C

Reliability of delivery
Nr of ordersdeliveredat the planned time

Nr of ordersr
.

. eeceived

Satisfaction
Classificationobtained fromourcostumers

Intendedclassif
    

 iicationobtained fromourcostumers    

Claims
Nr of complaints
Nr of orders
.

.

Number of orders
Nr of ordersreceived

Intendednr of ordersreceived
.

.

Order value Ordersvalue
Intendedordersvalue

 
  

A

Waste of raw material Wasted rawmaterial
Total rawmaterial consumed

  
   

Cost of raw material waste Cost of raw material wasted
Cost of raw material consumed

Power consumption
Power sonsumption

power consumptionIntended �

Cost of energy consumption
Cost of energy consumption

Intended cost of energy consumptiion

Carbon Emissions Carbonemissions
Intendedcarbonemissions

 
  

Water consumption
Waterconsumption

Intendedwaterconsumption
 

  

Cost of wasted resources
Sumof theabovecosts

Sumof theaboveintendedcosts
    

     

continued on following page
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T

Immediate problem solving
Nr of problemssolved immediatly

Nr of problems
.

.

Satisfaction Evaluation by employees

5S
Workspace S rating

Intendedworkspace S rating
� �

� � � �
5
5

Accidents at work
Nr of workaccidents severity to

Intendednr of wor

. *

.

0 1( )
kkaccidents�

Number of training hours
Nr of traininghoursalreadycompleted
Intendednr of tra
.

. iininghours�

Cost of employees
Costof employees

Stipulatedcostof employees
  
   

Table 7. Continued
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ABSTRACT

Reverse logistics stands out as a rapidly gaining concept due to its contribution to both the environment 
and the economy. There are many problems with reverse logistics. The decision of recovery options is 
a fundamental issue that serves many purposes. Choosing the right recovery option will also provide 
the environmental and economic contribution to maximize the benefits. For this purpose, many solution 
approaches have been produced for different objectives, which are based on the selection of better re-
covery options. Since solution approaches are directly interacting with problem models and objectives, 
it is important to determine an appropriate approach to achieve better results. Until now, many differ-
ent approaches have been implemented, and results are shared. This chapter systematically examines 
these solution approaches and reveals the achievements in the literature in order to provide directions 
for future studies.
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INTRODUCTION

A lot of work is being done on recycling that stands out with its economic and environmental impacts. 
In order to increase the profitability which is the common denominator, different solution approaches 
are being produced considering the changes in product and sectoral basis. These solution approaches are 
specifically developed and improved case by case. Although the solutions are specialized, it can be seen 
that some specific solution methods are focused when they are being evaluated as solution approaches. 
Examining these methods will make it easier to find the best method for solving the problem. For this 
purpose, a general literature review, in which solutions are generally evaluated and put into practice, 
will provide guidance for further studies.

When the literature is examined in detail by classifying the problems and solution approaches, many 
papers are seen in this field. Forward and reverse logistics factors are used in models (Giri, Chakraborty, 
& Maiti, 2017). Five different scenarios were tried to be optimized by combining these two returns: 
centralized, decentralized (Nash game), and manufacturer-led, retailer-led and third party-led decentral-
ized scenarios. Within the study, the channel-based differences of product returns were also revealed. 
Another study on closed loop networks was performed (Mehrbod, Tu, Miao, & Wenjing, 2012). They 
used fuzzy goal programming in multi objective solution design.

Capacity, production and inventory variables were also considered in the studies (Kaya, Bağcı, & 
Turkay, 2014). It was tried to avoid the ambiguities in the integer programming created. In their two-
tiered solution, they have also determined strategic decisions to remove ambiguities. They found that the 
amount of return of products is much more important than the demand uncertainty. Other researchers 
also proposed a forward and reverse logistics network model by accepting uncertainties as a risk (El-
Sayed, Afia, & El-Kharbotly, 2010). The work progressed through the potential behavior of the inputs.

Another subject focused on green legislation and worked on a very specific solution for cost im-
provement (Senthil, Srirangacharyulu, & Ramesh, 2014). The solution was made by comparing dif-
ferent methods: a hybrid method using Analytical Hierarchy Process (AHP) and the Fuzzy Technique 
for Order Preference by Similarity to Ideal Solutions (TOPSIS) is proposed. Similarly, they also used 
the environment variables as an input variable in their study (Bazan, Jaber, & Zanoni, 2016). Another 
solution, fuzzy goal programming, in evaluating return options in green approach was used (Subulan, 
Taşan, & Baykasoğlu, 2015-b).

Another multi objective criteria solution approach was created (Barker & Zabinsky, 2011). In this 
study, taking into consideration business relationships, it has used a multi objective function in the deci-
sion of recycling processes. In the model created with third party companies, cost reduction was used 
as the basic criterion for optimization.

As a different solution approach, graph theory and matrix were used (Agrawal, Singh, & Murtaza, 
2016). The identification of the network that should be followed in the separation of the products has 
been established on mobile phones in the study which was taken as the target.

Fuzzy is an effective solution method used in some optimization processes (Özceylan & Paksoy, 2013). 
In this study, a fuzzy multi objective model has been used in the solution step of a multi-criteria approach 
like other studies. Thanks to Fuzzy, the system administrators have more flexibility and decision making 
capabilities. Fuzzy approach can also be seen in other papers (Moghaddam, 2015). This study aims at 
selecting the optimum resources on the network in the ambiguous resource and demand environment.

Network designs are also frequently searched and artificial intelligence solutions are used (Vahdani, 
Dehbari, & Beni, 2014). Multiple methods have been used together by combining fuzzy possibilistic pro-

 EBSCOhost - printed on 2/14/2023 11:31 AM via . All use subject to https://www.ebsco.com/terms-of-use



194

Solution Approaches for Reverse Logistics Considering Recovery Options
﻿

gramming, stochastic programming, and fuzzy multi-objective programming, in a stochastic-possibilistic 
approach for a design with numerous network elements. As another objective, customer behavior is 
evaluated by modeling the recycling channels in a coordination (Feng, Govindan, & Li, 2017).

Regarding the existing literature, it can be concluded that there is a requirement of a literature review 
study which specifically focuses on the solution approaches for selecting better recovery options on re-
verse logistics. Therefore, in the chapter we propose, our aim is to reveal the articles and analyze them 
with the perspective of classifying solutions and the effectiveness of better recovery option selection 
capabilities. Moreover, this study also aims to provide a base for the academics and practitioners that are 
willing to develop a solution approaches for finding better recovery options on a reverse logistics problem.

PROPOSED METHODOLOGY

A systematic research is followed for the literature review. As shown in Figure 1, the main topic and the 
sub topics are determined firstly. After definition of topics, key word sets are created. In the selection 
of papers, up-to-date papers have been given priority. Because trend of studies on this fields are being 
examined in the paper. The most compatible resources from online libraries are evaluated and analyzed.

Figure 1. Methodology of study
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In this literature review, solution approaches for reverse logistics are studied considering different 
recovery options. Papers and publications are evaluated and categorized in 4 sub topics: problem, sub-
jective, solution approach and case.

Specific key words were selected for finding the source in each sub topic. Care has been taken in 
selecting keywords in order not to break the sub topic from the main topic integrity. Selected key words 
are “reverse logistic decisions”, “reverse logistic recovery options decision”, “reverse logistic risk”, 
“reverse logistic risk management”, “solution method for reverse logistic”, “environmental recovery 
options on reverse logistic”, “best recovery option solution reverse logistic”.

40 top related studies are chosen as a resource of literature review. Research is focused on the recent 
studies to reveal actual trend of publications in this field. Classification of the papers is shown in Table 
1. Moreover, a detailed analysis of the reviewed papers are provided in Appendix (Table 7).

In literature, as shown in Table 1, three literature reviews are published. In first study, literature is 
reviewed with the perspective of decision making applications using multi-criteria objectives (Rezaei, 
2015). Another literature review has focused on modelling techniques of reverse logistics (Bazan, Jaber, 
& Zanoni, 2016). Mathematical techniques are used to examine the networks and model in real cases. 
One of common research topic on reverse logistic is network designs. Therefore many studies can be 
seen in literature. Review with this topic also can show many solution approaches on this field (Govin-
dan & Fattahi, 2017).

LITERATURE REVIEW: SOLUTION APPROACHES FOR REVERSE 
LOGISTICS CONSIDERING RECOVERY OPTIONS

Reverse logistics is located in the literature as a subdivision of the logistics concept. As there are many 
problems in this area, many solutions specific to these problems have been put forward. When we deal 
with reverse logistics, there are many common goals of companies, countries and even individuals. 
Although corporations generally focus on profits, there are other concerns of countries, such as envi-
ronmental issues. In many countries, they have assigned responsibilities to companies by legally about 
recycling. In this framework, recycling in various countries has become mandatory and critical. Each 
company sets its own recycling strategy by its own products and production structure. In this process, 
recycling steps are determined and implemented. From the beginning to the end of the process, there are 
problems that need to be optimized at each point. Factors such as how to recycle products, evaluation 

Table 1. Classification of the Reviewed Papers with respect to “Type of Paper”

Type of Papers # of Publications

Literature Review 3

Solution Approach Based 30

Modelling & Case Study 4

Modelling 3

Total 40
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of products, costs in process, recycling options, quality and risk have been studied continuously. In this 
study, a review of the studies focusing on the improvements made at the decision point of recycling, a 
categorization was made in the following structure shown in Figure 2.

The each categorization shown in Figure 2 has a key function for the studies. Problem definition 
shows how many different problems are facing with reverse logistic. Also objectives shows the main 
purpose of the studies and the aim of reverse logistics including recovery options.

The solution approach is the key point that shows how well a problem is solved and how close it is 
to the satisfying results. For this reason, the problem customized solution approaches are better than the 
general approaches.

In studies, problems and models are solved with some algorithms. Testing the effectiveness of al-
gorithm is another key point for the studies. Many studies use numerical data set and some others uses 
real life data from specific products.

With the perspective of recovery options; the most focused recovery options are given below:

•	 Reuse or resell as new;
•	 Repair or refurbish and resell;
•	 Remanufacture and sell;
•	 Recycle

Figure 2. Classification of studies
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Classification: Problem Definition

Commonly studies have some problems to solve or improve. Problems state a base for models and solu-
tion algorithms. Studies may focus on many related problems to solve. Focus of the problems shown 
in Table 2.

Many studies have more than one problem. But problems are generally divided in two classes: Deci-
sion making and Network Design & Implementation. Main reason of this classification is that all studies 
are searching the best option for the problem by designing networks or making decisions on systems.

Another important point is the tendency of studies to be multipurpose. As shown in Figure 3, studies 
are focused on two or three problems at once.

Table 2. Problem Focus

Problem Focus # of Publications Focuses on

Multi Attribute Decision Making 23

Network Design & Implementation 19

Cost 16

Uncertainty 10

Environmental Concerns 8

Design & Modelling 7

Quality 5

Risk Management 3

Figure 3. Studies focused on problems: Distribution of problems considered in studies
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Classification: Study Objective

The pursuit of countries, companies and individuals is based on profitability. Although profitability is 
the basis of every problem, the way to profitability can be different. The improvements to be made on 
different variables on the system directly affect the profitability. Therefore studies’ objectives differ 
from optimization of the solutions that would maximize the profit; to selection of the least polluting 
options for the environment. Also at the complete perspective environmental concerns ultimately make 
economic sense.

In addition to these, studies aiming to reduce costs or maximizing profit the directly are also exam-
ined. These are also based on the improvements on the system. The evaluation of recycling options for 
reducing environmental pollution, which has recently been intensified, has also been observed in many 
of these studies. Especially environmental factors have been taken into consideration as a factor in the 
decisions on the recycling option. Figure 4 shows the distribution of problem objectives.

Figure 4 shows the main objectives of the problems. Many problems have multi-objective oriented 
solutions. Approximately half of the problems have directly economic objectives and optimization is 
performed according to this purpose. The other objectives influence profit indirectly and the strategy of 
the optimization differs from each other.

Process optimization oriented studies are focused on;

•	 Optimizing manufacturing policy
•	 Overcoming uncertainties with better organization
•	 Optimizing network for reducing costs
•	 Reducing environmental pollutions of hazardous wastes
•	 Obtaining highest return rates of products

Best decision oriented studies are focused on;

•	 Best selection of recovery options

Figure 4. Distribution of problem objectives
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•	 Determining appropriate decisions for products
•	 Uncertainty based recovery options
•	 Quality based recovery options
•	 Best selection of third party business partner
•	 Best model design
•	 Best selection of inventory strategies

Classification: Solution Approaches

The majority of the studies examined are multipurpose problems. In these problems, different solution 
methods are continuously applied in search of better solutions. There is a direct relationship between the 
solution method and the structure of the problem. As each problem differs from the general approach 
in itself, a single solution is not suitable for every problems. At this stage, it seems that better solutions 
are found through the combined solution methods. For every problem, minor changes after selection of 
the base solution method, lead to a better result.

As the objective function, the solution methods are determined to be more than one and to support 
each other. Table 3 shows the general problem solution approaches in the researched studies.

Statistical methods have been used mainly as supporting methods in modeling and solution approaches. 
It reveals that it is very useful to eliminate ambiguities and prepare data for the solution method. Many 
studies have used statistical methods for risk assessment and evaluation since the risk is used as an objec-
tive. Another use of statistical methods is quality assessment. One of the variables of the decisions are 
the quality of the recycled products. For the purpose to evaluate the products statistical methods are used.

In some of the studies, an aggressive objective and solution method was not proposed, so some solu-
tions are based on modeling and comparative results.

In addition to these, more than one solution methods have been used together with optimization-focused 
studies. Figure 5 shows that approximately half of reviewed studies uses multi solution approaches.

Results of multi solution approaches are more successful than single solution approaches. Approxi-
mately half of multi-objective problems uses multi solution approaches as shown in Figure 6.

Table 3. Solution Approaches

Solution Approaches # of Publications

Multi Attribute Decision Making 22

Multi Objective Solution 17

Heuristic Approaches 17

Statistical Approaches 11

Integer-Linear Programming 9

Stochastic Programming 7

Other Mathematical Modelling 6

Model Comparison 2

Graph Theory 1
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Classification: Case Studies

While solution methods are applied on the problem, different data sets are used. Some have used sectoral 
data and some have been working with digital data sets. Information about the data used in studies is 
given in Table 4. In some papers, more than one data set is used.

Sectoral data is also seen in many fields. As many sectors may use recovery options, problems are 
applied on different products. Table 5 shows studies and sectoral data matrix.

Countries and Publication Counts

In many countries, reverse logistics is being studied. Especially in countries where recycling is legally 
applied, these studies are predominant. In addition, these studies are carried out in many countries where 
recycling is important. Table 6 shows the country-based distribution of the authors.

Figure 5. Number of solution approaches used in problems

Figure 6. Multi solution approaches used in problems

Table 4. Case data

Data Type # of Publications

Numerical data set 19

Sectoral data set 19
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CONCLUSION AND FUTURE DIRECTIONS

Reverse logistics is becoming an indispensable process for many companies with its economic and 
environmental aspects. Each company has to design the recycling process in its own process and specifi-
cally for its product. This makes it impossible to establish a common process. This is why recycling is 
specially planned for many products and production processes.

Recycling is a process that requires planning in itself and involves different risks as it affects revenue 
with the production process. With well-designed recycling, the need for raw materials will be reduced so 
that unnecessary resource consumption and cost will come to minimum. Many scientific methods that 
serve this purpose have been put forward. The most common problem is choosing the best decisions that 
need to be taken during the recycling process. With the right decisions, maximum profit will be achieved.

One of the most difficult aspects of working in this area is the decision of recycling processes for 
more than one purpose. Although the main purpose is profitability in general, the ways to achieve this 
profitability are surrounded by issues such as complex decision making, quality, inventory, procure-
ment, environmental impacts and legal responsibilities. Each of these factors is emerging as a factor that 
restricts how the process works and blocks each other.

It has been observed that the intersection of many variables has been studied in the studies carried 
out up to now. When we look at recent studies, especially multi-objective and multi-solution approaches 
are increasing. Especially environmental effects are seen in the general focus of these studies. This trend 
shows that work in this framework will continue to be frequent in future work.

Table 6. Country Based Distribution of Publications

Countries # of Publications

Turkey, USA 7

China, India 6

Canada, Iran 4

UK 3

Spain, Denmark, The Netherlands, Germany, Italy 2

Tunisia, Egypt, Egypt, Brazil, South Korea, South Korea, Switzerland, 
New Zealand, Malaysia, Australia 1

Table 5. Sectors with case data

Sectors # of Publications

Electronics 4

Automobile 6

Medical Device 1

Textile 1

Home Appliances 2

Domestic Waste 3

Chemicals 1

Hazardous Waste 1
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APPENDIX

The studies reviewed are summarized in the relevant headings.

Table 7. Analysis of the Studies Reviewed

Research Problem Objective Solution 
Approach Case Year Country

(Agrawal, Singh, & 
Murtaza, 2016)

Four identified 
alternatives of disposition 
decisions pair or reuse 
and resell as new; or 
repair or refurbish and 
resell; or remanufacture 
and sell; or recycle

Selecting best 
disposition alternative

Graph theory and 
matrix approach

Returned mobile 
phones 2016 India

(Aljuneidi & Bulgak, 
2017)

Efficient recycling 
and remanufacturing 
network for efficient 
design of sustainable 
manufacturing enterprise

Designing a network 
for more efficient 
and sustainable 
manufacturing systems.

A mathematical 
modeling 
approach, mixed 
integer linear 
programming

Numeric data set 2017 Canada

(Amin, Zhang, & 
Akhtar, 2017)

Designing a network 
including many partitions 
with uncertainty.

Maximization of total 
profit

Decision tree-
based methodology Tire remanufacturing 2015 Canada, UK

(Ayvaz, Bolat, & Aydın, 
2015)

Designing a model under 
uncertain inputs: return 
quantity, quality, and 
transportation costs

Maximization of total 
profit

Sample average 
approximation 
method to 
solve generic 
multi-echelon, 
multi-product 
and capacity 
constrained two 
stage stochastic 
programing model

Electrical and 
electronic equipment 
recycling firm in 
Turkey

2015 Turkey

(Barker & Zabinsky, 
2011)

Network design 
decision making under 
consideration of business 
relations vs cost

Cost saving

Sensitivity analysis 
with multi-criteria 
decision making 
model for reverse 
logistics using 
analytical hierarchy 
process

Medical device 
remanufacturing, 
residential 
carpet recycling, 
commercial carpet 
recycling

2011 USA

(Bazan, Jaber, & Zanoni, 
2016) Literature review

Research about 
modeling of reverse 
logistics inventory 
systems that are based 
on EOQ/EPQ and JELS

Literature review Literature review 2016 Canada, Italy

(Benedito & Corominas, 
2013)

Sales dependent product 
returns model

Optimizing 
manufacturing policy

Markov decision 
model Numeric data set 2013 Spain

(Chen, Kucukyazici, 
Verter, & Sáenz, 2015)

Overcoming uncertainties 
of return stream in terms 
of volume and quality

Assisting original 
equipment 
manufacturers about 
development of their 
remanufacturing strategy

Two-stage 
stochastic closed-
loop supply chain 
design model with 
solution approach 
integrating 
sample average 
approximation 
with the integer 
L-shaped method

Case study based 
on BSH, a leading 
producer of home 
appliances in 
Germany

2015 Spain

continued on following page
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Research Problem Objective Solution 
Approach Case Year Country

(Dhouib, 2014)

Selecting best recovery 
options of waste tires 
with ambiguity and 
imprecise information

Selecting best recovery 
options of waste tires

Multi-criteria 
decision analysis

Automobile tire 
waste 2014 Tunisia

(Dutta, Das, 
Schultmann, & Fröhling, 
2016)

Developing model 
addresses the possibility 
of three way recovery 
options, namely; product 
remanufacturing, 
component 
remanufacturing, and 
raw material recovery 
to determine the 
optimal manufacturing, 
remanufacturing and 
recycling quantity

Determine optimal buy-
back price for Modelling Numeric data set 2016 India, 

Germany

(El-Sayed, Afia, & El-
Kharbotly, 2010)

Network model design 
under risk factors.

Maximization of the 
total expected profit

Stochastic mixed 
integer linear 
programming

Numeric data set 2010 Egypt

(Feng, Govindan, & Li, 
2017)

Designing reverse 
supply single traditional 
recycling channel, 
single online-recycling 
channel, and a hybrid 
dual-recycling channel 
with both centralized and 
decentralized cases

Selecting more effective 
channel Model Comparison Numeric data set 2017 Denmark, 

China

(Giri, Chakraborty, & 
Maiti, 2017)

Making decisions under 
centralized, decentralized 
(Nash game),and 
manufacturer-led, 
retailer-led and third 
party-led decentralized 
scenarios with a 
model containing a 
manufacturer, a retailer 
and a third party

Pricing and return 
product collection 
decisions

Numeric analysis Numeric data set 2017 India

(Govindan & Fattahi, 
2017) Literature review

Comparing supply chain 
network design under 
uncertainty

Literature review Literature review 2017 Denmark, 
Iran, USA

(Guarnieri, Sobreiro, & 
Nagano, 2015)

Implementation of The 
Brazilian National Policy 
of Solid Waste policies to 
the companies

Selecting and evaluating 
third-party reverse 
logistics providers

Numerical analysis 
and heuristic 
approaches

Brazilian case 2015 Brazil

(Hanan & Burnley, 
2013)

Waste management 
decision making 
considering different 
options and constraints

Maximizing profit Multi-criteria 
decision Analysis Waste paper 2013 UK

(Hatefi & Jolai, 2014)

Network design 
considering risk 
factors: Uncertainty and 
uncontrollable external 
factors

Minimizing the nominal 
cost

Mixed integer 
linear 
programing model 
with augmented 
p-robust 
constraints

Numeric data set 2014 Iran

(John, Sridharan, 
Kumar, & 
Krishnamoorthy, 2017)

Design of a multi-stage 
reverse logistics network 
for product recovery

Profit maximization
Mixed 
integer linear 
programming

Refrigerator 2017 India, 
Australia

continued on following page
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(Jun, Lee, Kim, & 
Kiritsis, 2012)

Optimization recovery 
cost under quality 
constraints

Minimizing total 
recovery cost

Heuristic 
algorithms

End-of-life products: 
turbocharger 2012 South Korea, 

Switzerland

(Kaya, Bağcı, & Turkay, 
2014)

Uncertainties in this 
system, which are the 
return amounts of the 
used products and 
demand for final products

Addressing the 
disassembly, 
refurbishing and 
production operations

Integer 
programming 
with two-stage 
stochastic 
optimization and 
robust optimization

Modular products 
such as computers 
and mobile phones

2014 Turkey

(Kleber, Minner, & 
Kiesmüller, 2002)

Inventory management 
models for reverse 
logistics considering 
dynamic demands and 
returns

Determining the 
optimal production, 
remanufacturing, and 
disposal policy

linear cost model 
by 
applying 
Pontryagin’s 
Maximum 
Principle

Numeric data set 2012
Germany, 
The 
Netherlands

(Mehrbod, Tu, Miao, & 
Wenjing, 2012)

Considering a multi-
product multi-period 
closed-loop logistics 
network with different 
types of facilities

Multi-objective: 
minimize the total cost, 
the delivery time of 
new products, and the 
collection time of used 
products

Interactive fuzzy 
goal programming Numeric data set 2012 China

(Meng, Lou, Peng, & 
Prybutok, 2016)

Recovery option selection 
and disassembly planning 
considering quality of 
end of life products

Maximizing profit

An integrated 
method of 
multi-target 
reverse recursion 
and partial 
topological sorting 
with improved 
co-evolutionary 
algorithm

Numeric data set 2016 China, USA

(Moghaddam, 2015)

Identify and rank the 
candidate suppliers and 
find the optimal number 
of new and refurbished 
parts and final products 
in a 
reverse logistics network 
configuration

Find the optimal number 
of new and refurbished 
parts and final products

Fuzzy multi-
objective 
mathematical 
model an a Monte 
Carlo simulation 
integrated with 
fuzzy goal 
programming

Numeric data set 2015 USA

(Ondemir & Gupta, 
2014)

Meeting demands of 
remaining life based 
product and component 
demands as well as 
recycled material on 
Sensor-embedded 
products

determine how to 
process each and every 
end-of-life product 
(EOLP) on hand

linear physical 
programming 
(LPP) model

Sensor-embedded 
products 2014 Turkey, USA

(Özceylan & Paksoy, 
2013)

Closed-loop supply 
chain networks with 
uncertainty

Network routing 
optimization

Mixed integer 
fuzzy mathematical 
model

Numeric data set 2013 Turkey

(Peña-Fernández, Wyke, 
Brooke, & Duarte-
Davidson, 2014)

Key factors that should 
be considered when 
developing a recovery 
strategy

Case study Case study Chemical incident 2014 UK

(Ramezani, Bashiri, & 
Moghaddam, 2013)

Multi-objectivity of 
Logistic network design

maximizing the profit, 
customer responsiveness 
and quality

Stochastic multi-
objective model Numeric data set 2013 Iran

(Rezaei, 2015) Literature review

Review of multi-criteria 
decision-making 
applications in reverse 
logistics

Literature review Literature review 2015 The 
Netherlands

continued on following page
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(Senthil, 
Srirangacharyulu, & 
Ramesh, 2014)

Availability of many 
number of contractors for 
reverse logistic decisions

Evaluating and selecting 
the most efficient 
Reverse Logistics 
Contractor

Hybrid method 
using Analytical 
Hierarchy Process 
(AHP) and the 
Fuzzy Technique 
for Order 
Preference by 
Similarity to Ideal 
Solutions

Numeric data set 2014 India

(Sheu, 2007)

Logistic decisions 
of hazardous wastes 
considering cost and 
environmental issues

Minimizing cost
Linear multi-
objective 
analytical model

Numeric data set – 
Hazardous waste 2007 China

(Subulan, Taşan, & 
Baykasoğlu, 2015-a)

Build-up an effective and 
efficient spent battery 
collection and recovery 
systems with significance 
of different importance 
and priorities is used 
to solve the developed 
model.

maximization of the 
collection of returned 
batteries covered by the 
opened facilities

fuzzy multi-
objective, multi-
echelon and multi-
product mixed 
integer linear 
programming 
model

Lead/acid battery 2015 Turkey

(Subulan, Taşan, & 
Baykasoğlu, 2015-b)

The degradation of 
these scrap tires in the 
environment and the 
economic benefits of 
material and energy 
recovery

Multi-objective, multi-
echelon, multi-product, 
and multi-period 
logistics network design

Interactive fuzzy 
goal programming Used tires 2015 Turkey

(Subulan, Baykasoğlu, 
Özsoydan, Taşan, & 
Selim, 2015)

Finding best network 
design considering 
financial and collection 
risks of Lead/acid battery

Multi-Objective: 
computational 
efficiency, handling 
uncertainty and solution 
quality

Scenario based 
stochastic and 
possibilistic 
mixed integer 
programming 
model

Lead/acid battery 2015 Turkey

(Trulli, ve diğerleri, 
2017)

Mechanical biological 
treatment options of 
waste

Decrease environmental 
pollution

Comparison of 
disposal activities 
and pre-treatment 
activities

Waste 2017 Italy

(Vahdani, Dehbari, & 
Beni, 2014)

Green decision-making 
model in reverse logistics

Finding best recovery 
options

FUZZY-VIKOR 
method using 
interval-valued 
trapezoidal fuzzy 
numbers

Numeric data set 2014
New 
Zealand, 
Malaysia

(Vahdani, Dehbari, & 
Beni, 2014)

Considering facility 
life cycle, designing a 
cloosed-loop network

Minimizing the total 
costs

Combination of 
fuzzy possibilistic 
programming, 
stochastic 
programming, 
and fuzzy 
multi-objective 
programming

Numeric data set 2014 Iran

(Wadhwa, Madaan, & 
Chan, 2009)

Designing a decision-
making model for 
quantitative and 
qualitative evaluation 
based on criteria such 
as cost/time, legislative 
factors, environmental 
impact, quality, market

Determining the 
decision strategies for 
best alternative selection 
for reprocessing

Multiple criteria 
decision-making 
(MCDM) model 
based on fuzzy-set 
theory

Numeric real-life 
data set 2009 India, China

continued on following page

Table 7. Continued
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Research Problem Objective Solution 
Approach Case Year Country

(Xiao, Cai, & Zhang, 
2012)

Green logistics 
operation including 
risk management and 
strategic planning

Minimization of the 
risk loss as well as risk 
management cost 
and maximization of 
the profit

Genetic algorithm Numeric data set – 
Case study 2012 China, USA

(Ziout, Azab, & Atwan, 
2014)

Product recovery option 
decisions with the 
perspective of wide 
spectrum of stakeholders’ 
interests

Best decision on end-
of-life product recovery 
option

Holistic approach Industrial data 
example 2014 Canada, 

USA

Table 7. Continued
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ABSTRACT

The eco-efficiency assessment is a powerful metric to introduce two components of sustainability as-
sessment in the industrial companies’ decisions making: the concurrent consideration of economic and 
environmental performance. The application of the eco-efficiency concept and of the normative docu-
ments is not an easy task, mainly because there are myriad environmental related indicator to consider 
and acquire. This barrier is higher in the realm of plastic injection molding, where each mold is unique, 
requiring a recurrent effort of data retrieving for such one-of-a-kind molds. To overcome this barrier, an 
integrated framework to support the eco-efficiency calculation on a life cycle perspective for a specific type 
of products, injection molds, is proposed in this chapter. It retrieves a small but representative selected 
set of eco-efficiency performance indicators. A tool was developed to apply the proposed framework and 
the results of its application to four real industrial case studies is discussed.
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INTRODUCTION

Plastic is one of the most common and versatile materials used worldwide, being used to produce a wide 
variety of products (Ribeiro et al., 2013; Ribeiro et al., 2014) and bringing extensive economic benefits 
due to their combination of low cost, durability and light weight, among other important characteristics 
(Ellen MacArthur Foundation, 2016). Most of these plastic products are manufactured through the use 
of moulds in the injection moulding process, which is a significant cost driver in the plastic industry and 
simultaneously regulates the injection moulding process efficiency (Ribeiro et al., 2009). Any change in 
the mould design can affect significantly the injection moulding efficiency and effectiveness, the invest-
ment and the production costs and also the resources consumed, emissions, i.e. the environmental impact.

In the injection moulding industry there is an increasing competiveness, even in countries with low 
production costs. As such, new and innovative technologies and adaptable business models are likely to 
be developed in order to increase value and decrease cost, without compromising on process efficiency 
and without increasing environmental impacts (Folgado et al, 2010; Pecas et al, 2009; Ribeiro et al., 
2016)]. To accomplish that in the mould’s use phase (injection moulding), it is crucial to improve the 
plastic part’s material requirements and the consumed energy because these are considered as the most 
relevant factors for the economic and environmental performance in this process. The performance in 
those two aspects, depends on the mould design (which determines the cycle time and the amount of 
material wasted in the process) and also depends on the injection machine type and power (Thiriez & 
Gutowski, 2006; Ribeiro et al, 2012, Ribeiro et al., 2013). In the realm of the injection mould industry, 
moulds with better performance in their use phase require more complex and high embedded engineer-
ing, as well as more effort in the manufacturing phase of the mould. As such, this may lead to higher 
production costs as well as higher energy and material consumption in manufacturing – yet, by assuming 
that a single mould can produce up to a few million parts, the significance of the economic and environ-
mental impacts of the manufacturing phase in the plastic part overall performance may be considered 
as residual (Noble et al., 2014; Esteves et al., 2014). As such, a life cycle perspective should be adopted 
when selecting the most adequate mould design, considering the environmental and cost impacts of 
mould manufacturing, use and end-of-life phases. So, the evaluation of all life cycle phases is necessary 
to allow an informed and sustainability conscious decision making process.

A few analyses comprising life cycle of injection moulds have already been developed (Pecas et al., 
2009;Ribeiro et al., 2013;Esteves et al., 2014; Pun et al., 20033). These studies focus mainly the com-
parison of mould design alternatives on a technological scope considering life cycle cost (LCC) and life 
cycle assessment (LCA) methods. These publications focus on the selection of the most appropriated 
mould design for a specific application or part geometry and materials. Nevertheless, those analyses 
do not include the business specificity and the industrial company context. As such, very important 
aspect to help the industrial decision-making like added-value and profit, as well as significance of the 
environmental impact to the society are not taken into account in that type of analysis. The inclusion of 
these aspects within a life cycle analysis (of the alternative mould design) can bring comparison strategy 
more close to the decision-making processes currently used in industrial companies. There is a concept 
of the realm of sustainable manufacturing that can help on this analysis: the Eco-Efficiency.

Consequently, the aim of this chapter is to present a tool for industrial use allowing for the opera-
tionalization of the practice of Eco-Efficiency in the part and mould design decision-making processes. 
Broadening the discussion, one can say that understanding the sustainable development definition is the 
starting point to develop an approach to assess Eco-Efficiency for the specificities of the sector of moulds 
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manufacturing and injection moulding. The current definition of sustainable development derives from 
the one presented in 1983 by the World Commission on Environment and Development, which becomes 
known later as the Brundtland Commission, which stated that “sustainable development is development 
that meets the needs of the present without compromising the ability of future generations to meet their 
own needs” (Paul, 2008). The Eco-Efficiency assessment is one possible approach to evaluate two com-
ponents of sustainability - it integrates product or service value and environmental influence. Through 
the quotient of these two performance aspects is possible to assess simultaneously balance between the 
economic and environmental performance, meaning a higher ratio a more eco-efficient product, system 
or service. The use of numerical measures of Eco-Efficiency (ratios) allows the use of indicators for 
continuous improvement of products and services, as well as for internal and external communication 
and/or reporting of performance along time. When the aim is to apply Eco-Efficiency at product level, 
there is a recurrent problem related with the need to involve detailed information from several processes 
(Silalertruksa,2015; Park et al., 2007; Tan et al., 2015) When Eco-Efficiency is applied to a large system 
or to a company, only the macro performance indicators are used, like the total energy consumed, total 
amount of materials, etc. as well as value indicator derived from the financial department of the company, 
so the number of indicators is limited. The assessment of Eco-Efficiency of a product demands for a 
detailed analysis of the processes and materials used to produce that product, resulting in a large amount 
of indicators that can be used as numerator (value added, net sales, number of products sold, etc.) and as 
denominator of the Eco-Efficiency ratio (dozens of categories are possible for each production activity 
having impact in the environment, e.g. energy, material, water, land and other resources consumed as 
well as several types of emissions), as referred by several normative documents (ISO, 2012; WBCSD-
b, 2000; WBSCD, 2000; Union E.History and Definitions of Eco-Eccificiency, 2010) . The result is a 
myriad of possible Eco-Efficiency ratios as performance indicators (EEI) (Silalertruksa,2015; Park et al., 
2007; Tan et al., 2015) Yet, there is neither approaches published to define one suitable set of EEI for a 
specific product nor tools to facilitate the choice and analysis of EEI, resulting the selection of indicators 
for Eco-Efficiency assessment of products in a time-consuming and cloudy analysis.

In addition, there is still no stablished standardized and integrated evaluation of environmental or 
economic performance for the injection mould sector. The few available assessments methods are based 
on the aggregation of fragmented information with different definitions and scope (Ellen MacArthur 
Foundation, 2016 (Hur et al., 2005; Bueno et al., 2016). Hence a significant opportunity is presented for 
the development of reporting standards and the consolidation of data on a global level (Ellen MacArthur 
Foundation, 2016).

As such, an integrated tool to support the Eco-Efficiency calculation on a life cycle perspective for 
a specific type of products, injection moulds, is proposed in this chapter. By the use of this tool a small 
selected set of environmental performance indicators significant to the injection moulding sector are 
suggested, based on several case studies analysed and with the real involvement of industrial companies 
in the study. In fact, if the value indicators are in general only a few, the critical difficulty is usually 
on the selection of the most appropriated environmental indicators among hundreds of them (ISO, 
2012). Besides proposing adequate environmental indicators, the tool also includes a restricted set of 
EEI that are enough to assess the mould performance and injection moulding process Eco-Efficiency, 
facilitating the decision-making process and the communication of results. The LCA method is used to 
analyse the environmental impact throughout the life cycle of the mould, with performance indicators 
complementing the existing tools that support LCA, chosen specifically to assess mould design and the 
injection moulding process on a life cycle perspective. These indicators can be used in Eco-Efficiency 
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performance assessing and reporting, contributing to Eco-Efficiency be easily understood by designers 
and analysts and allow comparisons between different mould design alternatives. To support an agile 
computing and rigorous analysis of these indicators, the integrated tool developed can translate life cycle 
data into useful value, environmental and Eco-Efficiency indicators, according to well-established as-
sessment methods and standards.

The chapter begins with this introduction about the motivation and contribution of the study. In the 
following section the eco-efficiency background is presented to identify the current knowledge, praxis 
and gaps. The fourth section is dedicated to present the proposed framework to Eco-Efficiency assessment 
and to discuss its novelty aspects. In the fifth section the application of the framework to real industrial 
case studies is presented. The chapter finish with a section dedicated do the conclusions.

So, the next section is dedicated to present the present Eco-Efficiency background comprising its 
definitions and the proposed set of indicators of the most relevant normative documents.

ECO-EFFICIENCY BACKGROUND

Origins and Fundamentals of Eco-Efficiency

World Business Council for Sustainable Development (WBCSD), in the early 1990’s, made the following 
universal interpretation of Eco-efficiency: “Eco-Efficiency is achieved by the delivery of competitively-
priced goods and services that satisfy human needs and bring quality of life, while progressively reduc-
ing ecological impacts and resource intensity throughout the life-cycle to a level at least in line with the 
earth’s estimated carrying capacity”. Concisely, Eco-Efficiency focuses in “creating more value with 
less impact” (Lehni, 2000).

Nevertheless, 20 years before the WBCSD’s proposed definition, Eco-Efficiency was being described 
as a mean to maintain a balance for the economy using the principle of mass conservation (Huppes et 
al., 2005). The proposed idea, even if empirical, involved the nature of environmental problems and their 
implications, keeping in mind that a good solution implies a harmonious relation between economy and 
environment (Kneese, 2003). This means that Eco-efficiency is an instrument for sustainability assess-
ment that indicates how efficient the relation between the economic activity with nature’s goods and 
services can be (Zhang et al., 2008). In the literature, a disruptive description states Eco-Efficiency as: 
“(…) Eco-Efficiency should be the extent to which it promotes the recoupling of human perception of 
environmental issues with human action on the environment, and the concomitant recoupling of collective 
local organization with locally crafted ecosystem management” (Suh et al., 2005). This description has 
a very interesting point of view and should not to be ignored, since this definition takes into account the 
human effects on the environment considering a local perspective, meaning that a generic Eco-Efficiency 
analysis, which considers generic data and indicators (i.e. generic value aspects and environmental influ-
ence), may not be enough to properly evaluate environmental damage. Moreover, Eco-Efficiency must 
not be seen as simple sustainability assessment metrics, but as an enabler to recouple human perception 
of environmental issues (Jukkinen, 2001).

Despite different definitions of Eco-Efficiency can be found in the literature, they always embrace the 
primary objective of Eco-efficiency i.e. “decoupling resource use and pollutant release from economic 
development” and its strong bond with sustainability (Panel IR, 2014). In general, and in line with the 
WBCSD, Eco-Efficiency is mentioned by many authors as a tool to help deliver high value products with 
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less environmental impacts (Ng et al., 2015; Sproedt et al., 2015), thus, enabling companies to become 
more efficient, thus more competitive (Wursthorn et al., 2011).

Eco-Efficiency Assessment

As sated above, Eco-Efficiency quantifies the relationship between economic activity and environmental 
impacts, which is expressed by the formula, defined by the WBCSD (Lehni, 2000), which should be 
used to represent Eco-Efficiency as an indicator (Equation 1).

Eco-Efficiency Indicators
ProductorServiceValue

Environmenta
=

ll Influence(EI)
	 (1)

It is noteworthy, that in order to define the environmental influence and product service value, the 
functional unit needs to be defined, enabling to quantify performance of a product system. These functional 
unit will be the reference unit for environmental and product system value assessment and quantification.

The numerator makes reference to the value, which can be described as monetary indicators that 
are easy to understand (e.g.: the difference of sales and the cost of all inputs) (Lehni, 2000). Beside 
the monetary indicators, the product or system value may be measured by a functional characteristic, 
i.e. a tangible and measurable benefit to the user or a functional value (e.g.: production capacity, parts 
produced, lifetime) (ISO, 2012; Union E. History and Definitions of Eco-Efficiencyy, 2010).

Regarding the Environmental Influence aspect, the usage of ISO 14040:2006 (International Organiza-
tion of Standardization, 2006) provides guidelines for LCA that enable a quantification of environmental 
impacts. These impacts can then be used as the denominator in Eco-Efficiency formula (Equation 1). 
This methodology is used for assessing environmental impact from “cradle to grave” associated with a 
production, process, transport or other involved activities by evaluating all energy and resource inputs 
and outputs. Not being an easy task, due to the necessary amount of data required, this could lead to more 
accurate results than using just partial life cycle environmental impacts (e.g. only raw material, energy, 
water, etc.) (Union E. History and Definitions of Eco-Efficiency, 2010; Lehni, 2000). The consideration 
of a life cycle perspective, by using LCA based indicators, helps identifying and consequently improv-
ing cost-benefits over the life cycle (Messagie, 2013) – due to the well-defined stream mapping of the 
analysis. So, LCA is a very useful tool to quantify environmental influence, and help to understand and 
to evaluate the magnitude and significance of potential environmental impacts. 

In fact, LCA is considered as one of the most advanced tools, to support decision, to improve the envi-
ronmental performance of products that could play an important role in order to enhance Eco-Efficiency 
Performance over a product life cycle (Kerr et al., 2001). Several studies, for example: (Wursthorn et al., 
2011; Kerr et al., 2001; Korol et al., 2016; Kulak et al., 2016; Jasch, 2008; O’Reilly, 2000), use LCA 
methodology not only to obtain environmental indicators as input for Eco-Efficiency assessment but also 
as a support for environmental assessment within EcoDesign approach (Global Reporting Initiative, 2006), 
that is also a methodology that, if well implemented, could help enhance Eco-Efficiency performance.

Eco-Efficiency assessments can be performed in all types of companies, regardless of their size 
or area of activity (Alves, 2015), alongside to the products they produce. Unfortunately, the existing 
myriad of indicators and methodologies found in literature, can lead to an inappropriate use of them. 
Mostly often results are merely ratios that are analysed as a raw value that as an isolated number, can 
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lead to different interpretations if not under a protocol. It is necessary to have well stablished method-
ologies, orientated to sectors that transform figures in good understandable results by the community. 
For this, several Eco-Efficiency assessment methodologies are found. Yet, in terms of implementing 
Eco-Efficiency as a methods or tool, the literature reveals that there is a lack of an integrated tool, to 
support Eco-Efficiency assessment (Hukkinen, 2001; Yang et al., 2014; Moller & Schaltegger, 2005; 
Cerutti et al., 2013; WBCSD-b, 2000).

In the next section, several ways of generating environmental indicators are presented and discussed 
aiming to describe the complexity of using Eco-Efficiency in an agile and easily understandable way.

Environmental Indicators: Performance and Influence

Several initiatives have proposed different sets of environmental indicators. The National Round Table 
on the Environment and the Economy (NRTEE), from Canada, has developed environmental indicators 
to help companies measure, monitor, calculate and report environmental performance indicators in a 
standardised manner (National Round Table on the Environment and the Economy, 2003; National Round 
Table on the Environment and the Economy, 2012). The Organization for Economic Co-Operation and 
Development (OECD), settled a set of indicators to measure environmental performance in order to 
foster sustainability and simplify reporting(Organisation for Economic Co-operation and Development, 
2003); the ISO 14031 proposes a set of environmental indicators to provide management with reliable 
and verifiable information (Jasch, 2000; O’Reilly, 2000); and The Global Reporting Initiative (GRI) 
proposes a set of performance indicators based on the environmental, economic and social dimension, 
to contemplate the company’s concerns with sustainability (Global Reporting Initiative, 2014). The 
proposed indicators are aggregated in Table 1.

In Table 1, each approach has its different criteria. Overall, the current practice of using environmental 
indicators in business shows a lack of standardisation and some of them do not address the environmental 
assessment towards the sustainability concept (Olthoorn, 2001). A straight forward critical observation 
that can be made, with such a wide spectrum of approaches, is that is difficult to understand the effec-
tive practical usefulness of some indicators, alongside with the unclear approach to allow its real ap-
plication. Therefore, there is the need to measure Eco-Efficiency towards a broader but clear life-cycle 
thinking approach to the sustainability issue – these two, go hand by hand. Still, in Table 1, the different 
approaches can be distinguished by the different purposes of the indicators. Some very specific, towards 
a more technical viewpoint (such as NRTEE´s indicators) while others can be very broad, at a sustain-
ability analysis level, touching all the 3 pillars such as the GRI´s approach.

Specifically concerning the plastic injection moulding sector, and despite the use of environmental-
oriented indicators for communication, monitoring and evaluation of environmental performance, each 
mould is unique, which leads to a wide spread of effort in the application of such methodologies (like 
LCA) for performance assessment and/or comparison. Consequently, the plastic injection sector requires 
specific analysis in order to translate the mould’s life cycle information into useful information, this is, to 
support the decision making process regarding the improvement of the environmental performance and 
Eco-Efficiency of the mould, hence promoting the sustainability of the sector. Such specificity promotes 
intrinsic knowledge throughout all stages of a mould’s life cycle, and thus can enable Eco-Efficiency as 
a decision making approach, in the more complete sustainability assessment pathway.
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Given the presented facts, it has become clear that there is a real need for a narrower and deeper 
analysis of Eco-Efficiency. This analysis must be capable of providing the plastic injection sector with 
the necessary environmental and Eco-Efficiency performance indicators which will aid mould design-
ers from the very beginning of the designing process. This is in fact the critical decision stage since the 
decisions taken along it have percussions over the mould’s entire life cycle. Thus, an integrated tool 
should provide straightforward information regarding environmental and Eco-Efficiency performance 
of the mould throughout its entire life cycle.

Table 1. Different approaches to environmental performance indicators definition and purpose

Indicator Purpose

NRTEE[47]

Energy intensity indicator
Measures all the direct and indirect fuels used to produce the 
product(s) or deliver the service(s) per unit of production or 
service delivered.

Waste intensity indicator

Quantifies all material that enter the boundaries of the system 
where the product is produced except the material that ends up 
as the product and / or as by-products per unit of production or 
service delivered.

Water intensity indicator
Measure, track and report water usage, considering the amount 
of water taken into the project boundary per unit of product or 
service delivered.

OECD[49]

Tracking environmental progress and 
performance

Tracking environmental progress and performance, by using the 
Core Environmental Indicators (CEI)

Tracking environmental progress and 
performance

Key Environmental Indicators (KEI) serve wide communication 
purposes

Promoting integration Sectoral Environmental Indicators (SEI) are used to help 
integrate sectorial issues

Monitoring progress towards sustainable 
development, the Decoupling 
Environmental Indicators (DEI) should 
be considered since these measure the 
decoupling of environmental pressure from 
economic growth.

Decoupling Environmental Indicators (DEI) should be 
considered since these measure the decoupling of environmental 
pressure from economic growth

ISO 14031[39,40]

Operational Performance Indicators (OPIs) Provide information about the environmental performance of the 
organization’s operations.

Management Performance Indicators 
(MPIs)

Provide information about management efforts to influence the 
environmental performance of the organization

Environmental Condition Indicators (ECIs) Provide information about the condition of the environment 
which could be impacted by the organization.

Global Reporting 
Initiative [50]

Economic Illustrates the flow of capital among different stakeholders, and 
the main economic impacts of the organization throughout

Environmental
Relates inputs and outputs. It covers biodiversity, transport, and 
product and service-related impacts, as well as environmental 
compliance and expenditures.

Social Concerns the impacts the organization has on the social systems 
within which it operates.
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THE MOULD MANUFACTURING AND THE PLASTIC 
PART INJECTION MOULDING

In the manufacturing context of moulds, environmental damage is usually not considered, since the 
impact of mould manufacturing is marginal in the overall production process (injection moulding), 
especially for mass production circumstances. In fact, a study by Ribeiro et al. (2008)demonstrated the 
significance of material and energy consumption for plastic parts production in the overall mould life 
cycle, contributing more than 95% to the mould life cycle environmental impact. However, most envi-
ronmental analyses are focused either on the plastic part life cycle (Pun et al., 2003; Lundquist, 2000); 
on the performance of the injection moulding process (disregarding the mould design influence on it) 
(Thiriez & Gutowski, 2006; Park & Nguyen, 2014; Madan et al., 2015); or on the processes (milling, 
electro-discharge machining, grinding, etc.) that are used in mould production (Helu et al., 2012; New-
man et al., 2012). None of the analyses focus on i) injection moulding environmental impact (plastic part 
production; and on the ii) influence of the mould design on the environmental impact of the injection 
moulding process mould. In fact, the mould is the critical tool that determines the shape, accuracy and 
the surface finishing of the final plastic parts, and also the material consumption (including material 
waste) and the energy consumed by influencing the injection moulding cycle time (Rosato et al., 2000). 
In addition, despite for very large series the environmental impact of the mould production phase can 
be considered negligible comparing with the injection moulding and plastic parts impacts, it should not 
be disregarded because it is a life cycle phase of the mould.

Briefly, injection moulds can be manufactured by a combination of different technologies, such as 
milling and turning, Electro-Discharge Machining (EDM) or wire EDM, or even by more unconventional 
processes such as laser machining, laser sintering and ultra-sound. The selection of the machining process 
depends on the mould material, on the geometric characteristic to obtain, on the accuracy required and 
on the surface finishing. So, the freedom to select among different alternative machining processes is 
reduced but exists and influences the environmental impact and the economic performance (production 
costs) of the mould. As regards mould design, it depends directly on the shape to be obtained in plastic 
and also on the average cycle time and quality required for the part. Several studies present approaches 
and models to optimize mould design (Oktem et al., 2006; Pandelidis, et al., 1990; Huszar et al., 2015). 
However, this interaction between part and mould is neither easy nor is always possible to fully model 
or standardize, as different parts are produced by different moulds which may require different manu-
facturing processes (Ribeiro et al., 2013; Malloy, 2010). Therefore, for each plastic part a unique mould 
is required to produce, that will not be produced again. That is why injection moulds manufacturing is 
considered as “one-of-a-kind” production.

Regarding the plastic part shape and quality requirements constraints, there are usually a few mould 
design alternatives that can be considered to produce the same plastic part, having influence on the 
injection moulding process time and resources consumption (Rosato et al., 2000).

Among those alternatives, the most common are the type of feeding system, the type of cooling 
system, the existence or not of movable components (and its number of movements), among others. For 
the feeding system there are two main alternatives, i.e. cold runners or hot runners. When using cold run-
ners, the material solidifies in the runner and is ejected with the parts; when using a hot runner system, 
the material remains in the runners and is used for the next shot. Therefore, and as expected, when cold 
runners are used the cycle time and material waste in the mould use phase are higher, but the necessary 
time and resources to produce the mould are lower. The type of feeding system also has influence on 
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energy consumption in the mould use phase, since higher quantities of injected material require higher 
amount of energy (Folgado et al., 2010; Pecas et al., 2009).

In terms of the cooling system, there are also two major design alternatives: normal cooling or 
conformal cooling. The latter is mainly used to reduce cycle time and improve the quality of the parts 
produced, since most defects are a result of inadequate cooling. Another design parameter, the number of 
movements, influences cycle time of injection moulding: a mould with a higher number of movements 
will allow a shorter cycle time, but on the other hand moulds with high number of movements are more 
complex to produce. So, it is clear that the mould design greatly influences the cycle time and material 
and energy consumption in the use phase, the injection moulding (Rosato et al., 2000).

More engineered moulds, namely with hot runners, conformal cooling and complex moves, require 
the availability and use of more advanced technologies and materials. These moulds will require a higher 
investment due to the inherent difficulties of production, which usually may imply higher environmental 
impacts in the mould production phase. However, despite production costs and environmental impacts, 
more complex moulds, with better surface finishing and higher number of movements, enable lower 
cycle times, and more efficient cooling, along with a reduction of material and energy in the injection 
moulding phase (Ribeiro et al., 2013). Therefore, to fully analyse the influence between mould design 
alternatives, a comprehensive life cycle analysis must be performed to take into account simultaneously 
the economic and environmental impact of mould production, together with its performance in the in-
jection moulding process.

There are some publications addressing the subject of mould design influence on the economic and 
environmental performance, such as, for example, i) Ribeiro et al. (2013; 2011) that discusses the impact 
of different mould design alternatives and injection machines in the material and energy cost and envi-
ronmental impact and ii) Gantar et al. (2013)that uses LCA and LCC to study injection moulding designs 
in their early design stages and conclude that mould design can greatly influence the environmental 
impact of the injection moulding process. Despite the importance of these studies, the methodologies 
they proposed are not feasible to be used by companies for each mould since the data gathering is time 
consuming and the analysis is complex and difficult to incorporate in the industrial decision-making 
process (mainly in the realm of injection moulding where the moulds manufacturing are one-of-a-kind 
production). The use of a tool to operationalize the use of Eco-Efficiency as a metrics to compare the 
performance of different mould designs on a life cycle perspective is one possible answer to fulfil this 
gap. This tool is proposed in this chapter and is described in the following sections.

THE PROPOSED FRAMEWORK AND THE IMPLEMENTATION TOOL

Description of the Framework

As mentioned in the previous section there is a clear gap regarding eco-efficiency assessment: an agile, 
complete and accurate approach or framework is required. A framework to fulfil this gap is proposed 
in this chapter being formalized in a software tool to support decision making. The present section of 
this chapter describes the proposed framework and a tool specifically developed to assess and compare 
the eco-efficiency performance of several types of injection moulds. A life cycle perspective is used, so 
both the injection mould and plastic part production eco-efficiencies are assessed.
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The main goal of the developed tool is to support companies’ decision making based on economic 
and environmental indicators, and by the Eco-Efficiency ratios formed by some of them. The tool can be 
used as an enabler of continuous improvement strategies and mould design improvements towards more 
competitive products and processes. Therefore, due to the specificity of the injection moulding sector 
where the tool was applied, its developing process was outlined within a Portuguese project dedicated 
to the injection moulding sector. The overall aspect and features of the tool are presented in Appendix.

The proposed framework, depicted in Figure 1, comprises five main modules: (i) Scope and boundary 
definition; (ii) Life Cycle Inventory (LCI); (iii) Computing tool; (iv) Decision indicators; and (v)Report. 
These modules are described, in detail, later in this section of the chapter.

In order to outline the tool based on the proposed framework (Figure 1), several workshops with vari-
ous companies from the Portuguese injection mould sector took place. During the workshops, the base 
ideas and concepts of the framework where presented to the industrials, along with proposed indicators. 
Subsequently, both, the tool and its indicators where aligned with the real needs of the companies, that 
were considered being representative of the sector. Such strategy was used in order to have a suitable 
tool for the sector, namely low effort for: (i) data gathering; (ii) indicators calculation; and (iii) results 
analysis/reporting. It is worth mentioning that the most important aspect was to define a set of mean-
ingful indicators, which are clearly understood by industrials, and enable companies to compare the 
performance of different mould designs.

In the following subsections the sequential tasks required to explore the proposed framework are 
described and discussed regarding its relevance and level of detail. These sequential tasks are in fact 
modules of the software tool developed for the injection moulding that will be used as a way to better 
exemplify how the framework concepts and methods should be applied.

Figure 1. Proposed framework for eco-efficiency and environmental performance analysis
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Scope and Boundaries Definition

The first module consists in defining the scope and the boundaries of the assessment. The goal is to 
establish the purpose of the assessment and to define the functional unit, i.e. reference to which all 
inputs and outputs are related (Messagie et al., 2013; Oliveira et al., 2015; Weidema et al., 2009)]. The 
functional unit is an important aspect when performing a LCA, or when assuming a life-cycle thinking 
approach, since the same comparison must be used to the different production systems and operations 
considered, and is naturally essential when comparisons are involved.

The boundary definition consists in defining the limits of the assessment, beyond those the flows and 
process about the functional unit will not be considered, so it identifies the unit processes to be considered 
in the analysis (Weidema et al., 2004) In the particular case of the developed tool, the functional unit is 
the injection mould, the boundaries are the mould life cycle phases (Figure 2) that includes the plastic 
part injection process (the use phase of the mould), and the scope is to compute the eco-efficiency ratios, 
with special emphasis to the environmental indicators (the value indicators are used as direct inputs).

Life Cycle Inventory

The second module consists in collecting all necessary data regarding the mould’s life cycle phases. The 
LCI data collection stage works as showed in Figure 3. This contains the quantitative data related to 
the material, energy, emissions and co-products of the different life cycles of the product system under 
analysis. As mentioned previously, the functional unit and the system boundaries are the delimiting fac-
tor to what is included or not and how it is expressed. The data types that are often used are direct and 
indirect. The first ones relate to data that was actually measured and quantified through a process; the 
second one refers to data contained in specific databases such as Ecoinvent among others.

Within this module, the major goal is to list all inputs and outputs for each unit process within the 
limits of the system, and quantify all of the inputs and outputs under analysis, mainly for the calculation 
of the environmental impacts and KEPIs. It is also necessary to collect value data (e.g. GVA or EBITDA) 
for the calculation of the eco-efficiency ratios. Yet, as mentioned, the data gathering for the calculations 
should be agile and simple. With such keen need, the proposed framework was developed on the premise 

Figure 2. Injection mould Life Cycle Stages
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that a dedicated LCI, i.e. sector specific LCI structure, is necessary in order to collect all relevant data 
for the Eco-Efficiency assessment – this structure depends on the analysis boundaries. For the particular 
scope and boundaries of this study, the dedicated LCI should enable the characterization of the mould 
(e.g. size, weight, type of runners, number of cavities, cycle time) and of the produced part (e.g. part 
weight, material). This results in the dedicated LCI for injection moulding sector.

In this context, a dedicated LCI was developed (as part of the Excel based Integrating tool), based 
on the typical/usual operations and processes used in each life cycle phase and were then validated by 
the injection moulding sector companies involved in the study. This logic allows the standardization and 
simplification of the whole process of gathering LCI information. The required information is organized 
by modules to simplify the data collection, also to prevent errors from occurring. Figure 4 shows the 
general panorama of the necessary data for the different lifecycle stages and other relevant information. 
In Figure 5, the key data for eco-efficiency assessment is presented along with the data necessary to 
characterize the mould’s use stage.

Figure 3. Stages of the creation of an LCI
(Oliveira et al., 2015)

Figure 4. Dedicated LCI structure for eco-efficiency assessment: Data required for consumed resources 
inventory
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Integrating Tool

The integrating tool module of the proposed framework consists in the calculation of the environmental 
impacts - LCA, KEPI’s and the several proposed eco-efficiency indicators, based on data form LCI and 
from the value inputs – is the computing engine of the proposed framework. The use of this module 
allows the reduction of the effort and the time needed to assess Eco-Efficiency performance. Like the 
dedicated LCI, a dedicated computing engine was developed exclusively for injection moulds, meaning 
that all the needed information will be dedicated fully oriented to the injection moulding sector.

The simplified scheme of the computing engine of the developed tool for injection moulding sector 
is shown in Figure 6, that illustrates how information flows towards the data processing and calculations 
that was developed using MSExcel. This approach was shared with the industrial companies of the sector 
involved in the study, that show a high preoccupation if a great effort of data inputs is required. After 
using the computing engine of the developed tool the companies validate it due to the low number as 
well as explicit and easy to obtains input about mould production and part injection moulding processes. 
Keeping in mind the proposed approach (Figure 1), after the LCI data is inserted an embedded algo-
rithm will combine the environmental impact factors with the inputs from the inventory and preform the 
data processing and necessary calculations. Consequently, such computation will generate the several 
results as indicators - LCA, KEPI and EEI. The logics illustrated in Figure 6 is universal to other kind 
of products and processes being necessary to adapt to different LCI and inputs.

Decision Indicators

The Decision Indicators are the output component of the framework allowing the assessment of eco-
efficiency as well as the environmental performance report. As depicted in Figure 1, there are three 
sets of indicators, namely the LCA indicators, KEPI and EEI. The developed tool outputs these set of 
indicators specifically adequate for the injection moulding industry, which are described in the follow-
ing paragraphs.

Figure 5. Dedicated LCI structure for eco-efficiency assessment: Inputs required regarding value as-
sessment
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LCA Indicators

The LCA indicators provide an overview of the environmental impact results, which for the injection 
mould life cycle assessment are the one presented in Figure 7.

Within the proposed framework, the LCA results allows detailed analysis of the environmental impact 
of the several elements/entities of each life cycle stage (i.e. impact of the material used in a mould com-
ponent, impact of machining a mould component, etc.). This result is presented for each life cycle stage, 
yet the influence (%) of each element impact is presented for life cycle stage and at global level. Such 
weighing (%) enables to identify in a swift manner the major contributors for environmental impact and 
enables a kind of normalisation that is easily understood by anyone and facilitates comparisons within 
the life cycle or with other moulds.

Figure 6. Information flows for the data processing and calculations

Figure 7. Proposed Life Cycle Assessment Indicators for the injection moulding sector

 EBSCOhost - printed on 2/14/2023 11:31 AM via . All use subject to https://www.ebsco.com/terms-of-use



226

Multi-Perspective Eco-Efficiency Assessment to Foster Sustainability in Plastic Parts Production
﻿

KEPI (Indicators)

Despite the LCA is a cornerstone of the proposed framework, additional calculations are required. KEPI 
are one of those needs. The KEPIs must be selected for a specific sector or type of product because they 
depend of the environmental aspects that are technologically related and relevant to the life cycle of a 
specific type of products. For the studied case of this chapter, the KEPIs were selected having in mind 
the particularity of the injection moulding industry and the boundary of the analysis that aims to have a 
life cycle oriented strategy. The KEPI indicators were defined and selected, together with the companies 
involved in this study fostering its practical usefulness.

The selected indicators are shown in Figure 8. They respect the ISO 14031 and can be used for setting 
improvement targets. Moreover, these indicators can be useful for: identifying opportunities to improve 
environmental performance among of mould’s its life cycle; providing important information to support 
the decision-making process in strategic planning, prioritization, project or product reformulation and/or 
processes. It is important to mention, that all these indicators, except for cycle time and rate of defective 
products, are normalised by the moulds final weight (kg). Such normalisation is important to enable fair 
and standard comparisons, as the mould weight was considered a common factor that influences, in a 
somehow proportional manner, the proposed indicators.

EEI (Indicators)

In general, the EEI proposed by the framework are divided into three sets - life cycle oriented indicators; 
functional indicators; and performance indicators, are to be used as an ultimate metric of measuring the 
Eco-Efficiency performance. The EEI present in the developed tool are listed in Figure 9.

The first set of indicators - Life Cycle Oriented, represent clearly the formal definition of eco-effi-
ciency. The Life Cycle Oriented indicators are calculated by the ration between the GVA (the economic 
value - numerator) and the environmental impact of the different life cycle stages (denominator). It is 
important to mention that a higher ratio result indicates a higher eco-efficiency performance. These in-
dicators enable to assess and compare the eco-efficiency performance of each life cycle phase and also 
to compare different moulds’ designs or different moulds.

Figure 8. Proposed KEPI for the injection moulding sector
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The Functional EEI are primary associated to the functional value of the mould (for instance the 
number of cycles). Therefore, the objective is to maximize the results, i.e. increase as much as possible 
the functional value for each unit of impact (Pt). For the third indicator (Tot. WIM/OEI), an exception is 
made, since the idea is to decrease the amount of wasted injection material per impact (Pt). A performance 
comparison of different moulds using these indicators, could be a tricky task as some comparisons may 
give place to misleads, therefore the comparisons should be formal and well thought through.

The last group of suggested EEI - Specific Performance Indicators, target to evaluate the perfor-
mance of the mould’s manufacturing and the injection moulding process. These indicators are sector 
specific and highly oriented for the moulding industry, as these indicators account for the quantity of 
energy and material used, and the respective environmental impacts. The first two indicators quantify 
the specific energy consumption, and the third indicator measures the environmental influence per unit 
of weight of injected material. As mentioned, eco-efficiency is calculated by the ration between product 
or service value and environmental influence, therefore these indicators do not follow the formal ratio 
of eco-efficiency, since the idea is for the EEI to demonstrate the mould’s eco-effectiveness during the 
use phase – which is very important from the industrial point of view..

Report

The final module of the proposed framework consists in an Environmental Performance Report (EPR), 
which is part of the outputs. The idea of the report, is to comprise information regarding the characteriza-
tion of the production and use of the product. The report is also intended to include all results namely all 
LCA indicators, KEPI and EEI, presented and described previously. The EPR is to be used for company 
internal and external (if there are no confidentiality issues) communication. For the particular case of 
the injection moulding industry, the developed tool reports the overall performance of the mould pro-
duction operations as well as of the other life cycle phases, especially the plastic part production (the 
use phase of the mould).

Figure 9. Proposed EEI for the injection moulding sector

 EBSCOhost - printed on 2/14/2023 11:31 AM via . All use subject to https://www.ebsco.com/terms-of-use



228

Multi-Perspective Eco-Efficiency Assessment to Foster Sustainability in Plastic Parts Production
﻿

APPLICATION CASE

Boundaries of the Analysis

This section focus on the application of the tool developed for the injection moulding sector based on the 
framework presented in the previous section. The application case involves five plastic injection moulds 
from different companies. In order to assure confidentiality, the name of the companies was changed to: 
“Company A”; “Company B”; “Company C”; “Company D”; and “Company E”.

After the moulds selection for the tool application, the involved companies started to use the dedicated 
LCI and then proceed with the specific parametrization and results generation for further analysis. In 
this way the tool was tested in industrial environment. The tool menus for input and tables and graphs 
with the outputs can be seen in Appendix.

The scope and boundaries considered for the eco-efficiency assessment in the five moulds were from 
materials acquisition until mould use phase, including the disposal of the contaminated metallic mate-
rial. Mould end-of-life, plastic part use phase, disposal and end-of-life were not considered since these 
aspects were not considered as relevant to the mould making companies.

Life Cycle Inventory

In order to fulfil the eco-efficiency assessment framework, and get all relevant indicators, the LCI should 
comprise the data presented in the Figure 4 and Figure 5 which for the mould of company A is presented 
in Table 2 and Table 3. The value related data and specific characterization of the mould use phase are 
presented for the same mould in Table 4 and Table 5.

In Table 6, Table 7, and Table 8 the LCI data considered for the assessment of the five moulds are 
presented. The inventory showed is summarized for the considered the key data for this chapter. Ana-
lysing LCI data in Table 6 to Table 8 the different nature/features of the moulds involved in the present 
case study become obvious, for instance: different size, different cycle time, number of injection cycles 
and type of runners and, of course, different value related data. The developed tool was used to analyse 
and compute these LCI information in order to obtain the decision indicators.

Calculations Using the Developed Tool

LCA

The LCA was performed using the developed tool, which has embedded the necessary materials and 
processes (datasets) dedicated to the injection moulding. The datasets consider the Eco-Indicator 99 (H/A) 
v2.06 method (endpoint-oriented) and use the EcoInvent 2.1 database. All results of the environmental 

Table 2. General information of the mould: Example for Company A.

Initial Mass (kg) Final Mass (kg) Number of Components (unit) Removed Mass From Production (kg)

222.77 157.22 153 65.55
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impacts are presented using an endpoints method with the unit – Pt (environmental impact at the end 
of this cause-effect chain) (see example in Table 9). The endpoint was considered in order to simplify 
comparisons and simplify general understanding.

Regarding the computational aspect of the tool, it enables the parametrization of processes that are 
transversal and dedicated to the injection moulding sector in order to permit time savings and an agile 
use of the tool for the calculation of environmental impact. The Excel based tool performs all calcula-

Table 3. Detailed information of the mould production and use for all life cycle stages: Example for 
Company A (N.A.: Data not available).

Amount Unit

Materials

Steel 222.43 kg

Copper 0.34 kg

Production Processes

Milling - Steel 46.59 kg

Drilling - Steel 15.54 kg

Turning – Steel (CNC) 1.26 kg

Steel Product - Metal Working 2.17 kg

Use

Electricity -Low Voltage (PT) 4323.41 kWh

Polystyrene 2550.00 kg

Transport to Production

Transport - Lorry (16-32T) 23.00 km

Transport - Van (<3.5T) 35.50 km

Transport to Use

N.A. N.A. N.A.

Transport to Disposal (P)

Transport - Lorry (16-32T) 4.00 km

Transport to Disposal

N.A. N.A. N.A.

Disposal

Disposal of Steel - Inert Material Landfill 65.55 kg

Table 4. Economic value data: Example for Company A

Value Data

Gross Value Added 21 376.00 €

EBITDA 10 036.00 €

Production Cost 11 340.00 €

Sale price 23 850.00 €
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Table 5. Use stage characterization: Example for Company A

Mould’s Use Stage Characterization

Cycle time (sec.) 15.50

Number of Cycles 75000

Total energy consumed (kWh) 4323.42

Total material consumption (kg) 2550.00

Number of Parts Produced 225000

Number of Cavities 3

Total amount of useful injected material (kg) 2250.00

Total amount of wasted injection material (kg) 300.00

Estimated Shot Weight (g) 30.00

Estimated Part Weight (g) 10.00

Table 6. General data of the mould

General Data Company A Company B Company C Company D Company E

Initial Mass (kg) 222.77 6623.74 8516.74 396.71 370.66

Final Mass (kg) 157.22 4061.14 7355.66 264.52 307.69

Part Quantity (unit) 153 668 9 310 590

Removed Mass from Production (kg) 65.55 2562.60 1161.07 132.19 62.98

Table 7. Mould use characterization

Mould’s Use Phase 
Characterization Company A Company B Company C Company D Company E

Cycle time (sec.) 16 55 38 28 12

Number of Cycles 75000.00 500000.00 50000.00 200000.00 5000000.00

Total energy consumed (kWh) 4323.42 304499.59 409814.48 17886.74 65642.71

Total material consumption (kg) 2550.00 302000.00 209500.00 5000.00 175800.00

Number of Parts Produced 225000.00 1000000.00 100000.00 400000.00 60000000.00

Number of Cavities 3.00 2.00 2.00 2.00 12.00

Total amount of useful injected 
material (kg) 2250.00 257000.00 209500.00 4000.00 17500.00

Total amount of wasted injection 
material (kg) 300.00 45000.00 0.00 1000.00 0.00

Estimated Shot Weight (g) 30.00 514.00 419.00 20.00 35.16

Estimated Part Weight (g) 10.00 257.00 209.50 10.00 2.93
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tions using Excel Macros. Yet, the accuracy of the calculations, and respective indicators, is always 
dependent on the quality of the data input.

In Table 10 the detailed results regarding the environmental impacts are presented, as an example 
of the one of the outcomes from the tool. As mentioned in the previous section, namely depicted in 
Figure 7, besides the elements impacts (e.g. impact of steel), the contribution (%) of each one of them 
is also presented, either for stage or global level. The results of the impacts for each life cycle stage are 
presented in a concise manner in Table 11 and Table 12.

It is noteworthy that the use stage has the highest influence in the total environmental impact, which 
is caused by the impact of the injection material consumption (Table 10). This is an expected but yet 
important result for this sector: the mould performance (energy consumption and material waste) has 
much more relevance than the mould production impact. Such findings relate mainly to the high amount 
of Polystyrene used to produce plastic parts – 2550 kg (Table 3). Due to such particularity of the injec-
tion moulding sector - very high impacts contribution of the use stage, the tool also presents the impacts 
only related to production of the mould. This is important result, to support decisions related to improve 
environmental performance related to the mould material, production process and disposal, elsewise, 
these aspects would be easily neglected. Therefore, the focus for improving the environmental perfor-
mance must be focused on the use stage.

The summarized set of results for the environmental impacts, for all life cycles stages, of all five 
moulds are presented in Table 13. The use stage is responsible for more than 96% of the environmental 
impacts along the defined life cycle, for all five application cases. In order to better understand the high 

Table 8. Economic value (N.A.: Data not available)

Value Data Company A Company B Company C Company D Company E

Gross Value Added (€) 21 376.00 55 996.93 80 000.00 19 211.50 N.A.

EBITDA (€) 10 036.00 70 21.62 10 000.00 10 978.00 N.A.

Production Cost (€) 11 340.00 48 975.31 110 000.00 22 205.50 N.A.

Sale price (€) 23 850.00 88 000.00 115 000.00 24 950.00 N.A.

Table 9. Example of the datasets using the Eco-Indicator 99 (H/A) v2.06 method (endpoint-oriented) 
from the EcoInvent 2.1 database: Example for mould of company A.

Indicator (Pt/unit)

Material

Steel, Converter, Unalloyed, At Plant RER 0.104

Copper, At Regional Storage RER 2.013

Production Processes

Milling, Steel, Average RER 0.275

Drilling, CNC, Steel RER 0.277

Use

Electricity, Low Voltage, At Grid Pt 0.041

Polystyrene, General Purpose, GPPS, At Plant RER 0.253
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impact obtained in the use stage, the tool enables to look into it - Table 14, which summarizes the use 
phase results. It has become clear that the injected plastic itself is the principal contributor, for all ap-
plications cases, having a much higher impact when compared with the electricity needed for injection.

KEPI

The set of KEPIs selected is presented in Table 15. All the indicators, regardless ir scope, are quantified 
per kg of Mould, except for operation time and rate of defectives.

For the comparison between different moulds, it is important to mention that the environmental 
impact per kg of mould is a relevant indicator for the industrial. The aim, of this specific indicator, is 
to allow the comparison between different typologies of moulds when, at the first sight, seemed as an 
impossible task because of its different nature. This arises into a new perspective, regarding the mould’s 
environmental performance, suitable to be better explored and understood by the moulds makers and 
their clients.

Table 10. Detailed environmental impacts [Pt - Eco-indicator 99 (H/A)] for each life cycle stage: Ex-
ample for Company A

Amount Unit % Impact % Global Impact

Materials

Steel 16.35 Pt 96% 2%

Copper 0.69 Pt 4% 0%

Production Processes

Milling - Steel 12.82 Pt 72% 1%

Drilling - Steel 4.30 Pt 24% 0%

Turning – Steel (CNC) 0.39 Pt 2% 0%

Steel Product - Metal Working 0.24 Pt 1% 0%

Use

Electricity -Low Voltage (PT) 176.26 Pt 18% 17%

Polystyrene 808.83 Pt 82% 79%

Transport to Production

Transport - Lorry (16-32T) 0.02 Pt 52% 0%

Transport - Van (<3.5T) 0.02 Pt 48% 0%

Transport to Use

N.A. N.A. Pt N.A. 0%

Transport to Disposal (P)

Transport - Lorry (16-32T) 0.00 Pt 100% 0%

Transport to Disposal

N.A. N.A. Pt N.A. 0%

Disposal

Disposal of Steel - Inert Material 
Landfill 0.06 Pt 100% 0%

Total 1019.98 PT
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Table 11. Mould complete life cycle environmental impact [Pt - Eco-indicator 99 (H/A)]: Example for 
Company A

Life Cycle Stage Pt % Global Impact

Materials Acquisition 17.04 1.67

Transport to Production 0.04 0.00

Production 17.75 1.74

Transport to Disposal (P) 0.00 0.00

Transport to Use 0.00 0.00

Use 985.09 96.58

Transport to Disposal 0.00 0.00

Disposal 0.06 0.01

Total 1 019.99 100.00

Table 12. Mould production and disposal environmental impact [Pt - Eco-indicator 99 (H/A)]: Example 
for the mould of company A

Life Cycle Stage Pt % Global Impact

Materials Acquisition 17.04 48.84

Transport to Production 0.04 0.11

Production 17.75 50.88

Transport to Disposal 0.00 0.01

Disposal 0.06 0.17

Total 34.89 100.00

Table 13. Environmental impacts [Pt - Eco-indicator 99 (H/A)] and the % impacts per stage

Life Cycle Phase
Company A Company B Company C Company D Company E

Pt % Pt % Pt % Pt % Pt %

Materials 
Acquisition 17.04 1.67 970.18 1.07 1716.37 2,39 29,50 0,95 78,22 0,11

Transport to 
Production 0.04 0.00 12.96 0.01 0.31 0,00 0,06 0,00 11,49 0,02

Production 17.75 1.74 702.89 0.78 319.50 0,45 36,14 1,16 17,38 0,02

Transport to 
Disposal (P) 0.00 0.00 0.12 0.00 0.00 0,00 0,00 0,00 0,00 0,00

Transport to Use 0.00 0.00 131.56 0.15 0.00 0,00 10,16 0,33 0,00 0,00

Use 985.09 96.58 8 8731.24 97.99 69 652.16 97,16 3 033,01 97,56 73 922,59 99,86

Transport to 
Disposal 0.00 0.00 0.00 0.00 0.00 0,00 0,00 0,00 0,00 0,00

Disposal 0.06 0.01 2.26 0.00 1.03 0,00 0,12 0,00 0,00 0,00

Total 1 019.99 100 90 551.22 100 71 689.36 100 3 108,99 100 74 029,68 100
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The ratios between environmental impacts (Pt) and the kg of mould (Pt/kg mould), for all five mould 
are presented in Table 16. The higher ratio result, indicates lower environmental performance. Despite 
mould of company B has the highest overall environmental impact and not the mould with more mass, it 
does not have the highest impact per kg of mould (22.30 Pt/kg of final Mould). The mould of company E 
on the other hand, has a very high ratio of impact per each kg of final mould. Such results and findings 
enable to validate the soundness of this very particular KEPI.

EEI

The last set of indicators are the Eco-Efficiency Indicators. An example is presented in Table 17 for the 
five moulds. These indicators measure the relation between economic and environmental performance, 
providing useful information regarding the product/process behaviour.

Regarding the life cycle oriented EEI, is reasonable to state that mould of company A has the highest 
Eco-efficiency performance (GVA / OEI = 20.96), while the mould of company B has the lowest (GVA 
/ OEI =0.62). These results are highly aligned with the KEPI for Pt/kg of Table 16. Ultimately, in order 
to simplify the understanding Life Cycle Oriented EEI for the different moulds, an eco-efficiency plot, 
considering the production costs and the economic value, is presented in Figure 10. It becomes quite 
clear the moulds from the Companies B and C have the lowest Eco-efficiency performance.

Regarding the functional indicators, it is worth mentioning that the mould from company B and C have 
a relatively low number of cycle per overall impact (Pt). This information could be used, for instance, to 
inform the mould designers that, they could design the mould, if possible, for more cycles. Reversely, 
the mould from company C has the highest relation of used mater per impact and has no waste material.

For the performance indicators, it is possible to state the mould from Company A has a lower energy 
consumption per cycle and the mould from company C has very high specific energy consumption per 
cycle. Reversely, mould from Company C has the lowest energy consumption per amount of injected 
material when compared with the mould of company D.

Table 14. Life Cycle Assessment: Use Phase Use Phase panorama for all five moulds

Used Material and Energy Amount (Pt) % Use Impact % Global Impact

Company A
Electricity 176.26 18% 17%

Polystyrene 808.83 82% 79%

Company B
Electricity. 12409.80 14% 14%

Polypropylene 76321.44 86% 84%

Company C
Electricity 16707.32 24% 23%

Polypropylene 52944.84 76% 74%

Company D
Electricity 729.21 24% 24%

Polycarbonate 2303.80 76% 74%

Company E
Electricity 2676.12 4% 4%

Nylon 71246.47 96% 96%
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All this conclusions, are important and come in handy to support the decision-making process during 
mould deign, as these indicators do not only relay on environmental or economic performance, they con-
sider the very specific mould functional and performance aspects. Additionally, in Figure 11, an example 
(Company B) EEI presented to the user is depicted. With such information, a worthy characterization, 
regarding sustainability performance mould is given in a standardized and understandable manner, to 
support the decision making process.

Table 15. Detailed list of KEPIs specific for the injection moulding industry: Example for the mould of 
company A

Scope Indicator Indicator Amount Unit

Materials Acquisition

Materials purchased Total Amount of material used 1.42 kg /kg of Mould

Transport to production Total Distance Travelled (Materials Acquisition > 
Production) 0.37 km/kg of Mould

Production

Production process Total Amount of material removed (Mechanical Process) 0.42 kg/kg of Mould

Waste (By-products) generated 
during production

Total Amount By-products generated within the 
production process 0.42 kg/kg of Mould

Transport to disposal (P) Total Distance Travelled (Production > Disposal) 0.03 km/kg of Mould

Use

Material injected Total Amount of material used 16.22 kg/kg of Mould

Material injected Total Amount of material reused in the process 0.00 kg/kg of Mould

Energy used during injection Total Amount of energy used 27.50 kWh/kg of Mould

Operation time Cycle time 15.50 Sec/cycle

Operation time Total service hours during Life-Time 2.05 Hours/kg of Mould

Defective production Rate of defective products 2.00 %

Disposal

Waste Total Amount of waste generated 0.42 kg /kg of Mould

Table 16. Environmental Impact (Pt) per kg of mould per life cycle stage

Life Cycle Stage Company A Company B Company C Company D Company E

Materials Acquisition 0.11 0.24 0.23 0.11 0.25

Transport to Production 0.00 0.00 0.00 0.00 0.04

Production 0.11 0.17 0.04 0.14 0.06

Transport to Disposal (P) 0.00 0.00 0.00 0.00 0.00

Transport to Use 0.00 0.03 0.00 0.04 0.00

Use 6.27 21.85 9.47 11.47 240.25

Transport to Disposal 0.00 0.00 0.00 0.00 0.00

Disposal 0.00 0.00 0.00 0.00 0.00

Total 6.49 22.30 9.75 11.75 240.60
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Table 17. Eco-efficiency Indicators (N.A.: Data not available)

Company A Company B Company C Company D Company E

Life Cycle Oriented Indicators

GVA / EI of MAP 1254.47 57.72 46.61 651.14 N.A.

GVA / EI of PP 1204.19 79.67 250.39 531.52 N.A.

GVA / EI of US 21.70 0.63 1.15 6.33 N.A.

GVA / OEI 20.96 0.62 1.12 6.18 N.A.

Functional Indicators

Nº Cycles / OEI 73.53 5.52 0.70 64.33 67.54

Tot. UIM / OEI 2.21 2.84 2.92 1.29 0.24

Tot. WIM / OEI 0.29 0.50 0.00 0.32 0.00

MFW / OEI 0.15 0.04 0.10 0.09 0.00

Performance Indicators

Tot. EUDI / Nº Cycles 0.0576 0.6090 8.1963 0.0894 0.0131

TA-EUDI / TA-IM 0.0017 0.0010 0.0020 0.0036 0.0004

O-EI / TA-IM 0.0004 0.0003 0.0003 0.0006 0.0004

GVA = Gross Value Added | EI of MAP = Environmental influence of materials acquisition stage | EI of PP = Environmental influence 
of production stage | EI of US = Environmental Influence of use stage | OEI = Overall environmental influence | Tot. UIM = Total amount 
of useful injected material| Tot. WIM = Total amount of wasted injection material | MFW = Mould’s final weight | Tot. EUDI = Total 
amount of energy used during injection | Tot. IM = Total amount of injected material

Figure 10. Example Eco-Efficiency Plot
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CONCLUSION

The importance of applying Eco-Efficiency assessment are discussed in this chapter and the practical 
difficulties are identified and discussed. The particular situation of injection moulds manufacturing sector, 
characterized by one-of-a-kind production, was analysed emphasizing the need of a specific framework to 
support the calculation of Eco-Efficiency towards a more informed and sustainable decision making. In 
fact, the several definitions of Eco-efficiency proposed by several normative documents bring a myriad 
of different environmental indicators. Most of these indicators are not relevant for the specific sector of 
a product, so they contribute to confuse the user of those documents. This chapter proves that this bar-
riers are even higher for the case of injection moulds, requiring a recurrent need to retrieve specific data 
for each mould to calculate the Eco-Efficiency. A framework is proposed to overcome this problem, by 
the simplification of the Eco-Efficiency assessment. This framework is applied to the injection moulds 
sector, but a similar approach can be used to other sectors.

The benefits of using the proposed framework is a reduced set of Eco-Efficiency related indicators 
and ratios that allow to assess the products on a life cycle perspective. A specific tool was developed 
to facilitate the application framework concepts by industrial companies. The tool was applied to four 
different real industrial moulds from four different companies. The results comparison and analysis 
allow to identify the potential proposed indicators to support the decision making process related with 
Eco-Efficiency performance.

Figure 11. Example Eco-Efficiency from the tool: Company B
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APPENDIX

Demonstration Tool

Screens of the developed tool. The goal is to present the overall appearance of the tool.

Figure 12. Company information
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Figure 13. Mould characterization and part description

Figure 14. Value Data
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Figure 15. LCI Parameterization

Figure 16. LCI: Materials identification and quantification, and impacts quantification
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Figure 17. LCI: Production processes identification and quantification, and impacts quantification

Figure 18. LCI: Transports identification and quantification, and impacts quantification
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Figure 19. LCI: Use stage characterization

Figure 20. Summary data form LCI
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Figure 21. LCA results for complete life cycle

Figure 22. LCA results for Production mould
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Figure 23. Detailed LCA results

Figure 24. Detailed KEPI results
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ABSTRACT

The present industry scenario focuses on green manufacturing, in terms of effective reuse and recycling 
of the industrial wastes generated in enormous amount while preparing the product. The wastes also 
act as a threat to the society by causing various kinds of pollution. Therefore, the proper safe disposal 
of the same is a very critical factor. Most of the industries struggled with the enormous disposal of these 
wastes and finding ways for reuse and disposal. In this chapter, one such way of reuse of these wastes 
for making composite product is explored. Industrial wastes such as flyash and ricehusk used as fillers 
of varying weight percentages, 6%, 8%, 30%, 40%, and 50%, wt%, respectively, are reinforced with 
matrix. The prepared composites were subjected to flexural studies to know the load withstand abil-
ity. Results show that the incorporation of both fly ash and rice husk industrial wastes as filler into the 
polymer matrix increases the flexural strength. In addition, a low-cost product with high strength and 
good performance is obtained by adding this waste.
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INTRODUCTION

With the growing needs and the development in technology more number of new products released from 
the industries to the society. At the same time the manufacturing process involved in preparing such 
products will be the vital discussion part. The major problem that the industry facing in today scenario is 
the disposal of the industrial wastes in such a manner that it will not affect the environment. Number of 
reuse and disposal methods are in practice in the industry, but still the need for much improved disposal 
of the same is the need for the hour. This chapter emphasis the reuse of two major industrial wastes such 
as Flyash and Ricehusk for making innovative composite materials. These two wastes are produced in 
enormous amount from the industry sectors as well as local sectors, for example the industry waste flyash 
generated not only in industry almost in all other sector where burning of some elements finally result in 
the flyash. On the other hand almost equivalent to flyash, ricehusk also generated in rapid amount due to 
the usage of food (rice) throughout the world. The industry is now looking for the potential reuse of these 
materials and one of the way suggested and discussed in detail is the preparation of composite materials 
using the same. The attractive features of the composite materials such as low cost, high strength and 
more resistance which make it suitable for various industrial applications replacing the conventional 
materials. Different type of composites are prepared by using two phases namely the reinforcement and 
the matrix phase. Enormous amount even out of any two different materials one we use as reinforcement 
phase and other use as matrix phase. The different types of matrices are metal, polymer and ceramic is 
the most commonly used for various composite preparations. The matrix will be chosen based on the 
better compatibility with the reinforcement for the same the polymer matrix selected for the industrial 
wastes fly ash and rice husk used as reinforcement.

BACKGROUND

The effective utilization of industrial wastes fly ash and rice husk as potential particle replacement for 
cement has been done by Satish et al. (2013) in which the compressive strength, flexural strength and 
tensile strength of the concretes made by mixing fly ash and rice husk in different weight proportions 
along with cement gives increase in strength. With fly ash as nano filler and micro filler, Al2O3, TiO2 
used as reinforcement along with epoxy matrix. Further the mechanical properties studies has been 
analyzed and noted that the strength decreases with the increasing content of the micro fillers and nano 
fillers (Ozsoy et al., 2015). In addition to the fly ash filler Nithin Kumar et al. (2015) carried out studies 
on wood powder as filler on the polymer composites produces promising increase in the mechanical 
strength. The effect of rice husk silica filler reinforced with high density polyethylene has been studied 
by Midhun Dominic et al. (2014) in which the surface modification done by using hydrochloric acid and 
inferred that the mechanical properties of the same higher than that of the pure polymer. The problems 
related to the disposal of wastes such as fly ash, slags from energy mining and metallurgical industries 
can be solved by potentially utilizing the waste with geopolymers for producing new composites replac-
ing the existing cementitious materials (Korniejenko et al., 2015).

Sahai and Neha Pawar (2014) performed studies on fly ash filled polyphenylene oxide composites by 
varying the weight percentages of fly ash using screw extruder machine. The prepared specimens were 
subjected to mechanical properties and rheological properties analyze and the results were reported. 
Flexural studies on addition of fly ash along with the geopolymers has been carried out and analyzed 
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using the FEM ABACUS software (Amiri et al., 2016). Michael Ikpi Ofem et al (2011) carried out 
research on the usage of periwinkle shell, rice husk and cashew nut shell liquid for making an effec-
tive hybrid composite. The results show that there is an increase in tensile and flexural strength with 
the increase in filler content as well as observed decrease in impact strength. Further studies using rice 
husk (Atan & Awanghe, 2011) waste as mixer along with self compacting concrete for potential cement 
replacement. The change in phenomenon makes the researchers to turn focus towards the usage of glass 
fibers filled with rice husk particulates (Routa & Satapathy, 2012), for the same mechanical properties 
and erosion response studies has been carried out for different compositions and noted an increase in 
the strength by addition of fillers. The effective means of utilizing the polyester resin (Devi et al., 1998; 
Sen & Nugay, 2000) along with fly ash has been done with varying weight proportions and treatment 
conditions using silane.

By using industrial waste cotton cellulose microcrystals (Thambiraj & Shankaran, 2017) were pre-
pared and also from the same cellulose nanocrystals were extracted and the authors reported that from 
the results obtained the potential use of cotton waste for the crystals preparation makes it suitable for 
the drug delivery and food packaging applications.

Leandro Wiemes et al (2017) performed studies on the usage of various industrial wastes for the 
purpose of making bricks. The different types of wastes used were automotive waste, glass waste and 
wood ash been mixed with clay for the brick formation. The prepared samples were subjected to the 
flexural studies to know the limit is within allowable standards and also to leaching process. The results 
suggested the potential use of these three wastes for brick manufacture with potential protection to the 
environment from this hazardous wastes. Another major potential application is the usage of industrial 
wastes for the preparation of concretes (Dash et al., 2016), which drastically reduces the demand for the 
available materials for making concretes. A complete review on the usage of various industrial wastes 
like waste foundry sand, steel slag, copper slag, imperial smelting furnace slag (ISF slag), blast furnace 
slag, coal bottom ash, ferrochrome slag and palm oil clinker as coarse particle or fine particles used for 
preparing the concretes. Physical and mechanical properties studies had been carried out on the pre-
pared concretes and noted that the sustainable standard strength obtained using this wastes for concrete 
development also durability seems to be good as well as more environment friendly.

Arumuga Prabu et al (2017) carried out studies on the usage of various industrial wastes such as 
Redmud, Sawdust, Flyash and Rice husk for preparing the composites along with polymer matrices. 
They noted that the incorporation of these wastes into the matrix increases the mechanical properties 
to a greater extent. This gives the potentiality of the prepared composites to be used for more industrial 
applications with the incorporation of natural fibers. The potential usage of redmud industrial waste 
which is causing severe environmental problems was done by Anu Pande et al (2017) in which they use 
it as a electromagnetic shielding material. The composite were prepared using redmud and polyaniline. 
From the testing it was clearly identified that a good shielding effectiveness been noted and makes it 
more suit for the electromagnetic shield resist application replacing the existing ones.

Wastes such as flyash and molasses (Rao & Birru, 2017) added in different weight percentages with 
the green sand to obtain modified green sand for the typical molding process to produce different types 
of parts. A high compression strength and permeability been obtained by using the wastes along with 
green sand when compare to the without ones. In such a way the wastes were utilized in more quantity 
reducing the environment hazards. Green metal matrix composites using chicken eggshell waste and 
aluminium, silicon carbide reinforcement had been studied by Satpal Sharma et al (2017) in which the 
serious environmental threat produced by the same waste be drastically reduced. From the physical 
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property, strength and thermal behavior studies it was observed that the strength increased and possess 
better results.

More studies on flyash reinforced polymer matrix composites had been carried out by giving special 
importance to the automotive applications. Braking application was chosen and the composite prepared 
using flyash filled and aramid fiber reinforced phenolic composite (Dadkar et al., 2009) had been suc-
cessfully utilized for the friction reduction with more weight percentage of flyash. The wear performance 
of the brake pads also increased to a high extent. Further research continued with the enormous waste 
generated from the society i.e., the plastic bottles and flyash. The Usage of these wastes for potential 
civil engineering applications had been analyzed and reported by Sushovan Dutta et al. (2016) and 
strongly recommended that the flyash and plastic bottles effectively used as filler which enhanced the 
compression property.

The studies continued in flyash with the effect of addition of zirconia (Satapathy, 2000) in different 
weight percentages and the impact in mechanical properties had been reported. The hardness, MOR and 
MOE increases with the increase in zirconia content. The abrasion also shows a less volume with the 
increase in zirconia. Five different polymer concrete mixes were made and compared with the existing 
Portland cement concrete. One among the five is flyash and observed that the compressive strength will 
be found to be much higher compared to portland cement (Okoye et al., 2015).

From the thorough literature, it was observed that more works has been done using industrial wastes 
flyash and ricehusk, this research chapter focuses on the usage of the same along with polyester and 
epoxy matrix with special reference to the flexural strength.

MAIN FOCUS OF THE CHAPTER

This section deals with the preparation of the composites using the industrial wastes and testing of 
the same for suitable potential applications. The industrial wastes flyash and rice husk were procured 
from the local shops in Tamilnadu, India. The unsaturated polyester matrix has been procured from 
Vasavibala Resins Pvt, Ltd., Chennai, Tamilnadu, India. The following Figure 1 and Figure 2 shows the 
typical ricehusk and flyash in powder form. The Rice husk filler materials particle size is measured and 
it ranges from 25-50 microns whereas the fly ash filler material particle size is slightly higher than that 
of rice husk, it is 40-50 microns.

The step by step procedure for the preparation of the composites are as follows:

Step 1: Two rectangular or square glass plates of size 20X20 cm are used as upper die and lower die. A 
narrow glass with 3 mm thickness placed at the three adjacent sides of the lower mould.

Step 2: Wax is used as releasing agent applied over the glass plates without any unfilled and then the glass 
plates are tightly holded by using metal clips at the four corners to keep the dies strongly together.

Step 3: Unsaturated polyester resin of quantity 100 ml taken and is mixed manually well with reinforce-
ment for 2 to 5 min. Then 1 ml of accelerator and catalyst added with polyester matrix to initiate the 
curing reaction. The same procedure done for epoxy matrix also but the only difference is 50 ml of 
hardener added to initiate the curing reaction. Then the mixture is allowed to cure for some time.

Step 4: The prepared mould is kept vertically and the prepared resin is poured gently through the open-
ing side of the mould. Then the composition is left without any disturbance allows to cure at room 
temperature.
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Step 5: In general the composites will cure throughout the life time but usage purposes for polyester 
matrix, it is enough to cure for 4- 6 hrs in the mould and then it can be removed. In case of epoxy 
matrix the specimen removed after 24 hrs. Typical prepared specimens are shown in Figure 3 and 4.

Figure 1. Rice husk

Figure 2. Flyash
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To find the flexural property of the fly ash and rice husk reinforced polyester composite, flexural 
strength of the specimens were tested using three point bending test in UTM as shown in Figure 5 and 
the values were noted for all the samples

SOLUTIONS AND RECOMMENDATIONS

Solutions

The potential industrial waste disposal problem can be reduced by means of recycling them in a proper 
way. One of the solutions is by using the wastes for preparing new type composites and the strength af-

Figure 3. Fly ash-polyester

Figure 4. Rice husk-polyester
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ford by them when comparing with the existing materials. The detail discussion on the flexural strength 
that is the ability to withstand potential load be given as follows:

Effect of Varying Weight Percentages of Rice Husk on Polyester Resin

The variation in flexural strength of polyester resin by the addition of rice husk industrial waste is 
shown Figure 6 and 7 shows the effect of low weight percentage of rice husk addition that is 6% and 
8% has been shown in Figure 6 it was noted clearly that there is no much difference in the two weight 
percentages since both has the same values of 50 MPa. Since both the weight percentage the variation 
in weight is small so there is no change in the flexural strength. At the same time when compared to the 
pure polyester both weight percentages show a slight decrease in the flexural strength. For pure polyester 
the flexural strength is 54MPa so a deviation of 4MPa has been observed from the results. It is evident 
that the mixing of the rice husk with the pure polyester result in decreased strength this is because the 
nature of rice husk is in the form of particulates which is in semisolid form so the dispersion and the 
flow pattern of rice husk with the polyester is not in the uniform manner. This leads to the presence of 
the rice husk here and there gives decreased strength.

The effect of reinforcing high weight percentage rice husk along with polyester in flexural strength 
is shown in Figure 7 It is strongly observed that the addition of high weight percentages of rice husk 
reduces the flexural strength. The value reduced from 50 MPa to 31MPa, this values also very low 
compare to the pure polyester. There is an increase in the flexural strength with the increase in rice husk 
weight percentage from 30 to 40% but at 50% weight it reduces drastically. This shows a clear note on 
the dispersion of the rice husk reinforcement with pure polyester is not good which result in poor strength 
and the variations in values.

Effect of Varying Weight Percentages of Fly Ash on Polyester Resin

The variation in flexural strength of polyester resin by the addition of fly ash industrial waste is shown 
Figure 8 and 9. The effect of low weight percentage of fly ash addition that is 6% and 8% has been 

Figure 5. Flexural strength using three point bending test
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shown in Figure 3. It is noted clearly that there is no much difference in flexural strength between the 
two weight percentages varying from 6% to 8%Wt, in the case of 6%Wt, the flexural strength is only 
42 MPa decreased compare to pure polyester and the most noted thing is the addition of 8%Wt fly ash 
along with pure polyester gives equal value in the flexural strength. In the case of low weight percentage 
the flexural strength is 54 MPa compare to rice husk reinforcement. The manual mixing of the fly ash 
reinforcement along with polyester produce poor results.

The effect of reinforcing high weight percentage flyash along with polyester in flexural strength is 
shown in Figure 9. It is strongly observed that the addition of high weight percentages of fly ash increases 
the flexural strength. The value increased from 54 MPa to 60 MPa in the case of 30%Wt. This value also 
very high compare to the pure polyester. There is an increase in the flexural strength with the increase 
in fly ash weight percentage from 6 to 30% but at 40% Wt it reduces drastically, and then increases 
slightly at 50% Wt. This show a clear note on the non uniform distribution of the fly ash reinforcement 
with pure polyester, results in poor strength and the variations in values. Also in addition the increase 
in fly ash content decreases the flexural strength compared to pure polyester

Figure 6. Flexural strength of 6 wt % and 8 wt% rice husk filled polyester composite

Figure 7. Flexural Strength of 30 wt%, 40 wt% and 50 wt% rice husk filled polyester composite
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Recommendations

From the present research it was clearly noted that the addition of wastes along with the polymer en-
hances the strength gradually which makes it suitable for potential filler in polymer for preparing the 
composites. The mechanical performance of the composites show an increase in the properties which is 
a positive replica of the potential usage of the industrial wastes. In this way the potential environmental 
hazard caused by the wastes be drastically reduced.

FUTURE RESEARCH DIRECTIONS

The future research directions focuses on different property studies of the industrial wastes reinforced 
polymer composites. The studies include wear property, erosion property, thermal property, vibration 
property and transport studies etc., has been performed to know the performance of the composites and 
study its suitability for various applications. Also by varying the weight percentage and particle size of 
the industrial wastes the performance studies has been done.

Figure 8. Flexural Strength of 6 wt% and 8 wt% fly ash filled polyester composite

Figure 9. Flexural Strength of 30 wt%, 40 wt% and 50 wt% fly ash filled polyester composite
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CONCLUSION

The flexural strength studies on industrial wastes rice husk and fly ash effect on polyester leads to the 
following conclusions,

•	 Industrial wastes rice husk and fly ash reinforced polyester composite were fabricated successfully 
by hand-lay-up technique.

•	 Flexural properties of the prepared particulate composites are studied and illustrated briefly.
•	 According to that, among two fillers flyash and rice husk are found to be suitable reinforce materi-

als in polymer composite. In focus polyester is the suitable matrix for both fillers.
•	 The Flexural strength of Ricehusk reinforced polyester composites shows a drastically decrease in 

strength when compare to pure polyester whereas the flyash reinforced polyester show increase in 
flexural strength alone.

•	 The highest flexural strength value was obtained for the 6% and 8%Wt addition of ricehusk with 
polyester where this case the strength decreases slightly by 7% due to the improper dispersion.

•	 On the other side, the highest flexural strength value was obtained for the 30%Wt addition of fly-
ash with polyester where this case the strength increases by 10% due to the better fine dispersion 
of the particulates. This was found to be the optimal weight percentage.

•	 From the studies it is revealed that the environmental pollution drastically reduced by reinforcing 
these wastes with polymer composites as well as along with natural fibers for suitable composite 
materials production which in term used in automotive sectors.
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ABSTRACT

Growth of nature is an additive process that gives sustainable existence to the structures developed; on 
the other hand, traditional manufacturing techniques can be wasteful as they are subtractive. Additive 
manufacturing produces almost nil waste and accordingly preserves raw materials resulting in cost 
reduction for the procurement of the same. It will also cut down on the carbon emissions that are usu-
ally generated from industrial manufacturing. Additive printed objects are lighter as well, making them 
more efficient, especially when used in the automobile and aerospace industry. Further, the intrinsic 
characteristics and the promising merits of additive manufacturing process are expected to provide a 
solution to improve the sustainability of the process. This chapter comprehensively reports on various 
additive manufacturing processes and their sustainable applications for green technology. The state of 
the art, opportunities, and future, related to sustainable applications of additive manufacturing have 
been presented at length.
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1. INTRODUCTION

Additive Manufacturing (AM) or Rapid manufacturing also called as Rapid prototyping is the innovative 
way of building up a matter by a process. This follows the nature’s principle of constructing a material 
by adding substances in layered sections depending upon the required condition of the end product to be 
formed. This is more efficient and better in comparison to the age-old method of building up a material 
like machining, stamping, cutting etc, Additive Manufacturing creates an end result by adding up the 
material. The fundamental principle of preparing a model can be classified into two steps, firstly, develop-
ment of three-dimensional Computer Aided Design and secondly the fabrication of the part. The process 
is not as simple as it sounds. There is an immense reduction in the difficulty of manufacturing complex 
3D parts when looked from a point of conventional manufacturing. The basic understanding required 
to handle the process requires some basic inputs of dimensional quantities and perceptive knowledge of 
working of the machine. The material to be used for a particular purpose should possess apt properties.

Manufacturing is all about converting material inputs into products of usage. The sustainability and the 
environmental assessment can be looked upon, on how efficiently the process can be carried out without 
detrimental effects on the surroundings. AM proves out of having an advantage of being considered as 
a sustainable manufacturing process which can be stated with the following reasoning:

1. 	 The material is built up layer wise which supports in the reduction of waste material, complex 
geometries and lightweight materials can be easily produced which results in lesser material re-
quirement and low energy utilization.

2. 	 On-demand manufacturing of required parts brings down the inventory waste reduction and loss, 
cuts the transportation related expenses.

3. 	 The health advantages of AM is an added benefit when compared to normal conventional forms 
of manufacturing, the prolonged exposure of the worker in hazardous environment is drastically 
reduced. The methods of manufacturing are taking new dimension in the process of developing 
components and end products when previewed from the point of AM. Numerous researchers are 
exploring the way of AM for its better sustainability, economic viability and benefits of economic 
and social impact.

Building of AM product involves certain generic steps to be followed starting from the preparation of 
CAD model until the printing of final 3D product. The steps can be summarized in the following flow 
chart (Figure 1) (Gibson et al., 2010).

1.1. Computer Aided Design (CAD)

The basic prerequisite and the first step for the AM process is the understanding and developing a 3D 
model using CAD. Any professional CAD modeling software can be utilized for the purpose with an 
output as a solid 3D surface or solid representation.
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1.2. Stereolithography (STL) Adaptation

The AM machine can understand the input CAD model only when it is in readable format by the ma-
chine. Almost every CAD model has the conversion of the format into STL form. The STL file decides 
the number of layers based on the external closed surface of the original CAD design.

1.3. Manipulation of STL File and Transfer

Once the file is converted to STL it needs to be transferred to the AM machine. Certain manipulations 
need to be done for the machine to properly fit it into correct size, position, and orientation for building.

1.4. Setup of Machine

Before the build process the AM machine has to be set up in an appropriate condition. These settings 
would correlate the parameters of build like timings, layer thickness, energy source, material constraint etc.

1.5. Build, Removal, and Post Processing

The whole of AM process is automated and requires no supervision. However external glitches like 
proper working of software, uninterrupted power supply etc need to be taken care. Once the process of 
building is over the product needs to be carefully mounted out as there may be some interlock present 
to hold the material. Temperature to be conditioned should be properly looked after and material needs 
to taken out when the temperature reaches manageable condition and there should be no any moving 
parts. The final method of post processing is required for the material which may be weak at this instant 
and certain manipulations may be required to reach the desired state.

Figure 1. Flow chart of steps involved in AM
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1.6. Application

The product developed may now be used for application and may require some texturing depending on 
its condition. Painting may also be required depending in where the part is used. The product may be 
used with other mechanical assemblies too.

2. CLASSIFICATION

The classification of AM is briefly divided into seven categories by ISO/ASTM52900-15. AM includes 
the building up of material layer by layer. The classification includes binder jetting, direct energy depo-
sition, material extrusion, material jetting, powder bed fusion, sheet lamination and vat polymerization 
(Figure 2).

2.1 Binder Jetting

Two materials are basically used in this process, one being the material in powder form and the other 
to be a binder. This acts as an adhesive agent to hold all the powder material in a required dimension. 
The states of matter of binder will be in liquid form and that of material in powder form. (Figure 3) 
explains the brief working and constructional process of Binder Jetting. The horizontal movement of 
the print head takes along the x and y axes of the platform. The alternate layers of the powder material 
and binder material are being deposited on build platform and after each layer the platform is lowered 
down for the deposition of the next layer.

Doyle et al. (2015) have studied the influence of layer thickness and part orientation on mechanical 
characteristics of stainless steel 420 and bronze parts. They have observed that during binder jet printing 
process, layer thickness had significant impact on mechanical properties of the product by changing its 
chemical composition whereas part orientation has negligible impact. (Zachary et al., 2017) have fabri-
cated 98% dense parts from ferrous based powder by binder jet 3D printing and infiltration. They have 
removed stress concentration regions in the inter particle necks and enhanced the strength of fabricated 
parts by infiltration process. (Gonzalez et al., 2016) have fabricated Aluminum oxide parts using binder 
jetting technique with 96% part density. Sintered alumina parts exhibited a compressive strength of 131.86 
MPa and 9.47 – 5.69 dielectric constant at 20 Hz to 1MHz under optimum process parameters for high 

Figure 2. Classification of additive manufacturing processes
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value energy and environmental components. Simon Meteyer et al. (2014) have developed a model for 
energy consumption and material flow analysis of binder jetting process. The developed mathematical 
models were useful in predicting energy and material consumption during fabrication. They have con-
cluded that the produced model can be effectively implemented for larger industrial scale binder jetting 
methods. Further they have highlighted need for estimation of environmental impact and disposal to get 
full life cycle assessment. Various materials like steel, ceramic, polymer and glass can be processed in 
this method. (Hadi Miyanaji et. al., 2106) researched on process parameters for dental porcelain ceramic 
material by binder jetting process. IPS Inline dentine powder was the material used for the experiment 
which is widely used in dental applications. It was observed that the printing parameters had a great 
effect on the geometrical properties, which in turn had an effect on final part after sintering. With the 
increase in the temperature there was a noticeable shrinkage of the final part at the axis away from the 
base plate of the machine.

2.2 Direct Energy Deposition

It is a procedure that melts metal wire or powder to form an object layer by layer, with utilization of high 
energy power source such as electron beam, plasma welding torch or a laser. Yuwei Zhai et al. (2014) 
states this method is basically used to produce metal objects and is a very complex process regularly used 
for the repair or addition to the existing component. The working principle is same as that of extrusion, 
multi degree movement arm is used onto which a nozzle is mounted which deposits a melted material 
on the surface (Figure 4). Quanren Zhang states the classification of DED as LMD, LENS, DMD,DLD. 
All the mentioned processes which produce very high energy will affect the microstructure, material 
properties, residual state and thermal distortion of the final part. The material can be melted by various 
ways such as electron beam, laser, plasma arc etc. Electron beam direct manufacturing is commonly used 
technique which melts the material when it is deposited on the surface. Morrow et al. (2007) have stud-
ied environmental emissions and consumption of energy for manufacturing of molds and dies by direct 
metal deposition technique. Authors have compared laser-based process with CNC milling and also have 

Figure 3. Binder jetting
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highlighted that consumption of relative energy for direct metal deposition and CNC milling has been 
determined by the volume ratio of solid to cavity. They have stated that energy consumption and emission 
are minimum at lower solid cavity volume ratio for direct metal deposition while at higher volume ratios 
CNC milling process exhibited minimum energy consumption and emissions. They have also indicated 
that energy intensity for Direct Metal Deposition process offers ample opportunities, remanufacturing 
and tooling with large reductions in energy consumption, environmental emissions and cost.

2.3 Material Extrusion

A molten material – clay, plastic, cement, ink etc is being extruded from the printer head and becomes 
solid instantly with greater adhesion between the layers built. The building up of product until a material 
is complete takes layer by layer. Fuse deposition modeling is one of the efficient methods of manufac-
turing using the principle of extrusion by using thermoplastic material (Figure 5). Every time a layer 
is printed, the printer platform is lowered to make space to the for next layer and bonding of the layers 
take places once the extruded material is out of nozzle. Fuse Deposition Modelling (FDM) is the most 
efficient and cheapest process available which commonly uses Acrylonitrile Butadiene Styrene (ABS) 
or Polylactic Acid (PLA) as a thermoplastic material.

Fuda Ning et al. (2015) experimentally investigated the mechanical and flexural properties of ABS 
thermoplastic with reinforcement of carbon fiber by FDM. ABS pellets and carbon fiber powder were 
mixed with varying ratios. The filament was extruded at a nozzle temperature of 2200C, with speed of 
2m/min and diameter of 2.85mm respectively. ASTM D638-10 standard and ASTM D790-10 standard 
were followed for tensile and flexural tests. Addition of carbon fiber to ABS showed an increase in tensile 
strength and Young’s modulus but decreased the toughness, yield strength and ductility. 5wt% of carbon 
fiber to ABS has highest value of flexural properties. (K.G. Jaya Christiyan et.al., 2016) conducted an 
experiment on ABS reinforced with hydrous magnesium silicate composites. Mechanical and flexural 
properties were evaluated using ASTM D 638 and ASTM D 790 standard testing methods. The process 
parameters such as layer thickness and printing speed were analyzed. They concluded that as the printing 
speed was reduced with the reduction in layer thickness the tensile and flexural properties were maximum.

Figure 4. Direct energy deposition (DED)
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2.4 Material Jetting

This process includes the process of creation of objects in similar pattern with that of 2 dimensional 
conventional printers. The building up of the product takes in layer by layer form which is dropped onto 
build platform either continuously or when required. The material moves through the nozzle and which 
travels in the horizontal path across the platform. The solidification of the material layer is done by pass-
ing Ultraviolet (UV) light. Materials like polymer and wax are suitably used in this process. (Kęsy et 
al., 2010) investigated the parts produced depending on the orientation. The variation in the mechanical 
properties was observed due to orientation. 16 micro meter super thin photopolymer was jetted on the 
tray which was quickly hardened by the spreading of UV light. Tensile and hardness tests were conducted 
in laboratory at 220C and 40% relative humidity. ISO testing was followed for the test. They concluded 
that the orientation in the internal tray of the part plays a major role in deciding the mechanical proper-
ties. Glasschroeder et al. (2015) and Vaezi et al. (2013) have stated material jetting technology exhibits 
higher capability for an efficient production of parts. Parts can be fabricated by various materials which 
include ceramics, metals and polymers.

Figure 5. Material extrusion
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2.5 Powder Bed Fusion

The process of utilizing the high energy laser for fusing tiny particles of small well defined powder lay-
ers which may include ceramic, glass, nylon, polystyrene, metals etc. Selective Laser Sintering (SLS) is 
the most commonly used method of manufacturing using this technology other ways of manufacturing 
also include direct metal laser sintering, selective heat sintering etc. The platform is lowered down by a 
layer thickness when each layer is cured. (Figure 7) shows the schematic representation of the process. 
Wide range of material options are available for powder bed fusion technique. One important advantage 
of powder bed fusion method is, powder itself acts as an internal support structure. Klahn et al. (2016) 
prototyped lid of a jar by SLS method which provided greater flexibility and opportunistic design feature 
for snap fitness joint. The higher flexibility and novel design concept of the lid jar was attained by AM 
where as the conventional method of injection molding would have been a tedious work to carry out. 
(Bhavar et al., 2104) made a comparative study of SLS and Electron Beam Machining (EBM) methods 
of powder bed fusion. The building of material is done in vacuum chamber which reduces the thermal 
gradient and thermal contamination and also for the quality maintenance of the electron beam. High 
build chamber temperature is maintained (about 7000C – 9000C) which eliminates post heat treatment. 
The build rate of EBM is 80cm3/hr which is almost four times the value of Selective Laser Melting 
(SLM). In SLM part manufacturing takes place in argon gas environment to avoid contamination and 
oxidation. In spite of these facilities, SLM has dominated because of its lower accuracy, high cost and 
non-availability of higher build volumes of EBM. Powder materials such as polystyrene, ceramics, glass, 
nylon and metals including steel, aluminum, titanium etc can be used in various processes. This method 
is relatively inexpensive and suitable for visual models and prototypes and has a large range of options 
for various materials.

Figure 6. Material jetting
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2.6 Sheet Lamination

Basically two methods of manufacturing are evolved much more in this process. Laminated Object 
Manufacturing (LOM) is one of the processes that use paper as a material and adhesive on par with 
welding. Cross hatching is the technique that is used in LOM for easier extraction of the material after 
building (Figure 8). The usage of LOM objects are for models that are used for aesthetic value and 
are also used for visual models, structural application does not hold good for this process. The second 
method is Ultrasonic Additive Manufacturing (UAM) which uses ribbons or sheets of metal, which are 
held together by ultrasonic welding. Removal of additional material and CNC machining is used during 
welding process. Metals like aluminum, copper, stainless steel, titanium etc are used in UAM. (Kecha-
gias, 2007) investigated the process parameters that influence the surface roughness of the produced by 
LOM. Numerous process parameters were taken into consideration for the experimental study such as 
heater temperature, layer thickness, heater speed, laser speed, feeder speed and platform speed. The heater 
temperature, layer thickness and laser speed were opted to be the parameters of concern which plays an 
important role in roughness. Optimal process parameters were identified with Taguchi method. Sarahara 
et al. (2005) have synthesized layered mechanical parts using sheet metal and polymers material with 
the combination of polymer and sheet metal. High strength parts were manufactured which are suitable 
for mechanical applications with high damping capacity. A complex thin walled honey comb structure 
was easily fabricated by this technique which will be extremely difficult by other conventional methods. 
Quality characteristics of laminated object manufacturing was studied by Kechagias et al. (2007) process 
parameters such as heater temperature, thickness of layer, platform retract, speed of heater, laser and 
platform were studied using Taguchi’s experimental design. They have concluded that the dimensional 
accuracy in x-direction was largely influenced by heater speed (89%), heater temperature (5%) and in 
y-direction heater seed (50%), layer thickness (31%), laser speed (9%), platform speed (6%) and heater 
temperature (3%). (Weisensel et al., 2004) have employed layer object manufacturing technique to fab-
ricate carbon template of laminate structures using pyrolysed filter papers with the help of pressure less 
reactive infiltration, laminates were developed into Si-SiC composites. Microstructure and mechanical 
characteristics of developed parts were largely influenced on porosity, density and distribution of pore 
size of carbon perform which can be controlled by process parameters during layer object manufacturing.

Figure 7. Powder bed fusion
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2.7 Vat Polymerization

The process of vat polymerization employs a container filled with a resin, which is a liquid photo-
polymer, used to build the model layer wise. Like every other method the platform drops down a layer 
thickness after one layer is laid upon it, the material is hardened by passing the UV light over the object. 
Among various processes, STL and polyjet are the two important techniques of manufacturing under 
vat polymerization. The utilization of the structure is required in this process as the material used is in 
the form of liquid, unlike powder based where the support is given from unbound material. The curing 
of the material takes place by the reflection of the UV light or photo polymerization by the method of 
placing motor controlled mirrors.

Figure 8. Sheet lamination

Figure 9. VAT polymerization

 EBSCOhost - printed on 2/14/2023 11:31 AM via . All use subject to https://www.ebsco.com/terms-of-use



272

Additive Manufacturing Process and Their Applications for Green Technology
﻿

3. SUSTAINABILITY AND GREEN TECHNOLOGY 
OF ADDTIVE MANUFACTURING

The two terms sustainability and green technology do not mean the same, albeit they can be used to-
gether, unless a reader can differentiate properly between the two. Green technology can be adhered to 
a certain process in manufacturing where it is prepared in an environmental friendly way, where as if 
the term sustainability is used then the whole of process from procurement of raw material until the de-
livery of the product, has to be handled in a way which harms less or nil to the environment. The whole 
of manufacturing sector is shifting towards the same, “becoming sustainable”. The governing authority 
and climate change control bodies of the world has implemented and urged to strictly follow certain 
rules while manufacturing which includes reducing water and energy, minimizing waste, reduction in 
emission of harmful gases etc. Additive Manufacturing has paved the path to reach this goal by big gi-
ants in manufacturing and also has helped them to embrace the change for the betterment of society as 
well as the company. This chapter discusses various approaches in line with sustainable technology and 
recommends implementing and further improvising on the same. Various researchers have worked on 
the sustainability and green technology of AM. (Tateno et al., 2017) worked on the utilization of AM 
method for the building of material which are prepared by reusing the products which are already in 
use. The advantages of adopting this method helps in reduction of transportation cost and also increase 
in the sustainability of the goods that are remanufactured. The appropriate utilization of the products 
till it completely losses it strength can be efficiently used with AM. Despeisse et al. (2017), proposed a 
Sustainable Value Road mapping Tool (SVRT) which combines the road mapping of technical aspects 
with sustainable criteria which acts as a path for sustainable development towards greener tomorrow. 
The proposed tool consists of 4 steps which include vision, identification of drivers, identification and 
prioritization of sustainable business opportunities and finally identifying the enablers to realize these 
opportunities. (Jackson et al., 2016) have compared the energy utilization of wire based additive- subtrac-
tive manufacturing and powder based additive-subtractive manufacturing. The total energy consumption 
was calculated depending on considering the parameters metal production, deposition and machining. 
85% less energy is consumed by wire deposition than powder-based deposition. Thomas Hofstatter et al. 
(2017), investigated vat polymerization and extrusion techniques to study about the adhesion between 
the matrix material and the fiber. Fiber arrangement plays a major role in deciding the material strength 
and Young’s modulus. AM injection mould inserts were proven to be more efficient and environmental 
friendly with flexible prototyping and pilot production whereas FRP helped in improvement of lifetime 
and reduction in crack propagation velocity. Liang et al. (2010) reviewed the process of AM towards 
sustainable path which includes the study parameters like internal weight optimization for sustainable 
product design, improvement in process efficiency, reduction in energy consumption and sustainable 
production. The utilization of AM process over conventional form is basically adapted in wide industries 
because of production of optimal topologies of parts with lesser cost and material, no requirement of 
tooling, jigs and fixtures and the utilization of non-processed material by recycling. AM brings about 
positive environmental impact on the supply chain, life cycle performance, manufacturing process etc. 
Dong-Gyu Ahn (2016) examined the process and sustainable approach for greener technology of Di-
rect Metal Additive Manufacturing (DMAM). With sustainability point of view the process of DMAM 
is approached into 3 categories: (a) product redesign (b) improvement in efficiency of the process (c) 
remanufacture, repair and life extension of the product. The manufacturing of various products were 
given preference for light weight structures which was able to be attained by DMAM, it also added to 
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global reduction of CO2 emissions of the transport vehicles which used to carry the products to the 
clients from manufacturing site. The DMAM process was utilized here to study the conformal cooling 
channels and heat sinks were the products exhibited greater efficiency in terms reducing the cooling 
time of the system and in detection of the faulty parts. Stephen A. Whitmore (2015) gave a detailed 
report on FDM as a green technology method for the manufacture of hybrid propulsion system used 
in spacecrafts. Using FDM thermoplastic fuel grains can be fabricated according to port shapes which 
increases the volumetric efficiencies and enhances the burn properties. Harsha et al. (2015) have stud-
ied the sustainable and environmental impacts with a new technique of Additive Manufacturing known 
as mask-image-projection STL. Life cycle assessment have been studied which projects the damage to 
resource availability greatly affects the human health. As the build time for any product is increasing 
the effect on the three parameters by hierarchy approach, human health, ecosystem and resources were 
noted to increase. However, as the complexity of the product is increasing the time consumed is also 
increasing which in turn increases the utilization of process energy but yet it is playing negligent role 
when compared to subtractive manufacturing. However, the author focuses on establishing the AM for 
mass production as that of conventional form at a faster rate. Simon Ford et. al. (2016) did an explor-
atory study on challenges and advantages of Additive Manufacturing in a sustainable environment. 
They explore and throw light on the less understood viable and sustainable options by bringing in AM 
to the front end of manufacturing. Organizational behavior and present customer base for companies 
are trying to shift towards AM, with the existing customers. Any manufacturing activity should bring 
about reduction in the utilization of water, energy, waste and prevent emission of harmful gases to the 
atmosphere and hence environmental degradation. Additive Manufacturing technique which has become 
a novel technique of manufacture is adhering to all these cardinal rules of Manufacture the world over 
and is working constantly towards betterment of society with strict adherence of self-imposed standards.

In order to be sustainable and environmentally friendly, the criteria for any manufacturing activity in 
the present times is good vision, identification of drivers, identification and prioritization of sustainable 
business opportunities. Finally, identifying the enablers to realize these opportunities. Also, this includes 
parameters like internal weight optimization for a good / sustainable product design and improvement 
in process efficiency. It is gratifying to note that all these are brought about by the AM technique. The 
features of repair, remanufacturing and life extension of the product are also served very well by the 
DMAM method. With AM being in the forefront of all manufacturing techniques in the present times, 
the features of product and process redesign, material input processing, make to order component and 
product manufacturing have made the process more sustainable and environment friendly at every step of 
manufacturing. With AM method one can easily achieve sustainable development and a greener tomorrow.

Summarizing the vast base of researchers on their studies for takeover of AM over conventional method 
holds a greater value for shifting the manufacturing towards new method. Though in initial stages for the 
mass production yet the advantages have surpassed the subtractive form in terms of energy, efficiency, 
transportation, life cycle and complexity. The reusability of the material by converting to wire form can 
be easily done in AM which reduces the procurement of raw materials which in turn saves the ecologi-
cal sustainability of the environment. Overall AM has and been moving towards the green process and 
sustainability at every step of manufacturing.
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4. CASE STUDIES

AM is a powerful tool that offers competitiveness in vast industrial base, using the process of fabri-
cation direct from 3D CAD model unlocks the opportunity of design potential pushing the limits of 
manufacturing to higher boundaries with varied applications. The challenges associated with losing the 
competitiveness between the mass production industries is increasing due to easy availability of goods 
and parts, every country in the world has almost embraced the conventional forms, hence giving birth to 
the new method of manufacturing known as AM in which the parts of great quality and design stability 
in a limited form is manufactured for a specified usage. Numerous researchers have done case studies 
focusing on the improvement in usability of material with lesser wastage, increasing the efficiency of 
manufacturing and also reduce the cost involved and also to have lesser impact on environment.

Petrovic et al. (2015) explained industrial application of Additive Manufacturing through case studies. 
There are numerous advantages of using AM which includes time-to-market reduction due to high speed 
process which was studied by building a car upright in 28 hours by EBM fabrication method. Reduc-
tion in usage of raw material was reduced by 40% in comparison to subtractive manufacturing. Also 95 
to 98% of the material can be recycled. The parts were produced without using any tools, moulds, or 
punches. The parts were produced without residual porosity. The cooling channels in additive techniques 
can be varied to follow mould cavity surface and provide uniform heat transfer. This also provides a 
better quality of injected moulds which cannot be varied in subtractive forms. The application of AM 
in aerospace provides greater advantages like reduced raw materials, reduced buy to fly ratio, freedom 
of geometrical constraints and reduced energy utilization. By considering the lower price of the vehicle 
and the lower fuel consumption during its useful life, along with a saving of 100kg of material, resulted 
in the saving of 4.3 million Pounds per aircraft and 770 Pounds per car. The conformal cooling reduced 
the cycle time from 6.7 seconds to 5 seconds, this reduction of 1.7 seconds in cycle time translates to 
improvement of 180 parts which increases the productivity by 33%.

The roundtable summary of Additive Manufacturing: opportunities and constraints held at Royal 
Academy of Engineering, UK collectively produced the great ideas through case studies by eminent 
researchers and industrial expertise. Aerospace and automotive are the two major beneficiaries of AM. 
GE aviation recently bought AM Morris technology, the pioneers in metal Additive Manufacturing and 
utilized the technology to build up the aero engine fuel nozzle. The conventional method of manufactur-
ing required 20 separate parts to be welded together which is extensively labor intensive and consumes 
large amount of man hours. The same nozzle can be manufactured more precisely and efficiently by AM 
which can build up to 20,000 to 25,000 nozzles per year. Graham Tromans, President of AM consultancy 
GP Tromans associates predicts 50% of jet engine will be additive manufactured in current lifetimes. 
Neil Mantle from Rolls-Royce says ‘AM gives a great opportunity when compared to forging because 
conventional method of manufacture may take 50 to 60 weeks to manufacture a complete component, 
while AM can finish it in one month span of time. He again continues, sometimes to prepare a certain 
component 90% of the material will be machined away which is not the case in AM and stresses to 
embrace AM technology for Rolls-Royce.

Huang et al. (2015) analyzed the components of aircraft for the reduction of mass by utilizing 
the Additive Manufacturing technique in comparison to Conventional Manufacturing (CM). Bracket 
manufactured by the method of machining in conventional form by using Ti alloy had a mass of 1.09 
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kg whereas the same component manufactured by EBM had a mass of 0.38 kg which reduced the mass 
by 65%. Similarly seat buckle mass reduction was noted to be 55%, bionic bracket 35%, engine cover 
door hinge 65% and 50% reduction for fork fitting. CM pathways included forging, turning, milling, 
machining and casting processes where as AM pathways included SLM, DMLS and EBM processes 
which clearly indicate the efficient way of utilization of AM (Figure 9).

Reduction in mass is largely significant for aerospace parts which have longer service life. Weight 
reduction for aerospace parts can lead to cost-effective energy savings. The aerospace components de-
veloped by Additive Manufacturing process have a significant energy impact compared to conventional 
techniques. For example, an aircraft bracket which is being used to fix structures in kitchen galleys and 
lavatories etc. is typically manufactured by milling and machining processes with a very high buy to fly 
ratio of 8:1. A same bracket with similar functionality and with a topologically optimized geometry can 
be manufactured by electron beam melting process with a buy to fly ratio of 1.5:1 which is considerably 
lower than the bracket produced by conventional method. The improved design developed by Additive 
Manufacturing process was 65% lighter, saving materials used for manufacturing and resulting in use 
phase energy savings. Further, application of Additive Manufacturing could minimize the energy con-
sumption in the freight and distribution phase. In the case of freight and distribution, energy use is a 
function of how far the component part has traveled within the supply chain.

AM has played a very significant role in biomedical parts biocompatible and biodegradable parts 
manufactured with AM were used in coronary bypass implant, guides for maxillofacial surgery also 
various parts for scaffolds for tissue engineering. Flexible forms of polymers would permit real tissue 
engineering being base for construction of human organs which causes great difficulty with any con-
ventional forms to attain minute details of human parts.

A stainless steel 316 part was designed for defense applications. Owing to rapid design change and 
small quantity requirement, customer was waiting for a period of 6 months for part manufacturing. The 
conventional manufacturing cost was very high. However, the use of

Laser Engineering Net Shaping method (LENS) the proposed part was manufactured in 3 days and 
the manufacturing cost was 65% lesser than conventional process.

The above discussed case studies clearly demonstrate capability of Additive Manufacturing processes to 
exhibit sustained performance of the process and design modifications. Further, reduction in consumption 
of energy and dematerialization can contributes to improvement in the material and energy efficiency. 
Potential modification in designs can results in fewer components, materials, and interactions. Thus, 
simple design reduces the amount of material flow and finally, minimizes the environmental impact. 
When compared with subtractive or conventional manufacturing techniques, it is important to note that 
Additive Manufacturing techniques produces less waste indicating its high potential green technol-
ogy applications. It has been reported that 95 to 98% of unused material (powder or resin) in Additive 
Manufacturing can be reused. Reuse of unused materials significantly contribute to concept of green 
manufacturing (Petrovoic etal, 2011). Product life cycle analyses of the components synthesized by Ad-
ditive Manufacturing process have demonstrated that use of Additive Manufacturing techniques helps to 
reduce production and minimizes the product phases. The major saving will be mainly due to reduction 
in material usage and handling which reduces the supply chain. In addition, use of phase methods and 
light weight parts significantly reduces the consumption of energy (Gebler etal, 2014).
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5. FUTURE OF ADDITIVE MANUFACTURING AND 
ITS ROLE IN GREEN TECHNOLOGY

The future of AM looks to be very impressive and exuberant. Every individual will have the ability to 
grow the required parts with own design and ease. The advantage of using AM would lead to the de-
velopment of products that is intended towards a specific application instead of building up a complete 
model. There would be a feasibility to develop a part of a working component alone instead of completely 
replacing the whole model. The geometrical flexibility actually means the customization of the product 
according to one’s own imaginary design which fits in an individual’s unique requirement. Imagine be-
ing able to modify the pen depending on the comfort of grip of one’s hand.

Envisage the spectacles that fit precisely on your eyes as it was made from an impression with width 
of face. These things are possible using AM as they have the ability to build any form of complicated 
products with digital models that may also include biometric data gathered from the specific individual.

(Sunpreet Singh et. al., 2016), reviewed the manufacturing methods of AM or 3D-Printing for medical 
devices along with the supporting structure for tissue engineering. Few medical devices were permitted 
to develop the products using AM. Mechanical properties, biocompatibility, in vitro and in vivo perfor-
mance for various orthopedic applications have been studied. Food and Drug Administration has approved 
various materials for biomedical applications to be used as implants. However more of concern is to be 
given to the process parameters to withstand the mechanical and fatigue performance together for load 
bearing implants. The finalized process parameters for AM are not in par with mechanical standards 
for varied complex geometries. Very fewer opportunities have been noted so far to get mass production 
orders especially for screws, nuts etc. Undoubtedly the use of AM technology for prototyping will be 
carried for the years to come. Time will emerge soon when it is commonplace to manufacture products 
in low volumes or unique products using AM. Eventually, we may see these machines being used as 
home fabrication devices, such as photocopying machines.

AM provides opportunities for the industries to experiment on the existing marketable model rather 
on new designs. The shift of manufacturing to digital form would always keep the required model in a 
soft file format which would be quickly utilized for repair or remanufacture at any given instant, this 
kind of approach would provide the necessity incentives for various industrial service oriented business 
models. This strategy would completely change the base value chains of working environment resulting 
in sustainable form of work force. However, the changes are not imminent as predicted as it may lead 
to the huge damages of the present working model of the well established businesses. The shift is going 
to take place in a designing field which requires a working model with lesser number of parts and this 
change will subsequently lead to simpler value chains in work force.

6. CONCLUSION

The compensation of reward for AM is being analyzed across industries for products life cycle. The main 
benefit of AM technology include freedom of new design, material integrated functionalities, enhanced 
process and product performances, reduced time and customization with cheaper cost. Further growth of 
AM technologies are required to decrease the duration of the automation process including post process-
ing, enhanced aesthetics, quality and reliability, expanded areas of application and integrate the materials 
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of functionality. Furthermore the AM needs to be analyzed and optimized for greener technology and 
sustainability and studied for the performance on social impacts.

There arise numerous implications for implementation of AM in the global scenario. The struggle for 
sustainable development of planet has turned out to be a cold war between the companies and govern-
ment, industries and consumer activists and in times with government and activists. With the combina-
tion of these three it has become a tough step to keep forward with one or the other hindrance from the 
above mentioned bodies. The steps taken by the organizations to save the environment is claimed to be 
insufficient by the policy makers and environmentalists. Another idea emerges out claiming to improve 
the knowledge of the consumers which indirectly makes the organization sustainable. Although, both 
policies and education are implemented in the required form yet the change is long goal to be achieved. 
However, there is a realistic and drastic change in the field of manufacturing sector which is moving 
towards the sustainable form by utilizing AM.

REFERENCES

Ahn, D.-G. (2016). Direct Metal Additive Manufacturing Processes and Their Sustainable Applications 
for Green Technology. RE:view. doi:10.100740684-016-0048-9

Attaran. (2017). The rise of 3-D printing: The advantages of Additive Manufacturing over traditional 
manufacturing. Academic Press. . doi:10.1016/j.bushor.2017.05.011

Bai, Y., & Christopher, B. (2015). An exploration of binder jetting of copper. Rapid Prototyping Journal, 
21(2), 177–185. doi:10.1108/RPJ-12-2014-0180

Beese & Clare. (2107). Materials for Additive Manufacturing. CIRPAnnals - Manufacturing Technology. 
doi:10.1016/j.cirp.2017.05.009

Ben Utela, D. S., Anderson, R., & Ganter, M. (n.d.). A review of process development steps for new 
material systems in three dimensional printing (3DP). Journal of Manufacturing Processes. doi:10.1016/j.
jmapro.2009.03.002

Bhavar, Kattire, Patil, Khot, Gujar, & Singh. (2014). A Review on Powder Bed Fusion Technology of 
Metal Additive Manufacturing. In 4th International conference and exhibition on Additive Manufactur-
ing Technologies-AM-2014, Bangalore, India.

Bourell, Kruth, Leu, Levy, Rosen, Beese, & Clare. (2017). Materials for Additive Manufacturing. Aca-
demic Press. . doi:10.1016/j.cirp.2017.05.009

Cedero, Siddel, Amelia, & Elliott. (2017). Strengthening of Ferrous Binder Jet 3D Printed Components 
through Bronze Infiltration. Additive Manufacturing, 15, 87-92.

Chen, D., Heyer, S., Ibbotson, S., Salonitis, K., Steingrimsson, J. G., & Thiede, S. (2015). Direct Digital 
Manufacturing: Definition, Evolution and sustainability Implications. Journal of Cleaner Production, 
107, 615–625. doi:10.1016/j.jclepro.2015.05.009

Chougrani, L., Pernot, J.-P., Véron, P., & Abed, S. (2017). Lattice structure lightweight triangulation for 
Additive Manufacturing. Computer Aided Design, 90, 95–104. doi:10.1016/j.cad.2017.05.016

 EBSCOhost - printed on 2/14/2023 11:31 AM via . All use subject to https://www.ebsco.com/terms-of-use



278

Additive Manufacturing Process and Their Applications for Green Technology
﻿

Despeisse, M. (2017). Sustainable Value Roadmapping Framework for Additive Manufacturing. Aca-
demic Press. doi:10.1016/j.procir.2016.11.186

Despeisse & Ford. (2015). Centre for technology management working process. Academic Press.

Doyle, M., Agarwal, K., Sealy, W., & Schul, K. (2015). Effect of Layer Thickness and Orientation on 
Mechanical Behaviour of Binder Jet Stainless Steel 420+Bronze Parts. Procedia Manufacturing, 1, 
251–262. doi:10.1016/j.promfg.2015.09.016

Everton, S. K., Hirsch, M., Stravroulakis, P., Leach, R. K., & Clare, A. T. (2016). Review of in-situ 
process monitoring and in-situ metrology for metal Additive Manufacturing. Materials & Design, 95, 
431–445. doi:10.1016/j.matdes.2016.01.099

Ford & Despeisse. (2017). Additive Manufacturing and sustainability: an exploratory study of the ad-
vantages and challenges. Academic Press. . doi:10.1016/j.jclepro.2016.04.150

Gebler & Visser. (2014). A Global Sustainability Perspective on 3D Printing Technologies. Energy 
Policy, 74(c), 158–167.

Gibson, I., Rosen, D., & Stucker, B. (2010). Additive Manufacturing Technologies (2nd ed.). Springer. 
doi:10.1007/978-1-4419-1120-9

Glasschroeder, J., Prager, E., & Zaeh, M. F. (2015). Powder Bed Based 3D- Printing of Function Inte-
grated Parts. Rapid Prototyping Journal, 21(2), 207–215. doi:10.1108/RPJ-12-2014-0172

Gonzalez, J. A., Mireles, J., Lin, Y., & Wicker, R. B. (2016). Characterization of Ceramic Components 
Fabricated using Binder Jetting Additive Manufacturing Technology. Academic Press.

Hofstatter, Pedersen, Tosello, & Hansen. (2017). Applications of Fiber-Reinforced Polymers in Additive 
Manufacturing. Academic Press. doi:10.1016/j.procir.2017.03.171

Hu & Mahadevan. (2017). Uncertainty quantification in prediction of material properties during Addi-
tive Manufacturing. Academic Press. . doi:10.1016/j.scriptamat.2016.10.014

Huang, Riddle, Graziano, Warren, Das, Nimbalkar, Cresko, & Masanet. (2015). Energy and emissions 
saving potential of Additive Manufacturing: the case of lightweight aircraft components. Journal of 
Cleaner Production, 1-12.

Huang, Liu, Mokasdar, & Hou. (2013). Additive Manufacturing and its societal impact: a literature 
review. Academic Press. doi:10.100700170-012-4558-5

Innovating Clean Energy Technologies in Advanced Manufacturing. (2015). Quadrennial Technology 
Review 2015, Technology Assessments, 1-35.

Jackson, Van Asten, Morrow, Min, & Pfefferkorn. (2016). A Comparison of Energy Consumption in 
Wire-Based and Powder-Based Additive-Subtractive Manufacturing. Academic Press. doi:10.1016/j.
promfg.2016.08.087

Jaya Christiyan, K. G., Chandrasekhar, U., & Venkateswarlu, K. (2016). A study on the influence of 
process parameters on the Mechanical Properties of 3D printed ABS composite. IOP Conf. Series: 
Materials Science and Engineering, 114. doi:10.1088/1757-899X/114/1/012109

 EBSCOhost - printed on 2/14/2023 11:31 AM via . All use subject to https://www.ebsco.com/terms-of-use



279

Additive Manufacturing Process and Their Applications for Green Technology
﻿

Kahlin, M., Ansell, H., & Moverare, J. J. (2017). Fatigue behaviour of notched additive manufactured 
Ti6Al4V with as-built surfaces. International Journal of Fatigue, 101, 51–60. doi:10.1016/j.ijfa-
tigue.2017.04.009

Kalsoom, Peristyy, Nesterenko, & Paull. (n.d.). A 3D printable diamond polymer composite: A novel 
material for fabrication of low cost thermally conducting devices. Royal Society of Chemistry.

Kechagias, J. (2007). An experimental investigation of the surface roughness of parts produced by LOM 
process. Rapid Prototyping Journal, 13(1), 17–22. doi:10.1108/13552540710719172

Kellens, Mertens, Paraskevas, Dewulf, & Duflou. (2017). Environmental Impact of Additive Manufactur-
ing Processes: Does AM contribute to a more sustainable way of part manufacturing? Academic Press. 
doi: . doi:10.1016/j.procir.2016.11.153

Kęsy, A., & Kotliński, J. (2010). Mechanical properties of parts produced by using polymer jetting technol-
ogy. Archives of Civil and Mechanical Engineering, 10(3), 37–50. doi:10.1016/S1644-9665(12)60135-6

Klahn, C. (2016). Design Guidelines for Additive Manufactured Snap-Fit Joints. Academic Press. 
doi:10.1016/j.procir.2016.04.130

Klimek, L., Klein, H. M., Schneider, W., Mosges, R., Schmelzer, B., & Voy, E. D. (1993). Stereolitho-
graphic modelling for reconstructive head surgery. Acta Oto-Rhino-Laryngologica Belgica, 47(3), 
329–334. PMID:8213143

Li, Kucukkoc, & Zhang. (2017). Production planning in Additive Manufacturing and 3D printing. 
Academic Press. . doi:10.1016/j.cor.2017.01.013

Li & Soar. (2009). Characterization of Process for Embedding SiC Fibers in Al 6061 O Matrix Through 
Ultrasonic Consolidation. Journal of Engineering Materials and Technology, 131(2).

Lim, S., Buswell, R. A., Le, T. T., Austin, S. A., Gibb, A. G. F., & Thorpe, T. (2012). Development 
in Construction Scale Additive Manufacturing Processes. Automation in Construction, 21, 262–268. 
doi:10.1016/j.autcon.2011.06.010

Lindemann, Jahnke, Moi, & Koch. (2012). Analyzing Product Lifecycle Costs for a Better Understanding 
of Cost Drivers in Additive Manufacturing. Academic Press.

Malshe, H., Nagarajan, H., Pan, Y., & Haapala, K. (2015). Profile of Sustainability in Additive Manufac-
turing and Environmental Assessment of a Novel Stereolithography Process. ASME 2015 International 
Manufacturing Science and Engineering Conference Volume 2: Materials; Biomanufacturing; Proper-
ties, Applications and Systems; Sustainable Manufacturing. 10.1115/MSEC2015-9371

Everton, Hirsch, Stravroulakis, Leach, & Clare. (2016). Review of in-situ process monitoring and in-
situ metrology for metal Additive Manufacturing. Academic Press. doi:10.1016/j.matdes.2016.01.099

Meteyer, Xu, Perry, Fiona, & Zhao. (2014). Energy and Material floe Analysis of Binder Jetting Addi-
tive Manufacturing Processess. Procedia, CIRP15, 19–25.

 EBSCOhost - printed on 2/14/2023 11:31 AM via . All use subject to https://www.ebsco.com/terms-of-use



280

Additive Manufacturing Process and Their Applications for Green Technology
﻿

Miyanaji, H., Zhang, S., Lassell, A., Zandinejad, A., & Yang, L. (2016). Process Development of Por-
celain Ceramic Material with Binder Jetting Process for Dental Applications. JOM, 68(3), 831–841. 
doi:10.100711837-015-1771-3

Morrow, W. R., Qi, H., Kim, I., Mazumder, J., & Skerlos, S. J. (2007). Environmental Aspects of Laser 
Based and Conventional Tool and Die Manufacturing. Journal of Cleaner Production, 15(10), 932–943. 
doi:10.1016/j.jclepro.2005.11.030

Murr & Johnson. (2017). 3D metal droplet printing development and advanced materials Additive 
Manufacturing. Journal of Materials Research and Technology. doi:10.1016/j.jmrt.2016.11.002

Nikzad, M., Masood, S. H., & Sbarski, I. (2011). Thermo-mechanical properties of a highly filled poly-
meric composites for Fused Deposition Modeling. Materials & Design, 32(6), 3448–3456. doi:10.1016/j.
matdes.2011.01.056

Nimbalkar, S., Cox, D., Visconti, K., & Cresko, J. (2014). Life Cycle Energy Assessment Methodology 
and Additive Manufacturing Energy Impacts Assessment Tool. Proceedings from the LCA XIV Inter-
national Conference, 130-141.

Ning, Cong, & Qiu, Wei, & Wang. (2015). Additive Manufacturing of carbon fiber reinforced thermo-
plastic composites using fused deposition modeling. Composites. Part B, Engineering, 80, 369–378.

Nukman, Farooqi, Al-Sultan, Rahman, Alnasser, & Bhuiyan. (2017). A Strategic Development of Green 
Manufacturing Index (GMI) Topology Concerning the Environmental Impacts. Academic Press. doi: . 
doi:10.1016/j.proeng.2017.04.107

Paranthaman, M. P., Shafer, C. S., Elliott, A. M., Siddel, D. H., McGuire, M. A., Springfield, R. M., ... 
Ormerod, J. (2016). Binder Jetting: A Novel NdFeB Bonded Magnet Fabrication Process. JOM, 68(7), 
1978–1982. doi:10.100711837-016-1883-4

Petrovic, V., Juan, V. H. G., Ferrando, O. J., Gordillo, J. D., Jose, R. B. P., & Griñan, L. P. (2011). Addi-
tive layered manufacturing: Sectors of industrial application shown through case studies. International 
Journal of Production Research, 49(4), 1061–1079. doi:10.1080/00207540903479786

Petrovoic, Gonzale, Ferrando, Gordillo, Purchades, & Grinan. (2011). Additive Layer Manufacturing: 
Sectors of Industrial Applications shown through case studies. International Journal of Production 
Research, 49(4), 1061-1079.

Rengier, Mehndiratta, von Tengg-Kobligk, Zechmann, Unterhinninghofen, Kauczor, & Giesel. (2010). 
3D printing based on imaging data: review of medical applications. Academic Press. doi:10.100711548-
010-0476-x

Sarahara, H., Tsutsumi, M., & Chino, M. (2005). Development of Layered Manufacturing System using 
Sheet Metal-Polymer Lamination for Mechanical Parts. International Journal of Advanced Manufactur-
ing Technology, 27(3-4), 268–273. doi:10.100700170-004-2163-y

 EBSCOhost - printed on 2/14/2023 11:31 AM via . All use subject to https://www.ebsco.com/terms-of-use



281

Additive Manufacturing Process and Their Applications for Green Technology
﻿

Schmidt, Merklein, Bourell, Dimitrov, Hausotte, Wegener, … Levy. (2017). Laser based Additive 
Manufacturing in industry and academia. CIRP Annals - Manufacturing Technology. doi:10.1016/j.
cirp.2017.05.011

Singh, Haverinen, Dhagat, & Jabbour. (2010). Inkjet Printing – Process and Applications. Advance 
Materials, 22(6), 673–685.

Singh, S., & Ramakrishna, S. (2017). Biomedical applications of Additive Manufacturing: present and 
future. Current Opinion in Biomedical Engineering. doi:10.1016/j.cobme.2017.05.006

Tammas-Williams & Todd. (2017). Design for Additive Manufacturing with site-specific properties in 
metals and alloys. Academic Press. . doi:10.1016/j.scriptamat.2016.10.030

Tateno & Kondoh. (2017). Environmental load reduction by customization for reuse with Additive 
Manufacturing. Academic Press. doi: . doi:10.1016/j.procir.2016.11.219

Vaezi, M., Chianrabutra, S., Mellor, B., & Yang, S. (2013). Multiple Material Additive Manufacturing 
Part 1: A Review. Virtual and Physical Prototyping, 8(1), 19–50. doi:10.1080/17452759.2013.778175

van Noort, R. (2012). The future of dental devices is digital. Dental Materials, 28(1), 3–12. doi:10.1016/j.
dental.2011.10.014 PMID:22119539

Wang, Jiang, Zho, Gou, & Hui. (2017). 3D printing of polymer matrix composites: A review and pro-
spective. Academic Press. doi:10.1016/j.compositesb.2016.11.034

Weisenel, L., Travitzky, N., Seiber, H., & Grell, P. (2004).. Laminated Object Manufacturing of SiSiC 
Composite. Academic Press.

Whitmore. (2015). Additive Manufacturing as an enabling technology for “green” hybrid spacecraft 
propulsion. Recent Advances in Space Technologies (RAST), 2015 7th International Conference. 10.1109/
RAST.2015.7208305

Wong & Hernandez. (2012). International Scholarly Research Network ISRN Mechanical Engineering 
Volume. doi:10.5402/2012/208760

Zeng, Q., Xu, Z., Tian, Y., & Qin, Y. (2016). Advancement in Additive Manufacturing & numerical 
modelling considerations of direct energy deposition process. In Proceeding of the 14th International 
Conference on Manufacturing Research. IOS Press.

Zeng, Q., Xu, Z., Tian, Y., & Qin, Y. (2016). Advancement in Additive Manufacturing & numerical 
modelling considerations of direct energy deposition process. In Proceeding of the 14th International 
Conference on Manufacturing Research. IOS Press.

Zhai, Y., Lados, D. A., & LaGoy, J. L. (2014). Additive Manufacturing: Making Imagination the Major 
Limitation. JOM, 66(5), 808–816. doi:10.100711837-014-0886-2

Zhang, Liu, & To. (2017). Role of anisotropic properties on topology optimization of additive manufac-
tured load bearing structures. Academic Press. . doi:10.1016/j.scriptamat.2016.10.021

 EBSCOhost - printed on 2/14/2023 11:31 AM via . All use subject to https://www.ebsco.com/terms-of-use



282

Copyright © 2019, IGI Global. Copying or distributing in print or electronic forms without written permission of IGI Global is prohibited.

Chapter  15

DOI: 10.4018/978-1-5225-5445-5.ch015

ABSTRACT

In this chapter, low elastic modulus porous Mg-Zn-Mn-(Si, HA) alloy was fabricated by mechanical al-
loying and spark plasma sintering technique. The microstructure, topography, elemental, and chemical 
composition of the as-sintered bio-composite were characterized by optical microscope, FE-SEM, EDS, 
and XRD technique. The mechanical properties such as hardness and elastic modulus were determined 
by nanoindentation technique. The as-sintered bio-composites show low ductility due to the presence of 
Si, Ca, and Zn elements. The presence of Mg matrix was observed as primary grain and the presence of 
coarse Mg2Si, Zn, and CaMg as a secondary grain boundary. EDS spectrum and XRD pattern confirms 
the formation of intermetallic biocompatible phases in the sintered compact, which is beneficial to form 
apatite and improved the bioactivity of the alloy for osseointegration. The lowest elastic modulus of 28 
GPa was measured. Moreover, the as-sintered bio-composites has high corrosion resistance and corro-
sion rate of the Mg was decreased by the addition of HA and Si element.
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INTRODUCTION

Describe Metallic biomaterials like stainless steel, cobalt chromium, titanium and its alloys were used 
for hard tissue replacement for the decade (Niinomi et. al., 2012; Geetha et. al., 2009; Bartolo et. al., 
2012; Vaccaro et. al., 2003; Bartolo et. al., 2009). The main drawback with these materials are used as 
permanent implants, thus after bone healing the implants were taken off from the body by additional 
surgery causes an increase in costs to the healthcare, as well as anxiety to the patient (Prakash et. al., 2016; 
Prakash et. al., 2015; Prakash et. al., 2017). In the current, the magnesium base alloys and bio-composite 
have gained much attention of researchers for the design and development orthopedic implants due to 
their high biodegradability and unique combination of mechanical properties such as low elastic modulus 
and high strength (Staiger et. al., 2016). Till date no perfect magnesium alloy available that possessed 
the adequate putrescible integrity to corrosion for a certain period of bone healing (Vahidgolpayegani et. 
al., 2017). The major drawback of Mg alloy, which hampers their eminent utility, is their rapid corrosion 
rate in the human body (Uddin et. al. 2015). Through decades past, numerous procedures and techniques 
were practiced to retard the corrosion rate, predominantly, to delay the degradation of the Mg alloy at 
a pace that matches bone healing (Cui et. al., 2008; Hassel et. al., 2007; Salahshoor et. al., 2013). The 
mechanical alloying of the element is the most promising technique yet to control the corrosion rate and 
to improve the mechanical properties (Uddin et. al. 2017). Till date various alloying elements such as 
zinc (Zn), aluminium (Al), silver (Ag), yttrium (Y), zirconium (Zr), neodymium (Nd), silicon (Si), and 
manganese (Mn) have been used as alloying elements to enhance the mechanical properties and corro-
sion behavior of Mg alloy. In this regard, various Mg-based alloys such as Mg–CA binary alloy (Staiger 
et. al., 2006), Mg–Zn (Xu et. al., 2007), Mg–Sr (Li et. al., 2008), Mg-Mn-Zn (Xu et. al., 2008; Zhang 
et. al., 2009), Mg-Zn-Y (Zhang et. al., 2008) and Mg-Zn-Mn-CA alloys (Zhang et. al., 2008) and much 
more had been developed. Among them, the implant made by the alloying of Ca, Mn, Z, and Si elements 
improved the mechanical properties and corrosion resistance (Witte et. al., 2007). In reality, there are only 
a few elements including Ca, Mn, Zn, and Si that can be accommodated in the human body and can also 
retard the biodegradation of Mg alloys. The element Ca and Zn are the abundant minerals necessary for 
the bone ingrowth in human and one of the most favoring alloying elements used for magnesium alloys 
(Khanra et. al., 2010, Gu et. al., 2010; Ye et. al., 2010; Zhao et. al., 2011; Viswanathan et. al., 2013). 
The manganese (Mn) decreases the corrosion rate of the Mg-alloys.

Recently, silicon (Si) element has been accounted as a necessary mineral to facilitate the healing and 
assist to strengthen the immune system of human body (Zhang et. al., 2010). Moreover, it also plays 
an important role in development and growth of tissues (Hamu et. al., 2008). However, Mg-Si-based 
alloys showed low ductility, high strength, and high corrosion resistance because of the presence of 
large Mg2Si particle and eutectic phases. The addition of Ca element in the Mg-Mn-Zn alloy not only 
refined the grain size but also improves the mechanical properties and corrosion resistance. Moreover, 
element Ca is a main and prime part of the human bone that can stimulate the bone ingrowth process. 
The alloying of Zn and Mn elements in the Mg matrix improved both tensile strength and corrosion 
resistance (Liu et. al,. 2016; Zhang et. al., 2008). The previous studies showed that Mg-Zn-Mn alloy is 
biodegradable in a human biological environment without any dregs in hosted area and surrounding (Fu 
et. al., 2017; Bakhsheshi-Rad et. al., 2014). In this contrast, various fabrication routes and methodologies 
such as hot isostatic pressing (HIP), hot sintering, electrical resistance furnace, high-frequency induction 
furnace, and high-frequency induction heat sintering has been utilized for the sintering of magnesium-
based alloys (Khalil & Almajid, 2012; Sunil et al., 2014; zheng et al., 2011). These techniques produce 
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a nanoporous structure, merely they’re long sintering time, temperature weakens the mechanical and 
electrochemical properties, which failed the implant at cyclic load condition and long-term performances 
(Ye et. al., 2010; Zhao et. al., 2011; Viswanatha et. al., 2013; Sun et. al., 2013, Khalil et. al., 2012; Suni 
et. al., 2014; Zheng et. al., 2011). On the other hand, the application of Spark Plasma Sintering (SPS) 
technique using powder metallurgy route consisting of mechanical alloying powders for the manufac-
ture of porous Mg-alloys has been reported a novel and potent technique (Lala et. al., 2011). As a novel 
powder sintering process with distinct characteristics compared with conventional sintering techniques, 
the spark plasma sintering (SPS) technique enables alloys with good properties to be constructed in a 
shorter holding time and a high pressure at rapid heating and cooling rates (>100 ºC/min) and relatively 
lower sintering temperature.

From the literature, it is seen that hydroxyapatite (HA) and silicon (Si) has been used for the me-
chanical alloying in Mg-based alloys to enhance the corrosion resistance and mechanical properties. 
Very limited research studies are available reported the effect of Si and HA addition in the Mg-Zn-Mn 
alloy on the microstructure, mechanical properties, and corrosion resistance. However, the effect of Si 
and HA addition on the elastic modulus, which is an essential property required during stress shielding 
of Mg-based alloy, has not been clearly brought out. Hence, the objective of the present work is to fab-
ricate porous biodegradable, low elastic Mg-based alloy by high-energy ball milling and then sintering 
the milled product using the spark plasma technique. This paper presents the fabrication of fabrication 
of porous Mg-Zn-Mn-(Si-HA) alloy by spark plasma sintering process using the powder metallurgical 
route, which is urgently needed for the next generation of implants. A comprehensive and critical in-
vestigation on the effect of Si and HA addition on the microstructure, morphology, phase composition, 
microhardness, elastic modulus, and corrosion resistance of the as-prepared alloys were conducted to 
evaluate the efficacy of the SPS technique as a porous implant fabrication for preparing materials for 
biomedical applications.

MATERIALS AND METHODS

In the current study, Mg-Zn-Mn-Si, Mg-Zn-Mn-HA, and Mg-Zn-Mn-Si-HA biodegradable alloys were 
in-situ fabricated by mechanical alloying of powders such as Magnesium (Mg) powder along with Man-
ganese (Mn), Zinc (Zn), Silicon (Si), and hydroxyapatite (HA) and consolidation using spark plasma 
sintering (SPS) technique. The Elemental powders of Mg (Purity 99.9%, 25µm), Mn (Purity 99.9%, 
25µm), Zn (Purity 99.9%, 25µm), Si (Purity 99.9%, 25µm), and HA (Purity 99.9%, 0.5 µm) were taken 
as alloying elements. In the Mg-Zn-Mn-Si biocomposite, the powders were mixed in an atomic weight 
percentage of 5% Mn, 1% Zn, and 10% Si, and the rest is Mg (84%). In the Mg-Zn-Mn-HA biocom-
posite, the powders were mixed in an atomic weight percentage of 5% Mn, 1% Zn, and 10% HA, and 
rest is Mg (84%). In the Mg-Zn-Mn-Si-HA biocomposite, the powders were mixed in an atomic weight 
percentage of 5% Mn, 1% Zn, 5% Si and 5% HA, and the rest is Mg (84%). The desired amount of 
powder was weighed and loaded in stainless steel vial for alloying. The stainless steel balls were used 
for homogenization and alloying of powder. The ball to powder weight ratio of 5:1 was selected. The 
powder mixture was mechanically alloyed in a high energy planetary ball mill (Fritsch, Pulverisette 7) 
at a rotational speed of 300 RPM for 8 hrs. The as-blended powder mixture was first pre-heated at 200 
ºC for 2 h in an argon atmosphere (1 l/min) to evaporate the moisture and then consolidated via spark 
plasma sintering (SPS) method in a graphite die. The consolidation of powder mixture was carried out 
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at sintering temperatures of 350, 400, 450 K with a heating rate of 50 K/min (holding time 5 min) under 
vacuum conditions at a uniaxial pressure of 30, 40, and 50 MPa, as per the procedure adopted elesweher 
(Lala et. al., 2011). The circular compacts of diameter 20 mm and thickness 4 mm were sintered. Figure 
1 shows the photograph of high-energy planetary ball mill, spark plasma sintering (SPS-5000) machine, 
blended sample of powder in a graphite die, the red-hot sample under vacuum condition during the 
process, and as-consolidated sample.chapter.

Samples for microstructure examination were cut precisely from the as-sintered compact with the 
low speed diamond cutter. The samples were grounded by SiC papers and polished to an average surface 
roughness Ra of 0.55 µm by adequate polishing methods. Then the polished samples were etched with 
Acetic-Picral (5 ml Acetic Acid, 6 g Picric Acid, 10 ml Water, 100 ml Ethanol) for 10s. The microstruc-
ture examination was conducted optical microscope and field emission scanning electron microscopy 
(FE-SEM; JEOL 7600F), respectively. The elemental and phase composition the compact was accessed 
by energy dispersive spectroscopy (EDS) and X-ray diffraction (XRD; X’pert-PRO) using CuKα radia-
tion at 45 kV, 40 mA at incident angle 2θ. The elastic modulus and hardness are the prime and main 
desirable characteristics of the biomaterial. The mechanical properties such as hardness and young’s 
modulus were determined, basically, the main requirements for orthopedic implants are considered as 
mechano-biological antibacterial and corrosion properties. The nanoindentation is the only approach 
for calculating both elastic modulus and hardness of the material in a single test. The nanoindentation 
test was conducted on the Hyistron TI-950 indentation system using Berkovich indenter. The hardness 
and elastic modulus of the composite were determined using the Oliver-Pharr method. The surface 
microhardness of the HA deposited surface was measured by Vickers hardness tester (HMV-G21ST, 
SHIMADZU, Japan). The cross-sectional surface was utilized to test the surface hardness and prepared 
using appropriate methods, as referred to previous research study (Khanra et al., 2010). An indentation 
load of 0.2 N was applied at a dwell time of 15 s. The observations were replicated 3-times to reduce 
the error.

Figure 1. (a) High energy planetary ball mill and (b) spark plasma sintering (SPS) machine
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RESULTS AND DISCUSSIONS

It was noted that the net weight of starting powder mixture before mechanical alloying was 10 gm, and 
approximately 10 gm powder was recovered after mechanical alloying. It can be clearly ascertained that 
the powder mixture was homogenized properly and grain size reduced significantly during milling due to 
plastic deformation and fragmentation. It can be also noted that the powder particles were defused with 
each other due to heat generation during milling. Figure 2 shows the photograph of the sintered alloy.

The Porous, semi-porous, and fully dense structure was received at 350 ºC, 400 ºC, and 450 ºC under 
40 MPa applied pressure. The variance of density and porosities of sintered bio-composites with regard 
to applied pressure and sintering temperature was measured, as seen in Figure 3. The relative compact-
ness of the sintered alloys was greatly increased with applied pressure, from 30 MPa to 50 MPa under 
400 ºC, as can be found out in Figure 3 (a). The application of pressure during sintering is helpful for 
getting rid of pores from powder compact and offer additional driving force for compaction. It can be 
clearly considered that as the applied force per unit area increased the porosity in the sintered compact 
decreases, as can be found out in Figure 3 (b). The relative density of the as-sintered alloy increases with 
increases in sintering temperature. As the sintering temperature increases from 350 to 450ºC, relative 
density varies directly and increases from 96.2 to 99.56% and porosity starts to decrease from 25% at 
350 OC and reaches the lowest level of 5% at a temperature of 450ºC, as can be found out in Figure 3 
(c). Increased sintering temperature helps the materials to fuse easily which in turn reduces the porosity 
and makes it denser (Zhang et al., 2010; Liu et al., 2016; Hamu et al., 2007; Zhang et al., 2008; Fu et 
al., 2017). The main aim of the present work is to fabricate porous alloy, so we consider the 40 MPa is 
the optimal condition of applied pressure for the fabrication of porous alloy with favorable density. It 
can be clearly seen that at 40 MPa applied pressure the porosity in the sintered compact decreases, as 
the sintering temperature increases from 350 ̊C to 450 ̊C, as can be seen in Figure 3 (d).

Figure 4 shows the optical microstructure of as-sintered Mg-Zn-Mn-Si, Mg-Zn-Mn-HA, and Mg-
Zn-Mn-(Si, HA) alloys at a sintering temperature of 400 ºC under 40 MPa applied pressure. The size 
of grains is large ~157 μm in the as-sintered Mg-Zn-Mn-Si alloy, as can be seen in the microstructure 
image Figure 4(a). It can be clearly seen that the grain size decreased with the addition of HA content. 
The grain size was about ~55 μm observed in microstructure image of Mg-Zn-Mn-HA alloy, as can be 
seen in Figure 4(b). On the other hand, if the Si element is added into the Mg-Zn-Mn-HA alloy, the grain 
size is again increased to ~68 μm, as can be seen in Figure 4(c). In all the sintered alloys, the secondary 

Figure 2. Photograph of sintered alloy (a) Mg-Zn-Mn-HA, (b) Mg-Zn-Mn-Si, and (c) Mg-Zn-Mn-Si-HA 
at 40 MPa applied pressure and 400 ºC sintering temperature
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phases mainly distributed along grain boundary and some at interdendritic inner grain. Figure 5 shows 
the SEM micrograph and EDS spectrum of the as-fabricated Mg-Zn-Mn-Si, Mg-Zn-Mn-Ha, and Mg-
Zn-Mn-Si-HA alloy sintered at 40 MPa applied pressure and 400 ºC sintering temperatures. The results 
show that formation of porous structure. It has also reported that large amounts of gases were released 
due to a chemical reaction between the alloying elements that lead to the creation of porosity in the 
structure of the sintered composite. The Mg-Zn-Mn-Si structure typically consists of primary α-Mg 
dendrites and eutectoid with a large lamellar structure which is made up of α–Mg, MgZn2, MnSi, and 
Mg2Si phase as shown in Figs. 5 (a-b). The alloying element Zn existed with hexagonal close-packed 
structure and MgZn2 as the secondary phase in the Mg matrix. The MgZn2 phase appears as clusters of 
small particles which are aligned. The intermetallics Mn5Si3 and Mg2Si phase often appear in a polygonal 
shape. The associated EDS spectrum confirmed the presence of Mg, Zn, Mn, and Si elements predomi-
nantly existed in eutectic structures. Under the high magnification, dark and grey phases were observed 
on Mg-matrix, as shown in Figure 5 (b). The dark phase was identified by EDS to be a MgZn2 phase 
and the gray phase to be a Mg2Si phase. As the hydroxyapatite (HA) was used as an alloying element 
instead of silicon (Si), the typical eutectic structure disappeared and needle-like MgCaO phases formed 
and tended to distribute along the grain boundary as shown in Figure 5 (c-d). The hydroxyapatite (HA) 
decomposed and formed β-tricalcium phosphate (β-TCP) with pores. Under higher magnification, the 
needle-like was clearly identified which covers the whole matrix. The associated EDS spectrum of the 

Figure 3. Variation of porosity and density with respect to applied pressure at constant temperature of 
400ºC
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sintered alloy confirmed the presence of Mg, Zn, Mn, Ca, P, and O elements. The presence of Ca, P, and 
O elements confirmed that the hydroxyapatite decomposed due to the sintering temperature and formed 
various oxides in the structure. When Si and HA were added in the Mg-Zn-Mn, the microstructure shows 
different morphology. Some dark phases, grey phases, and bright phases were observed in magnesium 
matrix. The dark phases were identified to be Mg matrix, gray phases to be CaMgSi, and bright phase 
to be a Mg2Si phase. The typical eutectic structure disappeared and needle-like MgCaO phases formed. 
The associate EDS spectrum confirmed the presence of Mg, Zn, Mn, Si, Ca, P, and O element. During 
sintering, these elements react with each other and formed various types of oxides.

The XRD pattern confirms the formation of various oxide phases on the sintered alloy. Figure 6 shows 
the XRD pattern of the Mg-Zn-Mn-Si, Mg-Zn-Mn-HA, and Mg-Zn-Mn-Si-HA bio-composite sintered 
at 40 MPa applied pressure and sintering temperature 400 ºC. The XRD pattern of Mg-Zn-Mn-Si shows 
the formation of Mg2Si, Mg0.97 Zn0.03, Mn5Si3, and SiO2 possible oxides in the as-sintered alloy. The 
formation of Mg2Si and SiO2 enhances the corrosion resistance of the alloy. The XRD pattern of Mg-
Zn-Mn-HA shows the formation of MgCaO, β-TCP, Mn-CaO, and CaMgZn phases. The XRD pattern 
of Mg-Zn-Mn-Si-HA shows the formation of CaMgSi, Mg2Si, Mn5Si3, β-TCP, Mn-CaO, and CaMgZn 
phases. The formation of these phases is beneficial to form apatite, thus improved the bioactivity of the 
alloy for osseointegration between alloy and natural bone tissues (Zhang et. al., 2010; (Hamu et. al., 2008).

The elastic modulus and hardness of each sintered alloy sample have been determined from the load-
displacement curves with a maximum load of 1 N. Figure 7 shows the typical loading and unloading 
curve of the Mg-Zn-Mn-Si, Mg-Zn-Mn-HA, and Mg-Zn-Mn-Si-HA samples. The minimum value of 
elastic modulus is found for the Mg-Zn-Mn-HA, whereas the maximum value of elastic modulus for 
Mg-Zn-Mn-Si-HA sample is relatively very high compared to the doped samples. The Mg-Zn-Mn-Si 
sample has an intermediate range of elastic modulus between Mg-Zn-Mn-HA and Mg-Zn-Mn-Si-HA 

Figure 4. Microstructure of as-sintered alloys: (a) Mg-Zn-Mn-Si, (b) Mg-Zn-Mn-HA, and (c) Mg-Zn-
Mn-Si-HA alloy
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sample. The elastic modulus measured for the Mg-Zn-Mn-HA, Mg-Zn-Mn-Si, and Mg-Zn-Mn-Si-HA 
samples are 30 GPa, 38 GPa, and 46 GPa respectively. Table 1 shows the observed value of parameters 
used to determine the elastic modulus and hardness. As depicted from the plots that the slope of the un-
loading curve of Mg-Zn-Mn-Si-HA samples is less than the Mg-Zn-Mn-HA and Mg-Zn-Mn-Si samples. 
The slope of the unloading curve of Mg-Zn-Mn-HA sample is highest among all the samples. Similar 

Figure 5. SEM micrograph and associated EDS spectrum of as sintered (a) Mg-Zn-Mn-Si, (b) Mg-Zn-
Mn-HA, and (c) Mg-Zn-Mn-Si-HA alloy
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to elastic modulus, the hardness of the Mg-Zn-Mn-Si-HA samples is exceedingly high compared to the 
Mg-Zn-Mn-HA and Mg-Zn-Mn-Si samples. The minimum hardness value is obtained for the Mg-Zn-
Mn-HA sample. It is evident from the indented image that the Mg-Zn-Mn-HA sample has a low hardness 
as the size of the indent is compared to the indent size of the Mg-Zn-Mn-Si and Mg-Zn-Mn-Si-HA.

CONCLUSION

Porous Mg-Zn-Mn-Si, Mg-Zn-Mn-HA, and Mg-Zn-Mn-Si-HA alloys with interconnected pore charac-
teristics were fabricated by mechanical alloying and Spark plasma sintering technique. Results showed 
that >50 μm average pore size and 30%–60% porosity could be achieved by adding HA and Si with 10 
weight%. The Porous Mg-Zn-Mn-(Si-HA) alloy possessed not only the low elastic modulus of 29-45 
GPa (very close to that of human bone) but also high hardness (86–200 HV). Although the amount of 
HA and Si partially decomposed and formed secondary phases, the SPS porous Mg-Zn-Mn-(Si-HA) 
alloys still showed good bioactivity. The EDS spectrum and XRD analysis of sintered Mg-Zn-Mn-(Si-
HA) alloys confirmed the presence of calcium (Ca) and phosphate (P) along with base alloy elements 
(Mg, Zn, Mn, Si, and HA) elements. The presence of Ca, P and O element confirmed and conferred the 
bioactivity of the alloy prone to afford bone tissue. The XRD phase composition confirms the formation 
of biomimetic oxide phases such as CaMg, MgSi2, Mg-Zn, Mn-Si, SiO2, Mn-CaO, Mn-P, Ca-Mn-O, 

Figure 6. XRD pattern of Mg-Zn-Mn-HA, Mg-Zn-Mn-Si, Mg-Zn-Mn-Si-HA alloy sintered at 40 MPa 
applied pressure and sintering temperature 400 ºC
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ZnO2, and CaMgSi in the porous layer. This is attributed due to complex reactions between HA and 
alloy elements occurred during the sintering process. These biocompatible phases conferred bioactiv-
ity and improved the biocompatibility of the implant. Moreover, improved the improved the corrosion 
resistance. However, the combination of interconnected pore characteristics, low elastic modulus, high 
corrosion resistance and enhanced bioactivity might make porous Mg-Zn-Mn-(Si-HA) alloys prepared 
by SPS a promising candidate for Orthopaedic applications.

Figure 7. Nano-indentation plot and Micro-hardness measurements of Mg-Zn-Mn-HA, Mg-Zn-Mn-Si, 
Mg-Zn-Mn-Si-HA alloy sintered at 40 MPa applied pressure and sintering temperature 400 ºC

Table 1. Elastic modulus and hardness of the sintered alloy

Parameters
Mg Alloy Consolidated by Spark Plasma Sintering

Mg-Zn-Mn-Si Mg-Zn-Mn-HA Mg-Zn-Mn-Si-HA

Elastic Modulus, E (GPa) 39.75 32.42 45.87

Hardness, H (GPa) 1.18 0.75 1.97

Hardness, H (HV) 120 76 200
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ABSTRACT

The increasing competition among the manufacturing organizations and stringent government regula-
tion forces the manufacturing organizations to implement sustainability principles in manufacturing. 
Sustainability focuses on material, product development, and manufacturing process orientations. End of 
life (EoL) disposal of the product is very much important in the modern scenario. The remanufacturing 
is a vital strategy for attaining sustainability in manufacturing. The assessment of remanufacturability 
of products needs to be done during the design stage so as to provide the manufacturers the guidelines 
for sustainable product development. In this context, this chapter presents the insights on remanufactur-
ability index assessment for a typical automotive product. The practical implications of the study are 
also being discussed.
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INTRODUCTION

Modern manufacturing industries strive to attain the goals of sustainable development. Remanufacturing 
is one of the best strategies to attain sustainability because the requirement of energy and materials are 
less when compared to new manufacture and it can be transformed into cost savings (Amaya et al. 2010 
; Heese et al. 2005). Remanufacturing can be defined as ‘‘the process of rebuilding a product, during 
which the product is cleaned, inspected and disassembled; defective components are replaced; and the 
product is reassembled, tested and inspected again to ensure it meets or exceeds newly manufactured 
product standards’’ (Sundin and Bras 2005). The assessment of remanufacturability of products in the 
design stage gives information about the ability of the product to be remanufactured and guidelines for 
improving the product design features. In this study, the Remanufacturability Index (RI) of an automotive 
product is assessed based on Disassembly Index, Cleaning and Inspection Index (ICI) and the State Index 
(SI) which is determined based on the state of the components after usage period (Bras and Hammond 
1996) and it helps to decide whether to go for remanufacturing of a particular used product or not. This 
study extended the principles of Dixit (2006) to evaluate the remanufacturing ability of an automotive 
product. The study identified cost consumed for remanufacturability operations of the selected automo-
tive product and various factors influencing these operations. The unique aspect of the study is that it 
performs component analysis and classification of components into different categories to determine 
the necessary remanufacturing operations and resource consumption.

LITERATURE REVIEW

The literature review was reviewed from the perspective of remanufacturing and its assessment.

Review on Remanufacturing

Kaustov et al. (2017), study concentrated to recognize the outline design criteria of an item that can 
upgrade its remanufacturability and hence, utilizing these outline design criteria a hierarchical model 
is created to assess the remanufacturability between the alternate products. The weights of the design 
criteria and the sub criteria is computed by the Analytical Hierarchy process (AHP) integrated with fuzzy 
analysis is used then axiomatic design approach (AD) is used to evaluate all the alternatives.

Qin et al. (2016), presented a new method for finding the optimum active remanufacturing time 
which involves the both economic and environmental indicators. And they derived the optimum active 
remanufacturing time for oil cylinder by considering the cost index and environmental index it came 
around 6.25 years of successful operation.

Mahdi et al. (2014), this study explains that the returned products can be processed in two ways 
through remanufacturing, first way uses the dedicated capacity in which returns are remanufactured 
and other by using merged capacity returns from two different markets are remanufactured. Analytical 
queueing models are used for the admission decision, which conclude on acceptance. The above model 
explains the concluded threshold value in order to increase the total profit of remanufacturing system. 
It also allows to know the collaboration between overall utilization and the arrival process.
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Farazee et al. (2016), the study reveals the introduction of new tool multi method simulation which 
is used to measure the economic and environmental performance of circular product systems. This is the 
first ever tool for measuring the economic and environmental performance of circular product systems 
which is also useful in designing simulation dynamic model. It forecast’s system’s behaviour and also 
shows the effect on economic and environmental performance of circular product systems.

Ardeshir et al. (2017), study gives new sorting method on both product external (market trends) and 
internal factors (product identity data, future reusability of components, product health status). Main 
purpose of this method is to better the decision making operations in remanufacturing of a product by 
integrating end of life, end of use and optimal sorting policies.

Seitz (2007) studied about the driving forces of product recovery and remanufacturing in automo-
tive industry. The author discussed that the primary motive for remanufacturing included ethical and 
moral responsibility, product take-back and recovery legislation, as well as the economic benefits of 
remanufacturing. The author found that the remanufactured products provided a valuable source of spare 
parts and under-warranty engines for the vehicle manufacturers. The market share, brand protection and 
customer orientation were found as more dominant reasons for undertaking the recovery operation than 
the primary motives for remanufacturing with respect to a Vehicle Manufacturer.

White et al. (2003) suggested that the product recovery was an environmentally desirable substitute 
to disposal, and illustrated the recovery of products to frame an environmental research agenda for re-
covery management. They pointed out that remanufacturing will reduce the environmental impacts as 
well as cost of manufacturing processes.

Ijomah et al. (2007) discussed about the influence of product features in remanufacturability of the 
products. They conducted workshops and categorized the products into repairable, reconditionable and 
remanufacturable states. They identified that the major issue for design for remanufacture is that neglect-
ing the features that prevent the product brought back.

Subramoniam et al. (2011) developed a Remanufacturing Decision Making Framework (RDMF) 
and it was validated for an automotive industry. They identified the important factors to make valid 
remanufacturing decisions in the conceptual stage of product development. They concluded that the 
RDMF would help to incorporate environmentally conscious thinking in the remanufacturing process 
in automotive industries.

Rathore et al. (2011) studied about the remanufacturing activities prevailed in Indian markets to attain 
sustainability. They conducted a study in an Indian mobile phone market to investigate the acceptance 
of remanufactured products among the customers. According to them, the markets lack a clear strategy 
for implementing the remanufacturing procedure.

Review on Assessment of Remanufacturing

Bras and Hammond (1996) established metrics based on the product design characteristics to effectively 
evaluate the remanufacturability of the products in the design stage. The metrics can only be effectively 
used during or after the embodiment phase of product design.

Ferrer (2001) suggested a new framework for remanufacturing procedure for products based on two 
design metrics like disassemblability and reusability. The developed framework aids to balance the mo-
tives of product recovery and the difficulties to obtain the relevant information about components to be 
remanufactured.
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Liu et al. (2002) pointed out the principles and technologies for design for recyclability and they 
introduced a method to assess the recyclability in the design stage using artificial neural network (ANN) 
technique. They have stressed that the easiness of recyclability greatly depend upon the design character-
istics of the products. The assessment of recyclability would direct towards green and environmentally 
conscious design.

Desai and Mital (2003) studied about disassemblability of a product and they proposed methodology 
to improve the disassemblability. They identified the factors relevant for the non destructive process of 
disassembling; numerical values were assigned to the factors according to the varying levels of difficul-
ties to provide quantitative design information. They remarked that the scoring system can be used for 
any kind of disassembling operations and tools.

Villalba et al. (2004) pointed out that the potential for recycling the material should be included in 
the assessment and optimization of disassembly and design for disassembly. They concluded that the 
profit to loss margin of recycling determines the economical feasibility to disassemble the product to 
recover the materials that can be recycled.

Dixit (2006) proposed a methodology to numerically calculate the Remanufacturability Index of the 
products by considering all possible after life scenario of the products. They performed a case study to 
find the remanufacturing potential of the electric staple gun and they found the factors which influence 
the remanufacturability index of the particular product.

Mathieux et al. (2008) introduced a new method by analyzing the strength and weakness of earlier 
methods to improve product design based on the recovery aspects. Multi criteria and multi scenario 
of recoverability were assessed during the product development stage. A case study was conducted to 
evaluate the multi criteria recoverability of Television set and concluded that the recoverability of the 
products decidedly depends upon the scenarios which were considered.

Du et al. (2012) introduced an integrated method for evaluating the remanufacturability of used 
machine tool to analyze the technology feasibility, economic feasibility and environmental benefits of 
machine tool remanufacturing. In this method, the weight of each index is determined using Analytical 
Hierarchy Process. They conducted a case study and applied the method to the remanufacturing process 
of used planer B2025 to examine its feasibility and validity.

METHODOLOGY TO FIND RE-MANUFACTURABILITY INDEX

The methodology followed is shown in figure 1. Involves selection of candidate product, understanding 
the product features and splitting into appropriate modules and components. The state of the component 
is identified and Remanufacturability Index of components is calculated using relevant data. The RI of 
each module is determined and the overall product RI is calculated. This is followed by derivation of 
end of life disposal activities. Though remanufacturing is a well-researched topic many authors have 
concentrated on various elements of remanufacturing individually. But there exist a need for compre-
hensive remanufacturability assessment and also the assessment during the design stage. This study has 
been done to fulfill these aspects.
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CASE STUDY

The case study was conducted in an Indian automotive industry. The case organization is the manufacturer 
of hydraulic power rack and pinion steering gear assembly, integral power steering and power steering 
pump assembly. The company aspires to enhance environmentally friendliness in their product design 
and development practices. The details of the case study are presented in the following subsections.

Understanding the Automotive Component

The selected automotive product is disassembled into four modules and the modules are splitted into 
components. The first module M1 (Nylone sleeve assembly) consists of Nylone sleeve (C1) and Head 
screw (C2). The second module M2 (Wheel end assembly) includes Wheel end (C3), Bush (C4), Rubber 
bush (C5), external circlip (C6), Spacer (C7) and lock spacer (C8). The accessories like protector serrated 
end (C9), protector wheel end (C10) and Nut (C11) form the third module (M3). The final module (M4) 
is outer tube assembly. It consists of outer tube (C12) and protector outer tube (C13).

Figure 1. 
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The case study extended the principles of Dixit (2006) to evaluate the remanufacturability. Re-
manufacturability Index (RI) of components consists of three indices namely Disassembly Index (DI), 
Inspection and Cleaning Index (ICI) and State Index (SI). Out of which, the first two indices are base 
indices. It is necessary for all the components. The SI is determined by state of the components which 
is classified into reusable, repairable, reconditionable, recyclable, and scrap (environmental). After 
disassembling, cleaning and inspection the state of the components is determined. It is found that the 
wheel end is repairable, the bush is reconditionable and the rubber bush is scrap. All other components 
fall under reusable category.

Calculation of RI of Components

DI and ICI are determined based on the cost of disassembly (DC), cost of cleaning and inspection (CIC) 
and original cost of the components (OCC). The Repairability Index (RPI) and Reconditionability Index 
(RCI) are calculated using cost of repair and cost of recondition. Environmental Index (EI) is determined 
by cost of dumping the component. Reusability index (RUI) depends on estimated worth of the compo-
nent (EWC) and the OCC. The input data are collected and are shown in Table 1.

Cost of repair for C3, cost of recondition for C4, cost of dumping for C5 are 28.571, 5.229, and 0.333 
respectively. DI, ICI, SI are calculated using the following equations (Dixit 2006 and Ferror 2001).

DI
DC
OCC
= 	 (1)

ICI
CIC
OCC

= 	 (2)

Figure 2. 

 EBSCOhost - printed on 2/14/2023 11:31 AM via . All use subject to https://www.ebsco.com/terms-of-use



302

Assessment of Remanufacturability Index for an Automotive Product
﻿

RPI
RPC
OCC

= 	 (3)

RCI
RCC
OCC

= 	 (4)

EI
EC
OCC
= 	 (5)

RUI
EWC
OCC

=  	 (6)

All indices except reusability index should be as minimum as possible. To combine the individual 
indices, effective DI, ICI, RPI, RCI, EI are calculated by subtracting from one. All the indices do not 
influence the remanufacturability of the components equally. Weight of each index is determined based 
on influence factors, which depends upon the individual components and the base factors. The base 
factors considered for the study are cost, time, other resource used. An excerpt of the factors considered 
for determining the weight and the rating against base factors of Nylon sleeve and Wheel end are shown 
in Tables 2-7.

The weight of each index is taken as the total score obtained. The relative weight (RW) of each index 
is then determined using the following formula (Dixit, 2006).

Table 1. Input data

Component Quantity OCC DC CIC State of Component EWC

C1 1 3.5 0.7 0.175 Reuse 3.02

C2 1 0.5 0.05 0.012 Reuse 0.431

C3 1 50 15 3.75 repair 43.143

C4 2 9.15 0.458 0.114 recondition 7.895

C5 2 3.325 0.332 0.083 environmental 2.869

C6 1 2.15 0.215 0.054 reuse 1.855

C7 1 5.75 0.575 0.144 reuse 4.962

C8 1 2 0.1 0.025 reuse 1.726

C9 1 3.75 0.375 0.094 reuse 3.236

C10 1 2 0.1 0.025 reuse 1.73

C11 1 1 0.05 0.012 reuse 0.863

C12 1 60 18 4.5 reuse 51.771

C13 1 2 0.3 0.075 reuse 1.726
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RWDI
Weight DI

Weight DI Weight ICI Weight SI
=

+ +
	 (7)

RWICI
Weight DI

Weight DI Weight ICI Weight SI
=

+ +
	 (8)

Table 3. Determination of ICI weight for Nylone 
sleeve

Cost Time Other 
Resources Total

Inspection 
method 3 3 3 9

Cleaning 
method 2 2 2 6

safety of 
cleaning 3 3 3 9

Total 8 8 8 24

Table 4. Determination of RUI weight for Nylon 
sleeve

Cost Time Other 
Resources Total

Technology 
cycle 2 2 2 6

Wear rate 2 2 2 6

Obsolescence 
rate 2 2 2 6

Total 6 6 6 18

Table 5. Determination of DI weight for Wheel end

Cost Time Other 
Resources Total

Component 
disconnection 2 2 2 6

Design 
complexity 2 2 2 6

Functional 
complexity 1 1 1 3

Total 5 5 5 15

Table 6. Determination of ICI weight for Wheel end

Cost Time Other Resources Total

Inspection method 1 1 1 3

Cleaning method 2 2 2 6

safety of cleaning 2 2 2 6

Total 5 5 5 15

Table 7. Determination of RPI weight for Wheel 
end

Cost Time Other 
Resources Total

Special set up required 1 1 1 3

Design complexity 2 2 2 6

Functional complexity 1 1 1 3

Total 4 4 4 12

Table 2. Determination of DI weight for Nylone 
sleeve

Cost Time Other 
Resources Total

Component 
disconnection 2 2 2 6

Design 
complexity 2 1 2 5

Functional 
complexity 2 2 2 6

Total 6 5 6 17
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RWSI
Weight SI

Weight DI Weight ICI Weight SI
=

+ +
	 (9)

The RI of the components is calculated using inverse weight addition method (Bras and Hammond 
1996).

RI
RWDI
EDI

RWICI
EICI

RWSI
ESI

=
+ +

1 	 (10)

The results are shown in Table 8.
The module RI is determined by taking the average of component RI. The contribution of each 

module in the product is different. The weight of each module is obtained from the design experts of 
the case organization.

RESULTS AND DISCUSSIONS

The RI of the automotive product is calculated using the following formula.

RI
weight of M

RI of M

weignt of M

RI of M

weight of Mn

RI of Mn

=

+ + +

1
1

1

2

2
..

	 (11)

Table 8. RI of components

DI ICI EDI EICI ESI RWDI RWICI RWSI RI

c1 0.20 0.050 0.80 0.950 0.862 0.29 0.41 0.30 0.87584

c2 0.10 0.025 0.90 0.975 0.862 0.33 0.33 0.33 0.919152

C3 0.30 0.075 0.70 0.925 0.571 0.36 0.36 0.28 0.717627

C4 0.05 0.012 0.95 0.987 0.570 0.37 0.37 0.26 0.820264

C5 0.10 0.025 0.90 0.975 0.899 0.37 0.37 0.26 0.926324

C6 0.10 0.025 0.90 0.975 0.863 0.30 0.40 0.30 0.91641

C7 0.10 0.025 0.90 0.975 0.863 0.35 0.30 0.35 0.907323

C8 0.05 0.012 0.95 0.988 0.863 0.35 0.30 0.35 0.927833

C9 0.10 0.025 0.90 0.975 0.862 0.29 0.38 0.33 0.913757

C10 0.05 0.012 0.95 0.987 0.863 0.28 0.36 0.36 0.928985

C11 0.05 0.012 0.95 0.987 0.863 0.28 0.36 0.36 0.928985

C12 0.30 0.075 0.70 0.925 0.862 0.31 0.38 0.31 0.824441

C13 0.15 0.038 0.85 0.963 0.863 0.30 0.35 0.35 0.891155
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Where n is the number of modules in the selected assembly. It was found that the RI of the candidate 
product is 8.75. The potential for remanufacture of the selected automotive product is very high. The 
module RI and product RI are shown in Table 9.

RI of wheel end, phosphor bronze bush, and outer tube is less compared to that of other components. 
The wheel end needs repair that consumes additional cost and energy. The main damage found in wheel 
end is bending of the wheel due to the applied torque during worst condition. The strategy for repair is 
straightening the wheel end after inspection. The effective DI is also low for the component because the 
disassembling cost is high. Recondition is needed for bush before reusing because wear and tear is the 
main problem for phosphor bronze bushes. Usage of special protection covering is one of the strategies 
to protect these bushes from damage. For outer tube, the disassembly cost is high that reduces the over-
all RI. Most of the components of the product fall under reusable category. After disassembly, detailed 
inspection and testing, they can be reused for new manufacture or as a source of spare parts.

CONCLUSION

Modern manufacturing industries are trying to implement the principles of sustainability to ensure social, 
environmental benefits along with economic profit. Remanufacturing of old products and components 
will give less cost substitute for the new products. The assessment of potential for remanufacturing of 
the products provides guidance to the manufacturers to take decision about remanufacturing. It also 
gives ideas about necessary changes required for remanufacturing in the design stage of products. In this 
study, remanufacturing assessment starts with disassembly and detailed inspection of the automotive 
product and its components. The components are classified into reusable, repairable, reconditionable 
and environmental based on the state of the components. RI of the product is determined based on the 
cost requirement of these remanufacturing operations. The weight of the indices is determined based on 
the factors affecting these remanufacturing processes. The RI of the product is found to be very high.

Remanufacturing of the products helps to generate more economic profit because the products 
consume less resources and cost. Also it reduces environmental impact. The limitation of the study is 
that the method attaches importance to cost requirements of remanufacturing operations than the other 
influencing factors. The remanufactured products are always cheaper than the new manufacture but 
customer satisfaction may be less due to lack of product differentiation. In future, more number of stud-
ies could be performed for wide range of automotive products; also newer indices for remanufacturing 
also could be developed.

Table 9. RI of automotive product

Module Module RI Weight of Module Product RI

M1 0.897 0.15

0.875
M2 0.870 0.45

M3 0.924 0.1

M4 0.858 0.3
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KEY TERMS AND DEFINITIONS

CIC: Cleaning and inspection cost.
DC: Disassembly cost.
DI: Disassembly index.
EDI: Effective disassembly index.
EI: Environmental index.
EICI: Effective inspection and cleaning index.
ESI: Effective state index.
EWC: Estimated worth of the component.
ICI: Inspection and cleaning index.
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OCC: Original cost of components.
RCI: Reconditionability index.
RI: Remanufacturability index.
RPI: Repairability index.
RUI: Reusability index.
RWDI: Relative weight of disassembly index.
RWICI: Relative weight of inspection and cleaning index.
RWSI: Relative weight of state index.
SI: State index.
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ABSTRACT

Increasing legislative concerns and rapidly transforming technologies pressurizes the global competi-
tive landscape to deploy smart, safe, and sustainable green manufacturing. This chapter scrutinizes 
organizational sustainability of the automobile components manufacturing organizations located in the 
state of Tamil Nadu, India using hierarchy cluster analysis towards setting up a benchmark on sustain-
ability of organizations. Along with the triple bottom line (TBL) of sustainable development, the orga-
nizational responsibility and government legislation in achieving sustainability were selected as the five 
major governing variables during the conduct of this case study. As a result, 25 automotive components 
manufacturing organizations chosen from for this study were classified into three clusters, confirming a 
particular organization as the most suitable one for the conduct of green manufacturing sustainability 
studies. According to the distinctiveness of the assorted clusters, suggestions were also proposed for 
improving the organizational sustainability further.
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1. INTRODUCTION

The World Commission on Environment and Development declaration defines sustainable development 
as a process of change in which the exploitation of resources, the direction of investments, the orientation 
of technological development, and institutional change are made consistent with the future as well as 
present needs (World Commission on Environment and Development, 1987). Sustainable development 
was articulated by Brundtland commission as development that “meets the needs of the present without 
compromising the ability of future generations to meet their own needs” (UN, 19987). Sustainable ap-
proaches are comprehensive and holistic in nature for creating environmentally benign, socially equitable 
and economically viable products and systems. In practical terms, triple bottom line accounting means 
expanding the traditional economic reporting framework to take into account ecological and social 
performance in addition to financial performance, as shown in Figure 1.

Business sustainability requires the inclusion of the objectives of sustainable development, social 
equity, economic efficiency and environmental performance, into organization’s operational practices. 
Organizations that compete globally are progressively more obligatory to consign and report on the 
overall sustainability performance of operational proposals. The term industrial sustainability as coined 
by the Institute for Manufacturing at the University of Cambridge and it defines industrial sustainability 
as conceptualization, design and manufacture of goods and services that meet the needs of the present 
generation while not diminishing economic, social and environmental opportunity in the long term 
(Jansson, et al., 2000). Zeng et al. (2008) defined industrial sustainability as the development that meets 
the needs of economic growth, social development, environmental protection and results in industrial 
advantage for short and long term future of their region located. These definitions continue to evolve, 
but still the benchmark to call an organization as sustainable is found not to be available, realizing the 
need to formulate a measuring scale; sustainability studies are to be conducted but selecting a suitable 
organization for the conduct of sustainability studies is not an easy task. For an automotive organization 

Figure 1. 
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that is characterized by very long engineering cycles and multiple iterations to align technology, quality, 
and customer demand, incorporating sustainability into its business model and its products will be pos-
ing a significant challenge to respond to the growing pressure to capture their product’s environmental 
footprint. This case study formulates the basis towards identifying most suitable automotive organizations 
for carrying out sustainability studies using cluster analysis, a multivariate data analytic technique. For 
this study, ISO 14000:2004 certified organizations have been selected and responsibility and involvement 
of the organization towards sustainability studies have been ensured for the selected organization. The 
results concluded that the ‘Organization 16’ as most suitable automotive organization for the conduct of 
sustainability studies. After selecting the best organization from the cluster, steps will be taken towards 
the conduct of sustainability studies. The uniqueness of the study is the application of clustering mecha-
nism for grouping organizations in automotive sector towards the conduct of sustainability studies. The 
novelty of this study is proved by its substantial state of practical implications it could bring through 
the conduct of sustainability studies, in the process of making the organization more sustainable. The 
structure of the chapter includes the literature review on sustainability, Corporate Social Responsibility 
(CSR) and cluster analysis followed by the methodology adopted in this study. The consecutive section 
includes the background details of the case study, identification of suitable sector for the conduct of case 
study, selection of functionality variables for sustainable development and data analysis. After analysis, 
the results are interpreted and the conclusions were drawn.

2. LITERATURE REVIEW

The literature was reviewed from three perspectives namely sustainability, CSR and application of 
cluster analysis.

2.1. Literature Review on Sustainability

Deloitte and Touche (1992) defines business sustainability as ‘‘adopting business strategies and activities 
that meet the needs of the enterprise and its stakeholders today while protecting, sustaining and enhanc-
ing the human and natural resources that will be needed in the future’’. A company that embarks on the 
path of sustainability needs to carefully examine its mission, vision and values (Sheate et al., 2003). 
The principles of sustainability help businesses to reduce unnecessary risks, avoid waste generation, 
increase material and energy efficiency, innovate new environmentally friendlier products and services 
and obtain operating permits from local communities (Goldin & Winters, 1995). Sustainable organiza-
tion also reduces production costs and prevents environmental problems for maintaining green and clean 
atmosphere (Bevilacqua, Ciarapica, & Giacchetta, 2007). Lopez et al. (2007) refers sustainability to an 
organization’s activities, typically considered voluntary, that demonstrate the inclusion of social and 
environmental concerns in business operations and interactions with stakeholders.

2.2. Literature Review on CSR

CSR is an issue that has been receiving greater attention in discussions on business and sustainability 
(Sweeney & Coughlan, 2008). Rochon et al. (2010) have presented the best management practices for 
corporate, academic and governmental transfer of sustainable technologies to developing countries. The 
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authors also presented some examples of recognized modes of sustainable technology transmission and 
develop best management practices for future sustainable technology transfer. CSR requires account-
ability by all leaders, individuals, organizations, stakeholders, customers, and community members, and 
yet accountability is complex. The factors which influence the effectiveness of corporate accountability 
are multiple and tightly interconnected. Dolan (2004) presented a study on this interconnectedness and 
its relationship to accountability. Lozano (2008) commented that CSR is becoming a leading principle 
of top management and of entrepreneurs. The number of observations in research in this field clearly 
delineated models, leadership competencies, accountability, and structure of partnerships as well as 
organizational challenges, limitations and ethics. Organizations can reexamine their pattern of behavior 
in the TBL framework and begin their journey towards a sustainable approach that is integrated into 
their business strategy (Vosburgh, 2007).

2.3 Literature Review on Applications of Cluster Analysis

The literature was reviewed from the perspective of utilization of cluster analysis in identifying the highly 
sustainable cluster. Sneath (1957) described a methodology to handle large quantity of taxonomic data 
to yield the outline of classification based on equally weighted features. This enables the similarity to be 
expressed numerically, and to measure taxonomic rank comparing with the conventional classification 
method based on a bacteria study. Lee et al. (1998) proposed a non-parametric approach that integrates 
neural network method with cluster analysis to estimate the development cost for software project plan-
ning, control and management increasing the training efficacy of the network. Cowgill and Harvey (1999) 
proposed Genetic Algorithm (GA) for performing cluster analysis. GA clustering technique maximizes 
a variance-ratio (VR) based goodness-of-fit criterion defined in terms of external cluster isolation and 
internal cluster homogeneity. But this methodology does not guarantee to recover the cluster solution 
which exhibits the global maximum of this fitness function. Cuevas et al. (2001) proposed a cluster 
methodology with density estimation with the idea of estimating the population clusters. The results of 
the study proved a good performance in stipulation with efficiency and robustness, compared with two 
classical cluster algorithms k- means and single linkage. Liang et al. (2005) proposed a cluster analysis 
method based on fuzzy equivalence relation. The fuzzy equivalence based on the fuzzy compatibility 
relation with various rating attitudes was taken into account in the aggregation process to assure more 
convincing and accurate cluster analysis by the authors. Wang and Yang (2009) proposed a fuzzy mod-
eling method using Enhanced Objective Cluster Analysis (EOCA) to obtain the compact and robust ap-
proximate Takagi–Sugeno–Kang (TSK) fuzzy model. The Objective Cluster Analysis (OCA) algorithm 
was employed to obtain the fuzzy rule prototypes, enhanced by introducing the Relative Dissimilarity 
Measure (RDM) and a new consistency criterion to represent the similarity degree between the clusters, 
reducing the time and error over computation to a great extent. The authors also identified the conse-
quence parameters adopting Stable Kalman Filter (SKF) algorithm. Gelbard et al. (2009) used a single 
algorithm to overcome the shortcomings in the process of determining a particular cluster by considering 
cross-cultural research employing Multi-Algorithm Voting (MAV) methodology. The contribution of the 
authors enables the researchers in avoiding arbitrary decisions in determining the number of clusters. 
Che and Wang (2016) in order to differentiate part suppliers effectively, proposed a hybrid approach 
based on K-means, simulated annealing algorithm (SA), convergence factor particle swarm optimiza-
tion (CPSO), and the Taguchi method abbreviated as KSACPSO. To prove that KSACPSO approach 
has good clustering performance, the case study of notebook computer was adopted to carry out the 
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clustering procedures on parts suppliers, and compared the differences between the proposed approach 
and other hybrid methods.

Fu Gu et.al (2016) introduced a novel strategy to adjust reused plastic for demanding industrial ap-
plications by outlining reasonable formulae which can fulfill the specialized prerequisites of the applica-
tions. The proposed technique consolidates the principal component estimate and hierarchical clustering 
analysis of some selected automobile parts were procured and benchmarked in this study.

Neri et.al (2017) in their study, Evaluated the dynamics of national economies through cluster analysis 
within the input-state-output sustainability framework .This framework was valuable and comprehensive 
apparatus for surveying nation about their performances over time and improving guidelines for the 
characterization of nations under a sustainability point of view. In order to observe system behavior and 
pattern of development this analysis was conducted over 83 countries in between 2000-2008.

Molin et.al (2016), used cluster analysis to recognize multi model travel groups and to detail the ef-
fects of socio – demographic, perception and work related and attitudinal variables on the likelihood of 
having a place with each of the five distinguished classes such as youthful people, high training, small 
family units, and availability of, which gives trust in the outcomes.

Miguel Barros and Susana Azevedo (2016) proposed a framework to evaluate and screen the level of 
sustainability in an automotive supply chain network, by contextual analysis, considering a few organiza-
tions from United Kingdom (UK).

Karen Novia et al. (2016), examined a 142 cities dataset which includes annual/capita water use (m3/
year/capita). As an index of hydro climatic water supply, it adds 0.5 grid water annual budget value (P-
PET/yr). From this findings, urban water supply and demand, were regulated using hierarchical cluster 
analysis.

From the literature review, it was evident that cluster analysis could be used as a tool in identifying 
the suitable organization towards the conduct of sustainability studies for any given geographical location 
and the application of cluster analysis in sustainability field were also found to be minimal.

3. METHODOLOGY

The methodology adopted during the conduct of this study in shown in Figure 2.
A detailed literature survey has been conducted on selecting the major functionality variables in 

deciding the sustainability of an organization, followed by the identification of suitable sector for imme-
diate conduct of the study. Next step is to find out the most suitable organization using cluster analysis. 
Interpretations were derived from the identified clusters and defining the differences between the clusters 
for studying the sustainability levels forms the consecutive steps of this case study.

4. BACKGROUND DETAILS OF THE CASE STUDY

There always exists a question over setting up a benchmark, to identify the sustainability of an organiza-
tion. The lack of a benchmark to confirm an organization as sustainable requires more elaborate sustain-
ability studies. To conduct preliminary studies, an organization needs to be selected first to understand the 
factors facilitating and hindering the organization from being sustainable. This case study concentrates 
more on the process of identifying one such suitable organization for the conduct of sustainability studies.
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4.1 Identification of Suitable Sector for the Conduct of Case Study

Tamilnadu is one of the well developed states of India, in terms of industrial development. Tamilnadu 
is also being popularly hailed as “Detroit” of India as it has large automobile and ancillary sector. Au-
tomobile industry plays a crucial role in the state economy and has been one of the key driving factors, 
contributing 8% to State Gross State Domestic Product (GDP) and giving direct employment to 2,20,000 
people. More than 100 companies in the automotive and auto ancillary industry are located in this state, 
maintaining highest production norms by implementing internationally recognized quality standards. 
Tamilnadu accounts for 21% of passenger cars, 33% of the Commercial vehicles and 35% of automobile 
components produced in India. The size of the auto industry in Tamilnadu is estimated to grow to In-
dian National rupees (INR) 67500 - INR.90000 crores (US $15-20 billion) by 2015. Major automobile 
manufacturers like Ford, Hyundai, Ashok Leyland, etc. have their manufacturing base in Tamilnadu.

Considering the value of automobile sectors contribution towards the GDP, 25 potential automo-
tive organizations were selected for the conduct of this case study in the state of Tamilnadu, India. The 
selected organizations were explained about this study through an orientation meeting conducted at the 
top management level. The workforce level of the selected organization was in the range of 100 – 1100 
employees per shift and the sales range in the year 2010 is 100 to 15000 million in INR. The organiza-
tions also assured to conduct sustainability studies to the possible extent.

Figure 2. 
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4.2 Selection of Functionality Variables for Sustainable Development

The assortment of variables is a significant task in performing cluster analysis. Based on the detailed 
literature survey conducted on industrial sustainability, five critical variables for identifying the suitable 
automotive organization were selected. The functionality variables for selecting the suitable automotive 
organization are,

•	 Economic credibility (V1)
•	 Societal contribution (V2)
•	 Environmental performance (V3)
•	 Organizational commitment towards sustainable development (V4) and
•	 Government Legislations (V5)

The above five are the comprehensive variables of the sustainability. These variables were identi-
fied based on the literature survey (Jain & Dubes, 1998) and after discussing with the stakeholders of 
the organizations. The three variables Economic credibility, societal contribution and Environmental 
performance were selected because these three are the main perspectives of sustainability. Organiza-
tional commitment towards sustainable development variable is selected to ensure the involvement and 
commitment of the management towards sustainability studies. Economic credibility (V1) includes 
financial health, potential trading opportunities, economic performance and other financial benefits of 
that organization in comparison to the other organizations of automotive sector in Tamilnadu. The val-
ues of V1 for the organizations can be easily obtained from the market share values of the organizations 
under study. Societal contribution (V2) is defined as the organizational engagement with its external and 
internal human resources, stake holder participation and macro social performance. The values of V2 are 
obtained based upon a general survey conducted in the organizations. The environmental performance 
(V3) of the organizations indicates the difference between the quantities of environmental preservation 
activities carried out against the environmental impact created by that organization. V3 values were ob-
tained from the pollution control board of that region where the organization is located. Organizational 
commitment (V4) is the promise made by that organization towards sustainable development in making 
their products, processes and locations more sustainable in comparison with the other organizations 
under study. Government legislations (V5) are the rules and regulations enforcing the organizations to 
be sustainable in nature with more responsibility to the society they are located. 25 organizations con-
sidered under this study are designated as A1, A2, A3…and A25. The normalized values of each variable 
were obtained using equation (1), where Vi

s is the normalized value of the ith variable Vi (i=1, 2, 3, 4). 
The data collected against the variables Vi (i=1, 2, 3, 4) and their corresponding normalized values are 
presented in Table 1. The normalized values computed were used for conducting cluster analysis in this 
case study and are computed using Equation 1.

V
V V

V Vi
s i i

i i

=
−
−
�min

max min
.	 (1)
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4.3 Data Analysis

Cluster analysis groups objects based only on information found in the data that describes the objects and 
their relationships. The goal is that the objects within a group be similar to one another and different from 
the objects in other groups. The greater the similarity within a group and greater the difference between 
groups, the better or more distinct is the clustering. The types of clustering include hierarchical (Nested) 
versus partitioned (Un-nested), exclusive versus overlapping versus fuzzy, and complete versus partial 
are the types of clustering’s. There are three major important techniques in cluster analysis known as, K-
means, Agglomerative Hierarchical Clustering (AHC) approach and Density Based Clustering Algorithm 
(DBSCAN). AHC approach used in this study refers to a collection of closely related clustering techniques 
that produce a homogeneous hierarchical clustering by starting with each point as a singleton cluster 

Table 1. Functionality and normalized values of variables

Organization
Functionality Variable Values Normalized Variable Values

V1 V2 V3 V4 V5 V1 V2 V3 V4 V5

A1 1.072 0.62 1.5 1.058 1.063 0.004 0.001 0.065 0 0.000

A2 1.692 2.28 2.8 1.527 2.075 0.197 0.057 0.403 0.007 0.038

A3 2.367 0.96 2 1.146 1.618 0.406 0.013 0.195 0.001 0.021

A4 2.912 2.49 2.4 1.558 2.340 0.575 0.064 0.299 0.007 0.048

A5 2.516 3.03 4.3 1.693 2.885 0.452 0.083 0.792 0.009 0.068

A6 1.859 2.52 4.8 1.345 2.631 0.248 0.066 0.922 0.004 0.059

A7 3.218 8.44 1.8 3.56 4.255 0.67 0.266 0.143 0.035 0.119

A8 2.659 2.34 1.25 2.645 2.224 0.497 0.059 0 0.022 0.043

A9 1.116 0.93 1.25 1.243 1.135 0.018 0.012 0 0.003 0.003

A10 2.674 4 1.25 2.112 2.509 0.502 0.116 0 0.015 0.054

A11 1.391 3.5 1.5 1.553 1.986 0.103 0.099 0.065 0.007 0.034

A12 1.612 3.3 4.2 2.9 3.003 0.172 0.092 0.766 0.026 0.072

A13 2.886 6.28 3.8 4.639 4.401 0.567 0.193 0.662 0.051 0.125

A14 1.442 4.63 3.5 3.682 3.314 0.119 0.137 0.584 0.037 0.084

A15 2.291 8.88 4.1 4.358 4.907 0.383 0.281 0.74 0.047 0.144

A16 4.279 30.05 5 72.079 27.852 1 1 0.974 1 1.000

A17 2.217 0.78 2.1 1.154 1.563 0.36 0.006 0.221 0.001 0.019

A18 3.151 10.68 2.34 3.086 4.814 0.65 0.342 0.283 0.029 0.140

A19 1.059 0.59 2.6 1.052 1.325 0 0 0.351 0 0.010

A20 1.171 2.09 1.9 1.209 1.593 0.035 0.051 0.169 0.002 0.020

A21 1.25 2.94 3.1 1.234 2.131 0.059 0.08 0.481 0.003 0.040

A22 2.253 4.49 4 2.039 3.196 0.371 0.132 0.714 0.014 0.080

A23 1.629 2.34 1.6 1.271 1.710 0.177 0.059 0.091 0.003 0.024

A24 1.69 4.05 5.1 6.903 4.436 0.196 0.117 1 0.082 0.126

A25 2.217 0.78 2.1 1.204 1.575 0.36 0.006 0.221 0.002 0.019
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and then repeatedly merging the two closest clusters until a single, all-encompassing cluster remains. 
The clustering method uses the dissimilarities or distances between objects while forming the clusters.

5. ANALYSIS

The Statistical Package for the Social Sciences (SPSS) version 18 was used in for statistical analysis in 
this case study using which ‘distances’ between data points were calculated in terms of the specified 
variables. A hierarchical tree diagram, called a dendrogram on SPSS, was produced to show the linkage 
points. The clusters are linked at increasing levels of dissimilarity. The actual measure of dissimilarity 
depends on the measure used. The fusion values or linkage distances were calculated by SPSS. The 
AHC approach was used in this case study to form groups from the normalized data computed from the 
chosen 25 organizations by the five functionality variables selected. There are more than five variables 
in this case study so it was preferred to use squared Euclidean distance as the correlation measures are 
influenced by differences in scale, to calculate the distance between each pair of organizations.

6. RESULTS

The dendrogram, a graphical representation of the cluster trees, begins with each object or case in a 
class by itself. In the dendrogram plots (shown in Figure 3) more and more objects are linked together 
and larger and larger clusters of increasingly dissimilar elements are amalgamated until one cluster is 
left. The horizontal axis denotes the fusion or linkage distance. At each node in the graph, the criterion 
distance at which the respective elements were linked together, a new single cluster is formed. The 
vertical direction shows the organizations identified by organizational number (A1, A2, A3…and A25).

Table 2 shows the agglomeration schedule explaining the average linkage between groups showing 
two clear clusters and a minor one.

Organization A16 is the only organization that comes under cluster I as the functionality variables 
economic credibility (V1), societal contribution (V2), environmental performance (V3), organizational 
commitment (V4) and government legislations (V5) with values 4.279, 30.050, 5.000, 72.079 and 63.089 
respectively for this organization is comparatively very high when compared with other organizations. 
The cluster II consists of seven organizations namely A6, A24, A12, A5, A22, A15 and A13 with higher relative 
societal contribution (V2), environmental performance (V3) and government legislations (V5) values in 
contrast with other organizations excluding organization A16. To be explicit, cluster III includes 17 orga-
nizations A1, A9, A11, A23, A20, A14, A21, A2, A19, A17, A25, A3, A4, A8, A10, A7 and A18. The organizations 
in cluster III have low economic credibility (V1), societal contribution (V2) and have low environmental 
performance (V3) value rating as compared with other organizations. But nevertheless the contributions 
of each and every organization in all the three clusters are not negligible as they have their own contri-
bution towards the sustainable GDP of the automobile clusters located in the Tamilnadu state of India.

6.2. Results Interpretation

The conduct of the study enables the grouping of organizations into three clusters. This kind of group-
ing will enable the identification of commonalities among the organizations in a cluster thereby the 
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implementation of sustainable concepts become easier. During the conduct of the study, the importance 
of management commitment was understood. The activities in this study were carried out by the cross 
functional team formulated which involves education and training to the team members involved in 
this study. The practitioners working in the field also expressed the usefulness of the approach towards 
conducting further studies.

7. CONCLUSION

The novelty of the study is to apply clustering mechanism for grouping organizations in automotive 
sector towards the conduct of sustainability studies. Adding sustainability considerations will challenge 
automotive organizations, especially eco-concepts incorporated into already prevailing complex design 
decisions that strive to balance cost, time to market, safety, and quality. The usage of cluster analysis as 
a tool to setup a benchmark, to identify the sustainability level of the organizations proves to be effective 
in the process of identifying one such best organization for the conduct of sustainability studies. Cluster 
analysis was used to examine the 25 automotive components manufacturing organizations in the state of 

Figure 3. 
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Tamilnadu, India, by selecting five functionality variables purely based on the sustainable development 
aspects. The result analysis clustered 25 organizations into four clusters and inferred that the organization 
A16 as the most suitable organization for the conduct of sustainability studies in the process of setting up 
a benchmark for sustainable organization whose functionality variable values were comparatively high 
compared to other organization in this case study. The conduct of sustainability studies in the selected 
organization (A16) will facilitate implementation of sustainability concepts and tools such as Life Cycle 
Assessment (LCA), Environmentally Conscious Quality Function Deployment (ECQFD), Environmen-
tal Impact Assessment (EIA), and other activities enabling the organization in turning out to be more 
sustainable and patronizing it to be a benchmark organization. The conduct of such studies will enable 
the organizations to improve their ability in designing products with synchronized functionality, safety, 
and sustainability in a cost-effective manner in comparison with their competitive organizations. As a 

Table 2. Agglomeration schedule

Agglomeration Schedule

Stage
Cluster Combined

Coefficients
Stage Cluster First Appears

Next Stage
Cluster 1 Cluster 2 Cluster 1 Cluster 2

1 17 25 0 0 0 2

2 3 17 0.003 0 1 16

3 8 10 0.003 0 0 18

4 1 9 0.005 0 0 10

5 11 23 0.008 0 0 9

6 5 22 0.015 0 0 13

7 14 21 0.021 0 0 12

8 6 24 0.022 0 0 14

9 11 20 0.022 5 0 10

10 1 11 0.026 4 9 21

11 7 18 0.026 0 0 20

12 2 14 0.037 0 7 17

13 5 15 0.041 6 0 15

14 6 12 0.047 8 0 19

15 5 13 0.048 13 0 19

16 3 4 0.052 2 0 18

17 2 19 0.056 12 0 21

18 3 8 0.076 16 3 20

19 5 6 0.12 15 14 23

20 3 7 0.153 18 11 22

21 1 2 0.169 10 17 22

22 1 3 0.277 21 20 23

23 1 5 0.486 22 19 24

24 1 16 3.664 23 0 0
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future direction of research, this study can be further extended to other sectors contributing majorly to 
the GDP to identify the suitable organization among them and an overall comparative sustainability 
check has to be performed as a process of validation.

The sustainability studies will further need to be expanded in product/process perspectives in the 
identified organization. Product studies will be based upon selecting alternate materials as a surrogate 
to existing materials ensuring their system performance and life. Design studies will be based on 6R 
concepts (Reduce, Reuse, Recycle, Repair, Recondition, and Remanufacture). Process studies will be 
based on finding out the most suitable alternate manufacturing processes as compared with the existing 
processes followed in the organization based upon each product. The best alternative will be identified 
and implemented in the organization in order to improve their sustainability level in comparison with 
the sustainability benchmark set by the organization (A16) identified in this case study. The present study 
focuses on the organizations in automotive sector towards the conduct of sustainability studies. Also, 
the approach could be extended for similar advanced manufacturing paradigms like leanness, agility 
and leagility.
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