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Preface 

This book volume presents select proceedings of the 2nd International Confer-
ence on Industrial and Manufacturing Systems (CIMS-2021) and encloses various 
manuscripts having its roots in the soft computing, modelling and optimization prac-
tices attempted for improving the variety of industrial and manufacturing systems. 
All the manuscripts appended in this volume provide deep insights into its readers 
about the current scenarios and future advancements through exploring the soft 
computations, modelling and optimization practices attempted in real-life studies 
for enhancing the advanced machining methods and performances, industrial oper-
ations, processing with hybrid manufacturing techniques, fabrication and develop-
ments in micro-machining and its applications, practical issues in supply chain, 
micro-structure analysis, additive manufacturing processes, reliability and system 
analysis, material science and metallurgical behaviour analysis, product design 
and development, etc. The Conference on Industrial and Manufacturing Systems 
(CIMS) series, from which this special volume has been derived, was started by the 
Department of Industrial and Production Engineering, Dr. B. R. Ambedkar National 
Institute of Technology (NIT), Jalandhar, India, in October, 2020. The 1st Interna-
tional Conference CIMS-2020 was organized in association with NIT, Patna; PEC, 
Chandigarh; MNNIT, Allahabad; and NIT, Delhi, which attracted renowned academi-
cians/researchers, industry representatives and delegates from countries like Canada, 
UK, Ethiopia, Russia, Malaysia, Brazil, Singapore and India. 

The book is a valuable reference for beginners, researchers and professionals inter-
ested in the modelling, optimization and soft computing-related aspects of industrial 
and production engineering and its allied domains. We would like to express our grat-
itude towards all the authors for contributing their valuable articles for the conference. 
Furthermore, we would like to acknowledge the reviewers for their painstaking and

v



vi Preface

time-consuming effort in reviewing manuscripts and providing the throughout eval-
uations for improving the quality of the manuscripts. We would also like to express 
our sincere gratitude towards the entire Springer team for the throughout support. 

Kurukshetra, India 
Kurukshetra, India 
Chandigarh, India 
Aveiro, Portugal 

Ravi Pratap Singh 
Mohit Tyagi 
R. S. Walia 

J. Paulo Davim
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Revalidation of Components 
by Implementation of Bar-Coded Route 
Cards and Enterprise Resource Planning 
System in Manufacturing Units 

S. Hari, Shanker Krishna, and Rakesh Kumar Vij 

Abstract Revalidation is a matter of concern in the manufacturing environment of 
an organization that manufactures components for aviation, space, oil and gas or 
defence requirements. As prescribed by Aerospace Standard, AS9100 Revision D, 
all the components that were checked using out-of-tolerance instruments or gauges 
have to be rechecked with a new gauge that is within the tolerance limits. This paper 
presents the significance of implementing an Enterprise Resource Planning (ERP) 
system in the tool cribs of manufacturing units. The importance of this study lies 
in the fact that the revalidation process is time-consuming and involves high costs. 
Hence, it is suggested to carry out the issuance of instruments or tools through an 
ERP system. In this scheme, the route orders are bar-coded, and the tool is issued 
on the basis of job order and operation. During the revalidation process, the data of 
components to be recertified is fetched directly from the ERP system. 

Keywords Enterprise resource planning (ERP) ·Manufacturing environment ·
Revalidation · Tolerance 

1 Introduction 

The quality requirements in the aerospace, automotive, and petroleum manufac-
turing sectors are becoming more stringent with advancements in quality manage-
ment systems. There has been a remarkable rise in the requirement for manufacturing 
quality, and hence, its integration all over the enterprise is an essential requirement. 
Implementation of manufacturing quality control ensures the production of compo-
nents that conform to the industry’s expectations and the customers all the time. The 
process of revalidation is introduced to prevent the entry of faulty components into 
the system.
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Drilling, Cementing and Stimulation Research Centre, School of Petroleum Technology, Pandit 
Deendayal Energy University, Knowledge Corridor, Raysan, Gandhinagar, Gujarat 382426, India 
e-mail: shanker.krishna@spt.pdpu.ac.in 

© The Author(s), under exclusive license to Springer Nature Singapore Pte Ltd. 2023 
R. P. Singh et al. (eds.), Advances in Modelling and Optimization of Manufacturing 
and Industrial Systems, Lecture Notes in Mechanical Engineering, 
https://doi.org/10.1007/978-981-19-6107-6_1 

1

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-19-6107-6_1&domain=pdf
mailto:shanker.krishna@spt.pdpu.ac.in
https://doi.org/10.1007/978-981-19-6107-6_1


2 S. Hari et al.

Calibration is the relationship between the values of quantities indicated by a 
measuring instrument represented by a material measure and the values realized by 
standards under specified conditions [3]. Minor differences in the process output 
characteristics are termed as tolerances [10]. The values of instrument tolerance 
depend on the type of industry and location. The tolerance in measurement along 
with calibration periodicity is specified by the manufacturer during the time of supply. 
The type of environment, usage and storage are specified by the manufacturer. The 
frequency of calibration of the equipment is set by the Quality Control Department 
(QCD) of an organization on the basis of usage, number of parts to be produced and 
calibration history [1]. The recommendation for calibration interval is not mentioned 
in a calibration certificate unless the customer agrees to it. 

Currently, AS 9100D [15] is an essential certification for maintaining international 
quality management standards with regard to aviation and defence manufacturing. 
AS9100D defines a quality management system for aviation, space and defence 
organizations. The requirement for a quality management system is standardized to 
such a great extent that it can be used by manufacturing firms all around the world 
on all platforms of their supply chain. It results in the enhancement of quality and 
performance. The quality management system is developed primarily for the defence, 
space and aviation industries. In industries where there is an additional requirement 
for a quality management system over ISO 9001 [7], AS 9100D standards can be 
used. As per the guidelines put forth by AS 9100 Revision D, all the components 
that were checked using out-of-tolerance gauges or equipment have to be rechecked 
with a new gauge that falls within the tolerance limits. 

The organization carries out the validation of any processes for production and 
service provision wherein the outcome cannot be verified with the help of subsequent 
monitoring or measurement. In such cases, the deficiencies become apparent only 
after the product is in use or the service has been delivered. Revalidation is a crit-
ical process in an organization that deals with the manufacturing of safety–critical 
components, which are more often associated with medical equipment [8], aerospace 
[15] and petroleum industry [9]. During the calibration process, it may be found that 
some of the instruments or gauges used for manufacturing components are out of 
tolerance limits. The instruments or gauges that are rejected are removed from the 
tool cribs. There lies a possibility that the rejected instruments or gauges were used 
to check components within the previous calibration date. To prevent the entry of 
faulty components into the system, the process of revalidation is introduced. The 
process of revalidation is time-consuming and involves high costs. For instance, the 
revalidation engaged in the alteration of cutting tool geometry to turn a component 
of an aero-engine would cost approx. e135,000 [11]. 

2 Research Background 

In the present-day world, manufacturing companies are being forced to redesign 
their products and components that encompass these products frequently. Significant
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reasons to adopt changes in products, as well as components composed by these 
products, are listed as follows: 

1. Shorter and shorter life cycles of the product [16] 
2. Change the requirements of the customer [4] 
3. Increasing demands for product optimization [4]. 

Manufacturing of safety–critical products involves multiple interconnections 
between the products and the manufacturing methods and a vast extent of complexi-
ties. Manufacturing Changes (MC) refer to the alterations in the existing manufacture 
in order to carry out a change in the component post its entry into the market [12]. 
Researchers have acknowledged that even though recognizing an appropriate MC in 
a systematic manner has the potential to minimize the cost and effort involved in the 
process of revalidation and optimize the economic aspects, it is indeed a scientifically 
challenging task [2]. 

The proposed methodology ensures a reduction in cost, effort and time consump-
tion during the process of revalidation. A double verification scheme of the used 
equipment for inspection in the ERP system is established through this study. 

3 Research Methods 

3.1 Job Order and Job Card 

A job order or work order is prepared by the Methods Engineering Department 
(MED) of the organization and is used for manufacturing and fabrication. It is gener-
ated to initiate the process flow of manufacturing. Generally, the first process is to 
withdraw the specified material from the store. The bill of materials is included in 
the job order. The type of raw material, quantity on order, work centres and shops 
where the process has to be carried out are described in the job order. 

A routing card or job card is a document prepared by the MED of the organi-
zation. It is a process flow document in which the sequence of operations to be 
carried out on the raw material is specified. This sequence of operations results in 
the manufacturing of the final product from the raw material state. The route card is 
bar-coded by the organization’s Scheduling and Progress Department (SPD). When 
the bar-coded route card is scanned, the details of the route card are fed to the ERP 
system. An ERP system is an integration of several modules of software and a central 
database that facilitates efficient, effective and smooth management of resources [5, 
13, 17]. It establishes uniformity in the entire organization and ensures that the 
whole process of business, data sharing, and access to the updated information in 
real-time settings becomes automated [14]. It improves cross-functional activities in 
an enterprise [6]. Few gauges within a batch may be identified as out-of-tolerance 
instruments. A rejection list of instruments and gauges is prepared and forwarded 
to Detailed Component Inspection Department (DCID). The list of components that
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were inspected by the instrument or gauge within the calibration periodicity is then 
compiled from inspection records and forwarded to the SPD. The document issued 
by SPD to the manufacturing shops for withdrawal of possibly defective components 
is called withdrawal routing. 

4 Result Discussion 

4.1 Conventional Inspection Process Workflow 

The gauges, instruments and several other tools are stored in the tool crib. These 
instruments or gauges are issued through a tool crib for day-to-day manufacturing 
activities. The issuance is done based on the operators’ request against a tool token. 
The instrument or gauge is issued from the tool crib to fabricate a component based 
on the requirement. 

The component is fabricated using that gauge or instrument. Inspection of the 
component is carried out using the same or similar instrument or gauge by the quality 
assurance personnel. Entry of the instrument or gauge is done in the inspection record 
and is maintained by the Quality Assurance Department (QAD). The inspection 
operation is closed in the ERP system once the inspection process is finished. 

4.2 Conventional Revalidation Process Workflow 

All gauges, instruments and tools in the tool crib are calibrated by the calibration 
unit of QAD. All calibration is done in a controlled environment as per the standard 
norms followed by the organization. If an instrument or gauge is found out of standard 
limits during the process of calibration, it is rejected. Feedback is sent to the DCID 
to verify if any component was checked previously with that rejected instrument. 
All components checked previously with the rejected gauge between the previous 
calibration date and the next calibration date is traced from the inspection records. A 
recall notice, with the details of the parts and the work order, is forwarded to the SPD, 
which prepares the withdrawal route cards for routing back the possibly defective 
components from the assembly lines and other process shops. The components and 
the withdrawal route card are received in the DCID from various assembly shops. 
The components are subjected to reinspection using gauges that are within acceptable 
limits. Once this is carried out, the components are sent back to the concerned stores 
or assembly lines. The process workflow is shown in Fig. 1.
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Fig. 1 Process flow chart for revalidation 

4.3 Implementation of ERP in Tool Cribs 

Initially, all the data of instruments, gauge tools and equipment in the tool crib are 
added as standard parts in the ERP system. A bar-code reader is installed in the 
tool crib to scan the bar-coded route cards. Each gauge or tool is given a unique 
Tool Identification Number (TIN). The unique number series is followed to improve 
traceability among tools that possess the same specification and are large in number. 
The tool request is made based on a given work order. The bar-coded route cards are 
scanned at the tool crib. The tool is issued for the assigned work order and operation, 
and the same is recorded in the ERP system. The details of the route card that contains 
the operation details and the unique Gauge Identification Number (GIN) are linked 
and stored in the ERP system. Once this process is completed, the gauge/instrument 
is issued to the personnel. 

4.4 Retrieval of Data from ERP for Revalidation 

A rejection list is received from the calibration unit regarding the rejection of the 
gauge or tool. The details of the components which were manufactured or inspected 
by the rejected tool or gauge are obtained from the ERP tool crib database. The job 
order and the operation for which the tool was used are also obtained. 

4.5 Revalidation Workflow After the Implementation of ERP 
in Tool Cribs 

Job orders in which the rejected tool gauge was used are identified from the ERP 
system’s database. This information is compiled in the form of a document and 
forwarded to the SPD, which in turn prepares the withdrawal route cards. If the
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Fig. 2 Process flow chart for revalidation after implementation of ERP in tool cribs with bar-coded 
route cards 

component is critical, the part’s serial number is also mentioned in the withdrawal 
routing. The components withdrawn are subjected to reinspection at the DCID and 
revalidated based on the operation for which the rejected tool was used. The compo-
nent is checked using the gauges or instruments that are within the tolerance limits. 
The revised workflow is shown in Fig. 2. 

5 Conclusion 

The salient points of this research article that need to be highlighted are listed below: 

1. In conventional revalidation process flow, as mentioned earlier, the list of compo-
nents that were inspected using the rejected gauge is prepared based on the 
inspection reports. This list of components is forwarded for withdrawal routing. 
This process is time-consuming and not completely error free. 

2. Upon the implementation of ERP in tool cribs, the tools are issued through ERP 
for a given operation and job order. Consequently, the process of revalidation 
becomes much easier for the inspection personnel. The verification has to be 
carried out only on the basis of the operation for which the rejected gauge was 
used. 

3. The process of revalidation is initiated from the calibration unit as the data of 
components manufactured by the instrument or gauge is available in the ERP 
database. The time consumed by the personnel in DCID to check the inspection 
reports for rejected gauge usage is also avoided. 

4. The process improves the traceability of the instruments and gauges along with 
the components fabricated. The implementation of ERP system in the tool cribs 
makes the system more effective and efficient.
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Parametric Study of Process Parameters 
on Surface Roughness and Dimensional 
Deviation in Electrical Discharge 
Machining of Fe-Based SMA 

Ranjit Singh, Ravi Pratap Singh, and Rajeev Trehan 

Abstract The need for sophisticated material goods has continuously increased in 
the contemporary era of research and technology. Precision machining of sophis-
ticated materials has long been a source of worry for scientists and academics. In 
the commercial and industrial sectors, shape memory alloys are a kind of sophis-
ticated material that is becoming more widely employed as time goes on. It is a 
highly uncommon and distinct substance with the property of resuming its orig-
inal shape after being subjected to low exact temperature conditions. Because of its 
shape-recovery design, it is a valuable metal for large-scale industrial applications 
due to its high strength and durability. SMAs are also divided into three types: those 
that are reliant on NiTi, those that are based on Cu, and those that are based on 
Fe. The Fe-based alloy has a high elasticity and damping coefficient, as well as a 
broad temperature range. When applying electrical discharge machining on Fe-based 
SMA, this research aims to examine the effects of pulse-on time, pulse-off time, peak 
current, and distance voltage on surface roughness and dimensional deviation. 11.26 
and 4.18 m were the highest and lowest levels of surface roughness measured. The 
dimensional variation ranges from a minimum of 0.02 to a maximum of 0.21 mm. 
When it comes to surface roughness, the amount of peak current and the timing 
of the pulse are more important factors. SEM micrographs of the workpiece show 
the development of microcracks, craters, pockmarks, pores, extruded material, glob-
ules of debris, recast layer, macro-ridges, and other features on the surface of the 
workpiece sample after EDM operations. The variation in the size of the workpiece 
samples following EDM operations on Fe-based SMA samples was shown in SEM 
micrographs. 
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1 Introduction 

The need for smart materials is growing in today’s era of technological innovation 
due to their exceptional and unique characteristics and uses in a broad range of areas, 
from biomedical to manufacturing. Shape Memory Alloys (SMAs) are a new class 
of advanced materials that may return to their original shape after being exposed to 
magnetic and temperature changes [1]. The shape memory effect refers to the process 
of reverting to its previous form (SME) [2]. Arne Olander was the first to discover 
SMAs in 1932. SMAs come in three varieties: NiTi, Cu, and Fe based [3–6]. Fe-based 
SMA is a kind of SMA in which iron is a significant component in comparison with 
other components. Since Fe-based SMAs may be easily manufactured using liquid or 
powder metallurgical processes, they are considered low-cost alloys rather than NiTi 
alloys. An important SMA alloy system with several industrial applications is Fe-
based SMA. Using Sato’s Fe-30Mn-1Si alloy and the Fn-Mn alloy SME, production 
costs were lowered. Fe-SMAs, on the other hand, have a large transition hysteresis 
as well as high stiffness and strength compared to Ni- and Cu-based SMAs. For Fe-
16Mn-5Si-10Cr-4Ni-1(V,N) and Fe-17Mn-5Si-10Cr-4Ni-1(V,N), Dong et al. and 
Leinenbach et al. employed mass fraction to increase SME (V,C). Existing SMEs 
have prompted widespread interest in the application of these Fe-SMAs in civil 
engineering sectors such as damping, active control, and pre- or post-stress tensioning 
of structures, thanks to their high rigidity, high strength, and low production costs. 
After NiTi and Copper-based SMAs, Iron-based SMAs are the third kind of SMA to 
be projected. This SMA class has shown to be more cost-effective than the NiTi alloy 
system because of its low alloy component and simplicity of manufacture. A number 
of alloys, such as Fe–Pt, Fe–Pd, Fe–Mn–Si, Fe–Al, Fe–Ni–Ti, and Fe–Ni + Co + 
Ti, are used to make iron-based SMAs, also known as shape memory steels (SMS). 
SMS can only be economically viable if it is manufactured at the same rate as carbon 
steel. The use of non-conventional machining processes to machine Fe-based SMA 
is a concern for the future. Researchers are looking at EDM machining of Fe-based 
SMA to better understand how various process factors affect machining responses. 
Fe-based SMA’s EDM method is investigated in order to get new machining ideas 
and help with industrial growth [7–9]. In order to suit the needs of the new industry, 
non-traditional machining processes develop complicated machining shapes on such 
specific materials. In EDM, an electric spark is used to remove material from the work 
surface and obtain the desired form [10–12]. The material is melted and vaporized 
as a result of the high temperature caused by the electrical discharge at the tool work 
contact. High precision machining, complicated slice forms, and surface conditions 
may all benefit from this approach in modern production. All of these processes are 
based on the EDM system’s operating idea, which may be used in a variety of ways. 
Because of the wide variety of EDM processes [13],  it  may be used for  both small  
and somewhat large machining areas. 

A thermo-erosive method for electrically conductive materials EDM employs 
pulsed discharges that are spatially and temporally regulated irrespective of their
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mechanical, chemical, or thermo-physical features. The EDM technology was intro-
duced in the 1940s [14]. In recent years, EDM has become one of the most popular 
methods for machining difficult-to-cut components. This machining technology has 
been used in modern production to help with high-accuracy machining of materials 
and cutting complicated shapes with maximum surface parameters [15]. It is possible 
to get a workpiece free of residual tension with EDM since the instrument (electrode) 
does not come into direct contact with the material being machined when using it. 
To achieve the required form, EDM manufacturing utilizes an electrical discharge 
(electrical sparks). Tool erosion unit and die-sinking are other terms for the same 
process [16–21]. 

The current research focuses on the impact of process parameters on surface 
roughness (SR) and dimensional deviation (DD) during EDM machining Fe-based 
SMA. The surface research investigates the surface characteristics and variation in 
dimensions of work samples at various process parameters. Pictorial diagrams and 
figures were used to investigate the differences in SR and DD readings across a wide 
range of values. 

2 Materials and Methods 

The Fe-based SMA has been chosen for performing experiments. The electrode of 
copper has been selected as a tool for performing EDM operations. The electrode 
has diameter of 10 mm. Circular disk with 100 mm diameter and 15 mm height is the 
shape of the workpiece. The EDM method measures the pulse-on and pulse-off times, 
peak currents, and gap voltages, among other things. When the process parameters 
are changed, a response parameter called surface roughness is measured. 

Oscar max CNC die-sinking EDM machine was used for the experiments. Pulse-
on time, pulse-off time, peak current, and gap voltage are selected as parameters. 
Surface Roughness (SR) and Dimensional Deviation (DD) have been selected as the 
responses to examine the impacts of various process factors (DD). EDM die-sinking 
is seen schematically in Fig. 1.

The range of various selected process parameters has been displayed in Table 1 
(Fig. 2).

Table 2 shows the surface roughness for various pulse-on time times in different 
units of measurement. At pulse times of 30 µs and 400 µs, the lowest and greatest 
values of surface roughness are 4.18 m and 11.26 m, respectively. Dimensional 
deviation data are shown in Table 3 for various pulse durations. When the pulse-on 
time is 30 and 400 µs, DD’s lowest and maximum values are 0.02 and 0.21 mm.
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Fig. 1 Die-sinking EDM setup

Table 1 Range of process 
parameters 

Process parameters Range 

Pulse-on time (Ton) 30, 45, 60, 90, 120, 150, 250, 300, 400 

Pulse-off time (Toff) 20, 45, 60, 90, 120, 200, 250, 300 

Peak current (Ip) 8, 14, 20, 24, 30, 40, 50 

Gap voltage (GV) 30, 40, 50, 60, 70, 80 

Fig. 2 Fe-based shape memory alloy

At various pulse-off times, the surface roughness values are shown in Table 4. At  
pulse-off times of 20 µs and 60 µs, the maximum and minimum values of surface 
roughness are 9.88 m and 6.21 m, respectively. Different pulse-off times are shown
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Table 2 Surface roughness at various pulse-on time values 

S. No Pulse-on time (µs) Act. diameter Actual depth Time in minutes Surface roughness 
(µm) 

1 30 10.02 6.81 47.66 4.18 

2 45 10.04 6.88 25.66 6.26 

3 60 10.05 6.93 20.71 9.72 

4 90 10.07 6.97 17 8.85 

5 120 10.09 6.99 16.16 8.5 

6 150 10.12 7.13 17.13 8.08 

7 250 10.16 7.18 16.9 9.5 

8 300 10.19 7.22 16.8 9.8 

9 400 10.21 7.25 17.43 11.26 

Table 3 Dimensional deviation at different pulse-on time 

S. No Pulse-on time 
(µs) 

Act. diameter 
(mm) 

Actual depth 
(mm) 

Time in minutes Dimensional 
deviation 
(diametral) 
(mm) 

1 30 10.02 6.81 47.66 0.02 

2 45 10.04 6.88 25.66 0.04 

3 60 10.05 6.93 20.71 0.05 

4 90 10.07 6.97 17 0.07 

5 120 10.09 6.99 16.16 0.09 

6 150 10.12 7.13 17.13 0.12 

7 250 10.16 7.18 16.9 0.16 

8 300 10.19 7.22 16.8 0.19 

9 400 10.21 7.25 17.43 0.21

in Table 5. Maximum and lowest DD at pulse-off times of 20 µs and 300 µs are 0.15 
and 0.02 mm, respectively.

The surface roughness levels at various peak current values are shown in Table 6. 
At peak currents of 24 A and 50 A, the lowest and greatest values of surface roughness 
are 7.25 m and 9.2 m, respectively. Table 7 shows the DD values at various peak 
current levels. At peak currents of 8 A and 50 A, DD’s lowest and highest values are 
0.02 mm and 0.15 mm, respectively.

At different gap voltages, the surface roughness values are shown in Table 8. At  
gap voltages of 60 V and 80 V, the maximum and lowest values of surface roughness 
are 10.77 m and 6.69 m, respectively. At varied gap voltages, the variance in DD 
values is seen in Table 9. At gap voltages of 30 V and 80 V, the maximum and lowest 
DD are, respectively, 0.08 and 0.02 mm.
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Table 4 Surface roughness at different range of pulse-off time 

S. No Pulse-off time 
(µs) 

Act. diameter 
(mm) 

Actual depth 
(mm) 

Time in minutes Surface 
roughness (µm) 

1 20 10.15 7.01 21.43 9.88 

2 45 10.12 6.82 16.56 9.79 

3 60 10.11 6.32 15.78 6.21 

4 90 10.09 6.2 16.53 6.42 

5 120 10.07 6.12 18.71 6.65 

6 200 10.05 7.05 34.26 6.52 

7 250 10.03 6.26 32.91 7.72 

8 300 10.02 6.15 35.78 6.61 

Table 5 Dimensional deviation at different pulse-off time 

S. No Pulse-off time 
(µs) 

Act. diameter 
(mm) 

Actual depth 
(mm) 

Time in minutes Dimensional 
deviation 
(diametral) 
(mm) 

1 20 10.15 7.01 21.43 0.15 

2 45 10.12 6.82 16.56 0.12 

3 60 10.11 6.32 15.78 0.11 

4 90 10.09 6.2 16.53 0.09 

5 120 10.07 6.12 18.71 0.07 

6 200 10.05 7.05 34.26 0.05 

7 250 10.03 6.26 32.91 0.03 

8 300 10.02 6.15 35.78 0.02

Table 6 Surface roughness at different values of peak current 

S. No Peak current Act. diameter Actual depth Time in minutes Surface roughness 
(µm) 

1 8 10.02 7.16 79 9.09 

2 14 10.04 7.02 41.9 6.82 

3 20 10.05 6.17 22.13 7.19 

4 24 10.07 6.12 17.9 7.25 

5 30 10.1 6.59 18 7.3 

6 40 10.12 6.33 11.26 8.18 

7 50 10.15 5.88 9.1 9.2
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Table 7 Dimensional deviation at different peak current values 

S. No Peak current 
(A) 

Act. diameter 
(mm) 

Actual depth 
(mm) 

Time in minutes Dimensional 
deviation 
(diametral) 
(mm) 

1 8 10.02 7.16 79 0.02 

2 14 10.04 7.02 41.9 0.04 

3 20 10.05 6.17 22.13 0.05 

4 24 10.07 6.12 17.9 0.07 

5 30 10.1 6.59 18 0.1 

6 40 10.12 6.33 11.26 0.12 

7 50 10.15 5.88 9.1 0.15

Table 8 Surface roughness at different gap voltage values 

S. No Gap voltage Act. diameter Actual depth Time in minutes Surface roughness 
(µm) 

1 30 10.08 6.54 21.12 9.95 

2 40 10.06 6.05 18.03 9.89 

3 50 10.04 6.51 22.41 9.8 

4 60 10.03 6.04 18.52 10.77 

5 70 10.03 6.42 18.14 7.75 

6 80 10.02 6.39 21.21 6.69 

Table 9 Dimensional deviation at different gap voltage 

S. No Gap voltage (V) Act. diameter 
(mm) 

Actual depth 
(mm) 

Time in minutes Dimensional 
deviation 
(diameter) 
(mm) 

1 30 10.08 6.54 21.12 0.08 

2 40 10.06 6.05 18.03 0.06 

3 50 10.04 6.51 22.41 0.04 

4 60 10.03 6.04 18.52 0.03 

5 70 10.03 6.42 18.14 0.03 

6 80 10.02 6.39 21.21 0.02 

3 Results and Discussions 

CNC EDM machine setup is used for the tests. Process parameters have been exam-
ined while using EDM to process Fe-based SMA. Charts and graphs have been used
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to illustrate the results. The graphs represent the relationship between the parameters. 
The behavior of graph represents the particular parameter effect on SR and DD. 

At different pulse-on time values, the SR and DD curves are shown in Fig. 3. The  
roughness of the surface rises as the pulse-on time increases. Owing to a reduction 
in the time lag between pulses caused by an increase in pulse-on time, more material 
is removed from the workpiece due to massive spark generation and high temper-
ature creation. The surface roughness rises as pulse-on time grows because of the 
substantial material removal. At pulse times of 30 µs and 400 µs, the lowest and 
greatest values of surface roughness are 4.18 m and 11.26 m, respectively. When 
pulse-on time grows, DD also increases. The increase in pulse-on time results in 
a shorter time interval between pulses, which results in more spark creation and 
a higher temperature, which results in more material removal, which results in an 
increase in dimensional deviation. When the DD is used, the work material’s form 
deviates from the specified specifications. When the pulse-on time is 30 and 400 µs, 
DD’s lowest and maximum values are 0.02 and 0.21 mm. 

Figure 4 depicts how SR and DD behave as the pulse-off time lengthens. Due to an 
increased pulse-off time, there is a longer time lag between pulses, which results in 
less sparking. There is less material removal from the workpiece as a result of reduced 
spark generation. Surface roughness is reduced when less material is removed from 
the workpiece. At pulse-off times of 20 µs and 60 µs, the maximum and minimum 
values of surface roughness are 9.88 m and 6.21 m, respectively. The increase in 
pulse-off time results in a longer time interval between pulses, which reduces the 
likelihood of a spark forming. Less spark creation means lower temperatures, which 
means less material loss and, as a consequence, a smaller departure from the original 
size of the workpiece. The work material’s dimensional deviation is reduced when 
the pulse-off time is prolonged. Maximum and lowest DD at pulse-off times of 20 µs 
and 300 µs are 0.15 and 0.02 mm, respectively.
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Figure 5 depicts the plot of SR and DD with the rise in peak current values. There 
is rise in surface roughness levels with the increase in peak current. The rise in peak 
current translates into increased current supply that leads to high temperature which 
generates significant material removal. The increased MRR turns into higher surface 
roughness. The lowest and greatest value of surface roughness are 7.25 and 9.2 µm 
for peak current levels of 24 A and 50 A. The rise in peak current leads to higher 
current that leads to increased spark generation. Large spark creation translates into 
more material removal and leads to greater variation in the shape of the workpiece. 
The lowest and highest values of DD are 0.02 and 0.15 mm at peak current levels, 
i.e., 8 A and 50 A. 

As the gap voltage rises, so does the relationship between SR and DD in Fig. 6. 
The surface roughness value decreases as the gap voltage increases. More voltage in 
the gap leads to a longer discharge waiting time, which results in a lower MRR. As a 
result of the shorter discharge pause caused by the lower gap voltage, more sparks are 
formed, increasing the temperature, and therefore the MRR. The increase in MRR
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Fig. 6 Effect of gap voltage on a SR andb DD 

results into more surface roughness of the workpiece. The highest and lowest values 
of surface roughness are 10.77 and 6.69 µm at gap voltage values of 60 and 80 V. 
The dimensional deviation decreases with an increase in gap voltage. The extended 
discharge waiting time improves flushing conditions, which leads to a more stable cut 
as a result of the increased gap voltage. A more consistent cut has been made. Lower 
gap voltage settings may reduce discharge waiting time, increasing the amount of 
sparks produced per unit of time. As a result, the amount of material removed from 
the workpiece increases, as does the amount of workpiece form deviation. DD values 
of 0.08 mm and 0.02 mm for gap voltages of 30 V and 80 V, respectively, are the 
highest and lowest possible. 

4 Microstructure Characteristics 

The present study focuses on assessing the surface integrity and dimensional devi-
ation of the circular cavity imparted on the work surface and tool electrode surface 
following CNC Die-Sinking EDM machining. T on and T off durations had a consid-
erable influence on the surface integrity, leading in deep overlapping craters, debris 
globules, microscopic cracks, and the development of RL, as the results of the 
experiment shown. 

The surface homogeneity of Fe-based SMA was evaluated during the experiment 
by changing GV, Ip, T off, and T on. EDM is used to verify the metal content of the 
machined samples before using a scanning electron microscope (SEM). Analyzing 
the material’s surface integrity is done using a scanning electron microscope (SEM). 
Machined-surface SEM micrographs revealed debris clusters, microcracks, sphere 
particles, and craters of various sizes. As the pulse rate increased, deep holes appeared
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Fig. 7 SEM micrographs for EDMed Fe-based SMA 

on the machined surface [22–31]. Deep and extensive holes in the specimen’s surface 
were caused by a combination of many electrical discharges, substantial heat trans-
mission, and minimal dissolving or vaporization of work material [32–37]. Some 
of the discharge-generated fused material was removed by the EDM grease. Work 
material was found to have an EDMed surface that had a recast layer (RL). Without 
the use of dielectric fluids, an electric spark-melted material solidifies and deposits 
on the workpiece’s surface. Various investigations [38–44] have also been reported 
with the similar findings [45–55], and therefore, the observed theory may be said 
validated for the elaborated aspects. 

Figure 7 shows the SEM machined sample micrographs. It depicts the formation 
of small cracks, craters, pull-out material, pores, extruded material, pockmarks, and 
debris globules on the surface of the samples. The surface of the sample is affected 
by peak current and pulse-on time. The higher the Ton, the more microcraters and 
debris form on the work sample’s surface. 

Figure 8 shows a SEM inspection of the sides and edge sections of machined 
samples. It depicts the development of a recast layer around the periphery of the 
machined specimen. Material that has been melted by an electrical spark and re-
solidified on the workpiece surface without being cleaned or evacuated with dielectric 
fluid is referred to as “RL”. The recast layer’s growth on the sample’s edge section is 
shown inFig.  8. The SEM micrographs show the development of macro-ridges, pores, 
spherical debris, and pull-out material on the edge section of the work sample. The 
re-solidified material has collected on the edge part of the samples, forming a unique 
layer structure. Its length varies depending on the machining circumstances, ranging 
from a little to a significant part. The dimensional deviation concept is elaborated 
with the formation of macro-ridges that represents the deviation in the edge length 
from actual dimensions.
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Fig. 8 Microstructure images targeted at edge sections of EDMed work sample 

5 Conclusions 

The following interferences are observed after performing the experimentation on 
Fe-based SMA in CNC EDM machine: 

1. Pulse-on time and peak current are two of the most important characteristics that 
affect surface roughness and dimensional deviation. 

2. More frequent and longer pulse-on times result in less time for material to be 
removed from the workpiece, resulting in larger sparks and greater temperatures. 
Due to the enormous amount of material removed, the surface roughness rises 
as the pulse-on time grows. At pulse times of 30 µs and 400 µs, the lowest and 
greatest values of surface roughness are 4.18 m and 11.26 m, respectively. When 
the pulse-on time is increased, the time between pulse occurrences is reduced, 
which causes more spark creation and higher temperatures, which results in 
greater material removal and an increase in work material dimensional deviation. 
The work material’s shape is altered as a result of the DD’s operation. When the 
pulse-on time is 30 and 400 µs, DD’s lowest and maximum values are 0.02 and 
0.21 mm. 

3. It takes longer for pulses to occur when pulse-off times are increased; hence, 
there is less spark creation as a consequence. Material loss from a workpiece is 
reduced due to reduced spark output, which results in lower temperatures. The 
roughness of the work surface reduces as less material is removed from it. At 
pulse-off times of 20 µs and 60 µs, the maximum and lowest values of surface 
roughness are 9.88 µm and 6.21 µm, respectively. Spark production is reduced 
as pulse-off time is increased, as the time gap between pulses is longer. There are 
fewer sparks, which lowers the temperature, which results in decreased material 
loss and a smaller workpiece. The dimensional deviation of the work material 
diminishes as the pulse-off time rises. At pulse-off times of 20 and 300 µs, the 
DD reaches a high of 0.15 mm and a low of 0.02 mm.
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4. As the peak current increases, so do the surface roughness levels. Peak current 
increases current supply, leading in high temperatures and severe material loss. 
The high MRR produces the increased surface roughness. The lowest and greatest 
value of surface roughness are 7.25 and 9.2 µm for peak current levels of 24 and 
50 A. The increase in peak current results in more current, which leads in more 
spark creation. Large spark generation removes more material and causes the 
workpiece’s form to deviate more. The lowest and highest values of DD are 0.02 
and 0.15 mm at peak current levels, i.e., 8 and 50 A. 

5. As the gap voltage rises, so does the surface roughness. A lower MRR is the 
consequence of a longer discharge waiting period, which lowers the temperature. 
Due to the shorter discharge waiting time caused by the smaller gap voltages, a 
bigger MRR may be achieved by generating more sparks and increasing temper-
ature formation. Workpiece surface roughness rises as MRR increases. At gap 
voltages of 60 V and 80 V, the maximum and lowest values of surface roughness 
are 10.77 m and 6.69 m, respectively. As a consequence, the flushing condition is 
improved and the cut is more stable with a greater gap voltage. A more consistent 
cut has been achieved. Increasing the quantity of sparks per unit time is possible 
by using a machine setting with a lower gap voltage value. Increased material 
removal and increased variance in the workpiece’s shape are the outcome of this 
method. At a gap voltage of 30 V and 80 V, the maximum and lowest DD are 
0.08 mm and 0.02 mm, respectively. 

6. Using SEM images, we discovered craters, voids, extruded material, pores, pock-
marks, sphere debris, and microcracks. Fractures and craters form as a result of 
the high amount of heat generated at the tool-to-workpiece contact point. In 
EDM, the high temperatures cause the workpiece’s surface to be worn away. By 
creating RL edges, re-solidified material on the workpiece’s surface may be seen. 
Images taken with a SEM microscope reveal a white coating, macro-ridges, and 
pores as well as pullout materials on the edge section of a metal workpiece. With 
the inclusion of macro-ridges, which illustrate the divergence in edge length from 
genuine dimensions, the dimensional deviation notion is expanded. 
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Analyzing Heat Stress Among Metal 
Casting Workers Using Selected Thermal 
Indices: A Pilot Study During Winter 
Climatic Conditions 

Milap Sharma, N. M. Suri, and Suman Kant 

Abstract Excessive hot environments are usually widespread in metal casting indus-
tries, where higher ambient temperature and radiant heat exposure could impose 
subsequent suppression on workers’ well-being and negatively impacts the work 
productivity. The six main agents of thermal stress include four environmental 
factors (air temperature, radiant temperature, air velocity, and relative humidity) and 
two personal factors (metabolic rate and clothing worn), which influence the heat 
exchange mechanism between the worker and its surroundings. The present study 
aimed to analyze the thermal exposure level in different work sections of the metal 
casting industry during the winter climatic conditions. Three different widely used 
thermal indices, i.e., wet bulb globe temperature (WBGT), tropical summer index 
(TSI), and discomfort index (DI), have been utilized to evaluate the heat stress expo-
sure level under distinct foundry work sections. Further, descriptive and inferential 
statistics have been used to analyze the evaluated parameters. Results revealed higher 
thermal exposure levels associated with the furnace and molding work sections as 
compared to fettling and CNC machining sections. Although, during the selected 
time period, heat indices were not exceeding the threshold limit values (TLVs) under 
the respective work sections. 

Keywords Work environment · Casting workers · Thermal indices · Exposure 
assessment 

1 Introduction 

Metal casting workers are exposed to harsh work conditions due to the high heat 
industrial work environment and subjected to intensive physical workload, which 
imposes significant thermal stress on the workers’ health [1]. There are several envi-
ronmental factors (air temperature, relative humidity, air velocity, and radiation) and

M. Sharma (B) · N. M. Suri · S. Kant 
Department of Production and Industrial Engineering, Punjab Engineering College (Deemed to be 
University), Chandigarh 160012, India 
e-mail: Milapsharma25@gmail.com 

© The Author(s), under exclusive license to Springer Nature Singapore Pte Ltd. 2023 
R. P. Singh et al. (eds.), Advances in Modelling and Optimization of Manufacturing 
and Industrial Systems, Lecture Notes in Mechanical Engineering, 
https://doi.org/10.1007/978-981-19-6107-6_3 

25

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-19-6107-6_3&domain=pdf
mailto:Milapsharma25@gmail.com
https://doi.org/10.1007/978-981-19-6107-6_3


26 M. Sharma et al.

personal factors (clothing worn and muscular activity), which affect the thermal ambi-
ence of a person [2]. In foundries, there are various work activities such as high heat 
furnace work operations, metal pouring and molding tasks, fettling operations, and 
manual material handling, which require a higher level of physical work activity [3]. 
A hot work environment imposes thermal stress, which causes thermophysiological 
effects on the workers’ bodies (such as a rise in core body temperature, heart rate, and 
increased sweating) [1]. India is a diverse country with extreme climatic conditions 
ranging from tropical and subtropical regions, and there is a huge unorganized sector 
[4]. Most of India’s north and northeast regions are subjected to humid subtropical 
climates, whereas a humid and hotter tropical climate is found in Southern India. 
Climatic zones like tropical and subtropical regions with higher air temperature and 
humidity values may cause greater risks of heat-related illness and safety threats to 
workers employed in developing countries with low and medium incomes [5, 6]. 
In developing countries like India, fewer resources are available on the combined 
effect of workplace heat exposure and climatic conditions [7]. Extreme hot envi-
ronments are usually widespread in foundries, iron and steel industries, and several 
other industrial work sectors. A prolonged period of heat exposure with a poor work 
environment will affect the production level, and at the same time, it will negatively 
impact the workers’ performance [8, 9]. 

For assessing heat stress, several indices have been developed over the past 
century, including the environmental factors and personal factors or a combina-
tion of both. Heat stress indices can be divided into three different categories, i.e., 
rational indices (based on the heat exchange equation), empirical indices (relating to 
objective and subjective strain), and direct indices (involving direct measurements) 
[10]. The present study research question was to assess whether the foundry indoor 
industrial heat stress exposure levels exceed the permissible limits/threshold limit 
values (TLVs) during the winter climatic conditions. So, the present study aimed 
to assess the environmental parameters followed by evaluating the heat stress expo-
sures levels under distinct foundry work locations during the winter climatic condi-
tions; to have better insights into the indoor workplace heat exposure experienced 
by the workers engaged in several foundry work activities. Further, descriptive and 
inferential statistical analysis has also been performed for the evaluated parameters. 

2 Work Methodology 

In the present study, three widely used heat stress indices have been considered 
to evaluate the heat stress exposure level under indoor industrial work conditions 
during the last month of the winter season (February 2021) in two different foundry 
units located in Ambala, India. The environmental measurements were monitored 
using Kestrel 5400 Heat stress tracker Pro (Nielsen-Kellerman Co.; USA) placed 
on a tripod at 1.1 m floor surface height as per ISO 7243 standard [11]. The equip-
ment was allowed to stabilize for a minimum of 15 min, after which the monitored 
readings were considered for evaluation purposes. The environmental variables were



Analyzing Heat Stress Among Metal Casting Workers … 27

Fig. 1 Monitored work sections (furnace, molding, fettling, and CNC machining) 

monitored during the afternoon time period (1:00 PM–3:30 PM) under four different 
work sections, i.e., fettling, molding, furnace, and CNC machining, as depicted in 
Fig. 1. From the monitored variables, respective heat stress indices were evaluated 
to analyze the associated risk exposure levels. Further descriptive and inferential 
statistics have also been performed on the evaluated variables. 

2.1 Considered Heat Stress Indices 

Wet bulb globe temperature (WBGT): WBGT is an empirical index; which is a 
widely used and validated heat stress index [11], for assessing hot work environ-
ments considering the combined effects of air temperature, humidity, air velocity, 
and radiation by measuring natural wet bulb temperature (T nw), dry bulb temperature 
(T a), and radiant effects using globe temperature (T g) for both indoor and outdoor 
work conditions. 

For indoor work environment; 

WBGT = 0.7Tnw + 0.3Tg (1)
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For outdoor environment; 

WBGT = 0.7Tnw + 0.2Tg + 0.1Ta (2) 

Tropical summer index (TSI): TSI, based on the Indian climatic conditions, gives 
an equivalent temperature of still air at a constant relative humidity of 50%, which 
provides a similar thermal sensation experienced by a user as the actual environment 
under consideration [12]. It is expressed by a mathematical relation as shown in 
Eq. (3): 

TSI = 0.308 ∗ Twb + 0.745 ∗ Tg − 2.06 
√
Var + 0.841 (3) 

where Twb is the wet bulb temperature (°C), Tg is globe temperature (°C), and Var is 
airspeed (m/s). 

Discomfort index (DI): The development of a direct indices tool called the “discom-
fort index” based on wet bulb temperature (Twb) and dry bulb temperature (T db) with 
some correction factor relates to the thermal degree of discomfort perceived by the 
user in a work environment [13]. 

DI = 0.5(Tdb + Twb) (4) 

where T d = dry bulb temperature (°C) and Tw = wet bulb temperature (°C) 

3 Results and Discussion 

3.1 Environmental and Individual Variables 

During field visits and manual observations, the clothing insulation values (in “clo”; 
1 clo equals to 0.155 m2 C/W) varied between 0.7 clo and 0.91 clo (based on the 
observed clothing worn by employed workers and recommended ISO 9920 standard 
[14]). Further, ISO 8996 standard provides information about the metabolic rate (in 
W/m2) based on the physical work activities [15, 16]. Based on the ISO 8996 guide-
lines, the metabolic rate for workers employed in a high heat work environment like 
casting industries was classified as follows; fettling: 190 W/m2, molding: 165 W/m2, 
furnace work: 135 W/m2, and CNC: 100 W/m2. The monitored environmental vari-
ables (relative humidity, dry bulb temperature, globe temperature, wind speed, and 
natural wet bulb temperature) under different work sections were analyzed using 
statistical analysis to draw logical conclusions. Tables 1 and 2 depict the descrip-
tive statistics results for the monitored environmental variables. It was observed 
that furnace and molding sections were exposed to higher ambient temperatures than 
fettling and CNC machining work sections. At the same time, higher RH values were
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Table 1 Monitored environmental parameters (mean (SD)) in foundry work sections 

Parameters Relative 
humidity (%) 

Air temp. (in 
Celsius) 

Globe temp. 
(in Celsius) 

Air velocity 
(in m/s) 

Natural wet 
bulb temp. (in 
Celsius) 

Work-section 

Fettling 40.61 (1.112) 31.29 (0.233) 31.35 (0.404) 0.220 (0.239) 22.01 (0.218) 

Furnace 36.40 (0.932) 32.89 (0.217) 36.28 (0.742) 1.615 (3.771) 21.25 (0.403) 

Molding 37.46 (0.987) 32.66 (0.267) 33.26 (0.117) 0.154 (0.172) 22.47 (0.283) 

CNC 40.30 (1.437) 30.48 (0.869) 30.08 (0.521) 0.077 (0.129) 21.36 (0.402) 

The average values of the monitored variables have been presented in bold 

Table 2 Range values for monitored environmental parameters 

Parameters Relative 
humidity (%) 

Air temp. (in 
Celsius) 

Globe temp. 
(in Celsius) 

Air velocity 
(in m/s) 

Natural wet 
bulb temp. (in 
Celsius) 

Work-section 

Fettling 38.1–42.9 30.7–31.7 30.2–32.1 0.05–1.2 21.6–22.5 

Furnace 35.0–39.4 31.4–33.3 33.6–37.3 0.05–29.5 20.5–22.2 

Molding 36.2–39.0 32.1–33.1 33.0–33.5 0.05–0.7 21.9–22.9 

CNC 38.2–42.5 28.9–31.6 29.5–31.7 0.05–1.0 20.8–22

accountable to the fettling and CNC section compared to the furnace and molding 
sections. However, the highest values of globe temperature were observed under the 
furnace work section followed by molding section; due to the radiant heat exposure. 
Air velocity was found to be higher under the furnace section due to the heavy-
duty pedestal fan installed near the furnace zone. The least value of air velocity 
was observed under the CNC work section. Figure 2 shows the variation among 
monitored variables (mean values) under the different work sections. 

3.2 Evaluated Heat Stress Indices 

From the analyzed variables, considered heat stress indices (i.e., WBGT, TSI, and DI) 
were evaluated as given in Tables 3 and 4. Higher values of heat stress indices were 
observed under the furnace and molding sections as compared to other work sections; 
with least values accountable to the CNC section. During the selected time period 
(winter season), fewer variations were observed under the distinct work sections, and 
also, the indices values were not exceeding the permissible limits. Figure 3 depicts 
the bar graphs, comparing evaluated heat stress indices mean values under the four 
distinct work sections.
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Fig. 2 Environmental parameters mean values under different work sections

Table 3 Evaluated heat stress indices (mean (SD)) (in °C) 

Indices → WBGT DI TSI 

Work-section ↓ 
Fettling 24.81 (0.175) 26.65 (0.171) 28.02 (0.256) 

Furnace 25.76 (0.360) 26.57 (0.245) 30.65 (1.482) 

Molding 25.70 (0.219) 27.56 (0.186) 29.65 (0.205) 

CNC 23.97 (0.357) 25.92 (0.623) 27.03 (0.472) 

The average values of the monitored variables have been presented in bold 

Table 4 Range values for evaluated heat stress indices (in °C) 

Indices → WBGT DI TSI 

Work-section ↓ 
Fettling 24.45–25.09 26.25–26.95 27.30–28.71 

Furnace 25.17–26.36 26.05–27.30 22.45–32.23 

Molding 25.29–26.05 27.20–27.80 29.18–30.01 

CNC 23.47–24.55 25.10–26.80 25.69–28.34

3.3 Scatterplots and Correlation Analysis 

Further, Pearson product moment correlation was performed using IBM SPSS 26.0 
software package for the evaluated heat stress indices. Highest association was 
observed among WBGT and TSI (r – value = 0.861; p-value < 0.01) followed
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Fig. 3 Evaluated heat stress indices (mean values) under different work sections

Table 5 Correlation analysis for respective heat indices 

Bivariate correlation analysis 

WBGT DI TSI 

WBGT 1 0.751** 0.861** 

DI 0.751** 1 0.474** 

TSI 0.861** 0.474** 1 

**Correlation is significant at the 0.01 level (2-tailed)

by WBGT and DI (r − value = 0.751; p-value < 0.01) indices; as given in Table 
5. Although, the least association was observed between TSI and DI (r − value = 
0.474) indices. Figure 4 depicts the scatterplots and regression lines for the rela-
tionship among respective indices. The results showed a strong relationship between 
WBGT and TSI (R2 − value = 0.741) followed by WBGT and DI (R2 − value = 
0.564) indices. However, the least association was observed among TSI and DI (R2 − 
value = 0.225) indices. 

4 Conclusion 

Heat stress is often an unacknowledged occupational health hazard, especially in 
developing countries. In developing countries like India, fewer resources are available 
on the combined effect of workplace heat exposure and climatic conditions. For
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Fig. 4 Scatterplots depicting the relationship between respective indices a TSI versus WBGT, b 
DI versus WBGT, c DI versus TSI
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heat stress assessment, several indices have been developed over the past century, 
including the environmental factors and personal factors or a combination of both. 
The present study assessed the heat stress exposures levels under different foundry 
work sections during the winter climatic season utilizing widely used heat indices. 
Strong positive association was observed among WBGT and TSI (r − value = 0.861; 
p-value < 0.01) followed by WBGT and DI (r − value= 0.751) indices. Although, the 
least association was found for TSI and DI (r − value = 0.474). Results revealed that 
the heat stress exposure levels were not exceeding the threshold limit values (TLVs) 
during the selected climatic condition. However, higher values of globe temperature 
and heat indices were observed under the furnace and molding sections compared to 
other work sections, with the least values accountable to the CNC machining section. 
Although a futuristic study could also be performed, having a comparative analysis 
of heat stress parameters under the different foundry work sections during the winter 
and hot summer climatic seasons. 
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Prioritizing the Drivers of Green Supply 
Chain Management Using 
ISM-Fuzzy-MICMAC Analysis 

Gagandeep, Rahul O. Vaishya, and R. S. Walia 

Abstract In present era of globalization, the industrial pollution significantly influ-
ences the health of human being. To mitigate the pollution concerns, the indus-
tries need to implement the green supply chain management (GSCM). The present 
research is focused for the identification of key drivers of GSCM in medical indus-
tries. Initially, twenty-two drivers were identified by studying available literature and 
discussed with the supply chain professionals. Accordingly, 5-point Likert scale-
based questionnaire is used for collecting the data. Further, ten major drivers were 
extracted using factor analysis and interpretive structural modeling (ISM) is imple-
mented for study the direct relation between the drivers. To analyze the driving and 
dependence power of the drivers, fuzzy-MICMAC approach has been used. In this 
study, ‘government rules and legislation’ was found key driver which was at the base 
position of ISM model. Furthermore, ‘top management support’ and ‘demand from 
NGOs’ were recognized as another important drivers that exists on the next level in 
the ISM model. The findings of the present study help the managerial staff to focus 
on essential drivers to effective implementation of GCSM. 

Keywords Interpretive structural modeling (ISM) · Factor analysis (FA) ·
Drivers · Fuzzy-MICMAC · Green supply chain management (GSCM) 

1 Introduction 

Environment related problems are increasing at alarming rate due the overuse and 
misuse of natural resources. Due the increasing demand of customers, manufac-
turing industries focus to satisfy the customers and earning profit without considering 
the environmental issues. To minimize these problems, organizations need to adopt 
GSCM [26]. GSCM is notion of introducing environmental thinking into traditional 
supply chain management [1, 21, 40]. Traditional SCM only focus on economic

Gagandeep (B) · R. O. Vaishya · R. S. Walia 
Department of Production and Industrial Engineering, Punjab Engineering College, Chandigarh, 
India 
e-mail: gagansekhu@gmail.com 

© The Author(s), under exclusive license to Springer Nature Singapore Pte Ltd. 2023 
R. P. Singh et al. (eds.), Advances in Modelling and Optimization of Manufacturing 
and Industrial Systems, Lecture Notes in Mechanical Engineering, 
https://doi.org/10.1007/978-981-19-6107-6_4 

35

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-19-6107-6_4&domain=pdf
mailto:gagansekhu@gmail.com
https://doi.org/10.1007/978-981-19-6107-6_4


36 Gagandeep et al.

concerns and short relationship with suppliers but on the contrary GSCM is focus 
on the both economic and environmental concerns and build long-term relationship 
with suppliers [16, 22, 32]. The concept of GSCM is not novel but there is need to 
make strategies to adopted GSCM in organizations [24]. There are various factors 
which encourage the organizations to adopt the green practice within the SCM. These 
factors are known as drivers of GSCM. The drivers were collected through literature 
and expert opinions. The goal of present paper to identify essential drivers and prior-
itize them using ISM-fuzzy-MICMAC analysis. ISM methodology is used to study 
the inter-relationship across drivers [34]. Further, fuzzy-MICMAC analysis used to 
inspect dependence or driven and driving power of drivers. 

The present study work is organized in five sections as follows comprising intro-
duction. Section 2 discusses the literature review of drivers of GSCM. Methodology 
is describe in Sect. 3. Results and discussion describe in Sect. 4. At last, Sect. 5 
consists of conclusion and future scope. 

2 Literature Review 

GSCM is emerging topic between researchers and practitioners to investigating the 
drivers of GSCM. A literature was reviewed to investigate enablers and obstacles 
which influence the GSCM and further segregate into six categories such as internal, 
external, customers, supplier, competition and market [10]. Diabat and Govindan [11] 
performed a work in aluminum manufacturing industry for assessment of drivers of 
GSCM by using ISM-MICMAC approach. This work reveals that ‘government rules 
and legislation’ and reverse logistics were more important drivers. Walker et al. [45] 
conduct a survey-based study in public and private sector to identify internal and 
external drivers and obstacles of GSCM. Study shows that external drivers are more 
influencing to GSCM. Bhool and Narwal [6] conducted research work in manufac-
turing industries in numerous sectors like two-wheelers, four-wheelers and general 
manufacturing to study the drives of GSCM. A research conducted based on survey 
in manufacturing industries to investigate crucial drivers and results showed that 
customers demand, competition and legislative demand as important drivers [5]. 
Dubey et al. [13] identify and discuss various drivers of GSCM and also said that 
customer relationship and supplier relationship management are key factors which 
help to adopt green practices in SCM. A study conducted by Tyagi et al. [42] which 
identified eleven drivers of GSCM in automotive industries and using ISM-MICMAC 
analysis to examined interaction among them. Study reveals that legislation and 
compliance was the key driver. Agi and Nishant [2] explored numerous issues in 
plastic, petrochemical, mechanical and textiles industries situated in gulf countries 
and disclose trust and long-term relationship with supplier as crucial factor of GSCM. 
Singh et al. [39] analyze the drivers of GSCM in fertilizer industry which shown 
‘top management commitment’ as most essential driver. Again same study has been 
performed with twelve drivers to prioritize them by using ISM-MICMAC analysis 
and get the similar results as previous [38]. Raut et al. [33] examine the drivers in
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gas and oil industry and found ‘global climatic pressure and ecological inadequacy 
of assets’ as critical success factor. Similarly, a research performed in agro-industry 
using ISM-MICMAC to create a model and recognized ‘the environment manage-
ment’, ‘competitive pressure’ and ‘regulatory pressure’ as essential enablers [15]. 
Saeed and Kersten [35] said that legislation assistances to understand about sustain-
ability and motivate the organizations to adopt sustainable practices. Shohan et al. 
[37] conduct study in chemical industry to develop the model to find influencing 
factors of GCSM and exposes supplier pressure and willingness toward GSCM were 
key factor. Thaib [41] analyzes the drivers in an automotive industry in Indonesia 
are found ‘competitors pressure’ and ‘social responsibility’ as cheering drivers. A 
study performed in oil and gas industry in iron and found ‘customer satisfaction’ 
as crucial enabler [29]. Meager et al. [27] explored ‘company culture’ and ‘media 
focuses’ were crucial drivers to motivate the implementation of GSCM. Lahri [20] 
was analyze the drivers of GSCM in government, semi-government and private firms 
using fuzzy analytical hierarchy process. This study reveals that economical design, 
environmental management and green purchasing were the important drivers. 

Plenty of research work on GSCM has been conducted in different fields like 
chemical industry, gas and oil industry, plastic industry, automotive industries, etc., 
and there are limited research has been found to prioritize drivers of GSCM in medical 
field. So present study identifies drivers through literature and with opinions industry 
experts and assess them using ISM-fuzzy-MICMAC analysis. 

3 Methodology 

3.1 Driver’s Identification in GSCM 

To implement GSCM in an organizations, the understanding of the drivers of the 
GSCM is required which motivates the organizations to adopt GSCM. Initially, going 
through extensive literature and with expert opinions, twenty-two drivers were found. 
Further, a questionnaire is prepared based on the drivers for data collection. 

3.2 Factor Analysis 

Factor analysis (FA) is a method which is utilizing for data reduction based on the 
principal component analysis and offers a close measure of various variables by 
evaluating the common factors based on the observed correlation [14, 28]. Initially, 
twenty-two factors were recognized through literature and discussion with expert. 
Data was collected through a 5-point Likert scale-based questionnaire. A question-
naire was sent to experts who are related to the medical field (doctors, medical 
industries) and academicians who having knowledge about the green supply chain.
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Table 1 List of drivers 

S. No Extracted drivers References Code 

1 Eco-friendly design [11, 20, 33] DV1 

2 Customer awareness [10, 24, 25, 37] DV2 

3 Brand image [5, 6, 15, 18, 33, 38] DV3 

4 Reverse logistics [11, 15, 33, 36] DV4 

5 Top management support [2, 24, 38, 39] DV5 

6 Economic benefits [37–39, 47] DV6 

7 Demand from NGOs [10, 35, 43] DV7 

8 Social responsibility [10, 35, 41] DV8 

9 Improve quality [31, 42] DV9 

10 Government rules and legislation [13, 17, 37, 45] DV10 

Out of one hundred, fifty-two responses were received, which 52% response rate. 
If the response rate is 30% if it may be enough to drive reliability analysis [3, 23]. 
Collected data is found to be reliable if the Cronbach’s alpha coefficient value is 
between 0.7 and 1 [28]. Cronbach’s alpha value for the present analysis is 0.701 
which is acceptable and data is to be considered as reliable. Thus, FA is performed 
to filter the factors by using SPSS-23 software. Then, most important factors/drivers 
are extracted based on the eigenvalue greater than 1 and factor loadings minimum 
0.5 [30] are listed in Table 1. The percentage of total variance explained was found 
to be 75.236% which is adequate value for factor analysis [8]. 

3.3 ISM Methodology 

ISM approach was introduced by Warfield [46] which positions the factors hierar-
chically associated in the system based on the correlation with other factors. ISM 
is consisting three words interpretive, structural and modeling. Interpretive means 
interpret, judge and decide relations among elements. Structural means convert the 
complicated structure into an easiest one. Modeling means the structure is repre-
sented in a specific model of a digraph. In ISM approach, a set of various direct and 
indirect elements organized into a comprehensive systematic model [4, 19]. More-
over, the model form interprets the structure of a complicated issue in a carefully 
manner including the graphics and words. However, ISM approach includes limita-
tions as well [7]. There is individual basing of expert who judging the drivers. The 
relation between the drivers depends upon the expert’s knowledge who is dealing 
with the variables. Further, ISM is not assigning any weight to the drivers. 

Various steps include in ISM methodology as following [12, 18, 22, 44] 

1. Identify and list the several drivers of GSCM. 
2. Create the contextual relationship for each and every pair of drivers recognized 

in step 1.
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3. Introduce a structural self-interaction matric (SSIM) of drivers that indicates the 
pairwise relationship between drivers. 

4. Create initial reachability matrix from SSIM matrix and check the transitivity to 
get final reachability matrix. 

5. By using final reachability matrix, a digraph is drawn without indicating transitive 
links. 

6. The resulting digraph is transformed into ISM model by substituting the drivers 
nodes with statements. 

7. Check the conceptual deviation and needed modifications made. 

3.3.1 Structural Self-interaction Matrix 

SSIM was established based on the contextual connection between the extracted 
drivers as shown in Table 1 using the experts opinion. This matrix provides pairwise 
relationship among the drivers. Four symbols are used to the SSIM matrix which 
given in Table 2. 

If driver i support to conquer driver j, then write V. 
If driver j support to conquer driver i, then write A. 
If driver i and j will support to conquer each other, then write X. 
If driver i and j are isolated, then write O.

Table 2 SSIM 

Drivers (DV) DV10 DV9 DV8 DV7 DV6 DV5 DV4 DV3 DV2 DV1 

Eco-friendly design 
(DV1) 

A V A A V A X X A X 

Customer awareness 
(DV2) 

A O X O O O X O X 

Brand image (DV3) O A A O V A A X 

Reverse logistics 
(DV4) 

A O A A V A X 

Top management 
support (DV5) 

A V V X V X 

Economic benefits 
(DV6) 

O X A O X 

Demand from NGOs 
(DV7) 

A V V X 

Social responsibility 
(DV8) 

O V X 

Improve quality 
(DV9) 

A X 

Government rules and 
legislation (DV10) 

X 
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Table 3 Initial reachability matrix 

Drivers (DV) DV1 DV2 DV3 DV4 DV5 DV6 DV7 DV8 DV9 DV10 

DV1 1 0 1 1 0 1 0 0 1 0 

DV2 1 1 0 1 0 0 0 1 0 0 

DV3 1 0 1 0 0 1 0 0 0 0 

DV4 1 1 1 1 0 1 0 0 0 0 

DV5 1 0 1 1 1 1 1 1 1 0 

DV6 0 0 0 0 0 1 0 0 1 0 

DV7 1 0 0 1 1 0 1 1 1 0 

DV8 1 1 1 1 0 1 0 1 1 0 

DV9 0 0 1 0 0 1 0 0 1 0 

DV10 1 1 0 1 1 0 1 0 1 1 

3.3.2 Initial Reachability Matrix 

SSIM is transformed into initial reachability matrix using binary system, i.e., 0 and 
1 as follows the rules given below:

• When the cell entry (a, b) is V in SSIM, then change (a, b) in the initial reachability 
matrix with 1 and (b, a) with 0.

• When the cell entry (a, b) is A in SSIM, then change (a, b) in the initial reachability 
matrix with 0 and (b, a) with 1.

• When the cell entry (a, b) is X in SSIM, then change (a, b) in the initial reachability 
matrix with 1 and (b, a) with 1.

• When the cell entry (a, b) is O in SSIM, then change (a, b) in the initial reachability 
matrix with 0 and (b, a) with 0 (Table  3). 

3.3.3 Final Reachability Matrix 

The final reachability matrix is attained from the initial reachability matrix using 
the transitivity rule as given in Table 4. The transitivity rule said that if driver M is 
interconnected to driver N and N is interconnected to O, then it is considered that M 
is interconnected to O. The cell entry which represents the transitivity is indicated 
with 1*.

3.3.4 Level of Partition 

The final reachability matrix was divided into different levels. Begin with the final 
reachability matrix, ‘reachability set’ and ‘antecedent set’ for each factor to be found. 
The reachability set of the definite driver includes itself along with other drivers that 
can be influenced by it (row elements). The antecedent set of the definite driver
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Table 4 Final reachability matrix 

Drivers 
(DV) 

DV1 DV2 DV3 DV4 DV5 DV6 DV7 DV8 DV9 DV10 Driving 
power 

DV1 1 1* 1 1 0 1 0 0 1 0 6 

DV2 1 1 1* 1 0 1* 0 1 1* 0 7 

DV3 1 0 1 1* 0 1 0 0 1* 0 5 

DV4 1 1 1 1 0 1 0 1* 1* 0 7 

DV5 1 1* 1 1 1 1 1 1 1 0 9 

DV6 0 0 1* 0 0 1 0 0 1 0 3 

DV7 1 1* 1* 1 1 1* 1 1 1 0 9 

DV8 1 1 1 1 0 1 0 1 1 0 7 

DV9 1* 0 1 0 0 1 0 0 1 0 4 

DV10 1 1 1* 1 1 1* 1 1* 1 1 10 

Dependence 
power 

9 7 10 8 3 10 3 6 10 1 67

contains itself along with other drivers that can influence it (column elements). The 
intersection set is obtained for each driver. If the reachability set and intersection set 
are the similar, then assign level I to these drivers and these are deleted in the next 
iteration. The following iterations are accomplished with the remaining drivers. The 
same procedure is followed to find successive levels, and the procedure is continued 
till the level of each driver will be obtained. The level of partition is given in Table 5. 

Table 5 Level of partition (iteration—I to iteration V) 

Driver (DV) Reachability set Antecedent set Intersection set Levels 

DV1 1, 2, 4 1, 2, 4, 5, 7, 8, 10 1, 2, 4 II 

DV2 1, 2, 4, 8 1, 2, 4, 5, 7, 8, 10 1, 2, 4, 8 II 

DV3 1, 3, 4, 6, 9 1, 2, 3, 4, 5, 6, 7, 8, 9, 10 1, 3, 4, 6, 9 I 

DV4 1, 2, 4, 8 1, 2, 4, 5, 7, 8, 10 1, 2, 4, 8 II 

DV5 5, 7 5, 7, 10 5, 7 IV 

DV6 3, 6, 9 1, 2, 3, 4, 5, 6, 7, 8, 9, 1, 0 3, 6, 9 I 

DV7 5, 7 5, 7, 10 5, 7 IV 

DV8 8 5, 7, 8, 10 8 III 

DV9 1, 3, 6, 9 1, 2, 3, 4, 5, 6, 7, 8, 9, 10 1, 3, 6, 9 I 

DV10 10 10 10 V
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Fig. 1 ISM model of drivers of GSCM 

3.4 ISM Model Formulation 

When all levels are found for drivers of GSCM which showed in level of partition 
Table 5. By using final reachability matrix and level of partition to develop an ISM 
model which presented in Fig. 1. This figure depicts the direct relationship between 
the drivers. The ISM model having five levels as shown. 

The model has five levels, where the three drivers—brand image (D3), economic 
benefits (D6) and improve quality (D9) are found at top level of ISM model. Second 
level consists three drivers such as eco-friendly design (D1), customer awareness 
(D2) and reverse logistics (D4). 

Social responsibility (D8) is found at the level third in model. On the fourth level 
driver such as top management support (D5) and demand from NGOs (D7) have 
found. Driver, government rules and legislation (D10) is found at fifth level of the 
model at the base position. This is very important driver having strong driving power 
which drive the whole model. 

3.5 Fuzzy-MICMAC Analysis 

The MICMAC (cross-impact matrix multiplication applied to classification) analysis 
is method that works on basis of the properties of matrices multiplication [3, 9, 11]. 
In conventional MICMAC analysis, only binary relationship between the drivers is 
used but fuzzy-MICAMC analysis increase the sensitivity. This analysis classified 
the drivers into four clusters based on their driving and dependence power. The steps 
used for fuzzy-MICMAC analysis are as given.
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Table 6 Binary direct relationship matrix 

Drivers DV1 DV2 DV3 DV4 DV5 DV6 DV7 DV8 DV9 DV10 

DV1 0 0 1 1 0 1 0 0 1 0 

DV2 1 0 0 1 0 0 0 1 0 0 

DV3 1 0 0 0 0 1 0 0 0 0 

DV4 1 1 1 0 0 1 0 0 0 0 

DV5 1 0 1 1 0 1 1 1 1 0 

DV6 0 0 0 0 0 0 0 0 1 0 

DV7 1 0 0 1 1 0 0 1 1 0 

DV8 1 1 1 1 0 1 0 0 1 0 

DV9 0 0 1 0 0 1 0 0 0 0 

DV10 1 1 0 1 1 0 1 0 1 0 

Table 7 Possibility values of the reachability 

Possibility of reachability No Very low Low Medium high Very high Complete 

Value 0 0.1 0.3 0.5 0.7 0.9 1 

3.5.1 Binary Direct Relationship Matrix (BDRM) 

Initial reachability matrix was converted into BDRM given in Table 6 by changing 
diagonal elements into 0. The BDRM is shown in Table 7. 

3.5.2 Fuzzy Direct Relationship Matrix (FDRM) 

To upsurge the sensitivity of conventional MICMAC analysis, fuzzy set theory has 
been used. Here, possibilities values of reachability illustrate in Table 8 has been used 
to show the relationship between the drivers. To develop the FDRM, the possibilities 
values were overload in BDRM with help of opinions of the experts of same industry. 
FDRM given in Table 8.

3.5.3 Fuzzy-MICMAC Stabilize Matrix 

To construct fuzzy-MICMAC stabilize matrix use FDRM as base matrix. The FDRM 
shown in Table 8 multiply again and again till the hierarchies of driving and depen-
dence power will stabilize. This multiplication process follows the rules of fuzzy 
matrix multiplication. Multiplication of two fuzzy matrices are as shown below 

Z = XY  Max
{
min

(
xi j  , yi j

)}
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Table 8 Fuzzy direct relationship matrix (FDRM) 

Drivers (DV) DV1 DV2 DV3 DV4 DV5 DV6 DV7 DV8 DV9 DV10 

DV1 0 0 0.7 0.9 0 0.5 0 0 0.3 0 

DV2 0.7 0 0 0.9 0 0 0 0.9 0 0 

DV3 0.5 0 0 0 0 0.7 0 0 0 0 

DV4 0.7 0.5 0.9 0 0 0.7 0 0 0 0 

DV5 0.7 0 0.7 0.9 0 0.7 0.5 0.5 0.9 0 

DV6 0 0 0 0 0 0 0 0 0.5 0 

DV7 0.9 0 0 0.7 0.5 0 0 0.7 0.7 0 

DV8 0.9 0.9 0.7 0.7 0 0.7 0 0 0.9 0 

DV9 0 0 0.3 0 0 0.5 0 0 0 0 

DV10 0.9 0.7 0 0.9 0.3 0 0.5 0 0.9 0

where X = [xij] and Y = [yij] are two fuzzy matrices and product of two fuzzy 
matrices is also a fuzzy matrix as matrix Z. 

For repeated multiplication, program is written in Python and the fuzzy stabilized 
matrix obtained after sixth iteration shown in Table 9 and screenshot of program 
output as shown in Fig. 2. 

Driving and dependence diagram has been formed by using fuzzy stabilize matrix 
based on the driving and driven power as shown in Fig. 3. Driving power is sum of 
items in row and dependence power or driven power is obtained by summing the 
items in column in fuzzy stabilize matrix as given in Table 9.

Table 9 Stabilized fuzzy-MICMAC matrix 

Drivers DV1 DV2 DV3 DV4 DV5 DV6 DV7 DV8 DV9 DV10 Driving 
power 

DV1 0.5 0.5 0.7 0.7 0 0.7 0 0.5 0.5 0 4.1 

DV2 0.7 0.5 0.7 0.9 0 0.7 0 0.9 0.5 0 4.9 

DV3 0.5 0.5 0.5 0.5 0 0.5 0 0.5 0.5 0 3.5 

DV4 0.7 0.5 0.7 0.5 0 0.7 0 0.5 0.5 0 4.1 

DV5 0.7 0.5 0.7 0.7 0 0.7 0.5 0.5 0.5 0 4.8 

DV6 0.3 0.3 0.3 0.3 0 0.3 0 0 0.5 0 2 

DV7 0.7 0.5 0.7 0.7 0.5 0.7 0 0.7 0.5 0 5 

DV8 0.9 0.9 0.9 0.7 0 0.7 0 0.5 0.9 0 5.5 

DV9 0.3 0.3 0.3 0.3 0 0.5 0 0.3 0.3 0 2.3 

DV10 0.7 0.7 0.7 0.7 0.3 0.7 0.5 0.5 0.7 0 5.5 

Dependence 
power 

6 5.2 6.2 6 0.8 6.2 1 4.9 5.4 0 41.7
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Fig. 2 Stabilized matrix in Python program

Fig. 3 Driving and dependence diagram
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4 Result and Discussion 

The drivers of GSCM were collected from the literature and with the help of opinions 
of industry experts and placed into ISM model as given in Fig. 1 to examine the 
direct relationship among them. By using fuzzy-MICMAC analysis, driving and 
dependence diagram was presented in Fig. 3 which is used to study the relative 
importance and interdependencies between the drivers of GSCM. Fuzzy-MICMAC 
analysis categories the drivers into four clusters as given below.

• Cluster I—Drivers having frail driving and frail driven power fall in this cluster 
and these driver are called autonomous drivers. In present study, no drivers are 
found in this cluster this means all consider drivers are significant [7].

• Cluster II—Economic benefits (DV6) and improve quality (DV9) are fall in cluster 
II. These drivers having tough dependence power and frail driving are known as 
dependent drivers.

• Cluster III—Drivers belong this cluster having tough driving and tough driven 
power are known as linkage drivers. Five drivers belong to this cluster such 
as brand image (DV3), eco-friendly design (DV1), customer awareness (DV2), 
reverse logistics (DV4) and social responsibility (DV8). These drivers unstable 
drivers and may affect the implementation of GSCM [12].

• Cluster IV—These drivers having tough driving power and frail driven power 
and called as independent drivers. Three drivers fall in this cluster such as top 
management support (DV5), demand from NGOs (DV7) and government rules 
and legislation (DV10). These are the key drivers having strong driving power, 
and other dependent drivers are affected by them. 

5 Conclusion 

The implementation of GSCM is required for the industry from environment point of 
view. To implement GSCM, it necessary to understand about the drivers of GSCM. 
The aim of present study identifies and analyzes the drivers of GSCM in medical 
industries. To fulfill the aim of present work, ten drivers were identify from literature 
and with expert opinions and study the mutual relationship among the drivers by 
using ISM model. The findings of study of study show that government rules and 
legislation (DV10) is key driver exists at base position of ISM with high driving 
power which affects the other drivers for effective execution of GSCM. Further 
driver, top management support (DV5) and demand from NGOs (DV7) are found 
essential drivers. Fuzzy-MICMAC performed to examine the driving and dependence 
power of drivers. Most of drivers were found in cluster III, i.e., linkage cluster. These 
drivers are more influencing drivers. No drivers were found in autonomous cluster 
which means all the ten drivers are significant. This study helps the manager to
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focus on the various drivers for effective implementation of GSCM. The present 
work can also performed in other industries and for the assessment of drivers other 
methodologies such fuzzy analytical hierarchy process (FAHP), structural equation 
modeling (SEM), etc., will be used. 

References 

1. Abdul Rehman Khan S (2019) Introductory chapter: introduction of green supply chain 
management. In: Green practices and strategies in supply chain management.https://doi.org/ 
10.5772/intechopen.81088 

2. Agi MAN, Nishant R (2017) Understanding influential factors on implementing green supply 
chain management practices: an interpretive structural modelling analysis. J Environ Manage 
188:351–363. https://doi.org/10.1016/j.jenvman.2016.11.081 

3. Ahluwalia S, Singh P, Sharma J (2018) Modelling and analysis of critical factors for phorbol 
ester degradation in Jatropha seed cake using ISM and MICMAC. Int J Environ Waste Manage 
21(4):287–305. https://doi.org/10.1504/IJEWM.2018.093437 

4. Attri R, Dev N, Sharma V (2013) Interpretive structural modelling (ISM) approach: an overview. 
2(2):3–8 

5. Bey N, Hauschild MZ, McAloone TC (2013) Drivers and barriers for implementation of envi-
ronmental strategies in manufacturing companies. CIRP Ann Manuf Technol 62(1):43–46. 
https://doi.org/10.1016/j.cirp.2013.03.001 

6. Bhool R, Narwal MS (2013) An analysis of drivers affecting the implementation of green 
supply chain management for the Indian manufacturing industries. 242–254 

7. Bhosale VA, Kant R (2016) An integrated ISM fuzzy MICMAC approach for modelling the 
supply chain knowledge flow enablers. Int J Prod Res 54(24):7374–7399. https://doi.org/10. 
1080/00207543.2016.1189102 

8. Biswal JN, Muduli K, Satapathy S (2017) Critical analysis of drivers and barriers of sustainable 
supply chain management in Indian thermal sector. Int J Procurement Manage 10(4):411. 
https://doi.org/10.1504/ijpm.2017.10005121 

9. Dewangan DK, Agrawal R, Sharma V (2015) Enablers for competitiveness of Indian manufac-
turing sector: an ISM-fuzzy MICMAC analysis. Procedia Soc Behav Sci 189:416–432. https:// 
doi.org/10.1016/j.sbspro.2015.03.200 

10. Dhull S, Narwal MS (2016) Drivers and barriers in green supply chain management adaptation: 
a state-of-art review. Uncertain Supply Chain Manage 4(1):61–76. https://doi.org/10.5267/j. 
uscm.2015.7.003 

11. Diabat A, Govindan K (2011) An analysis of the drivers affecting the implementation of green 
supply chain management. Resour Conserv Recycl 55(6):659–667. https://doi.org/10.1016/j. 
resconrec.2010.12.002 

12. Dube AS, Gawande RR (2016) ISM-fuzzy MICMAC approach for analysis of GSCM enablers. 
Int J Logistics Syst Manage 24(4):426–451. https://doi.org/10.1504/IJLSM.2016.077281 

13. Dubey R, Gunasekaran A, Papadopoulos T, Childe S (2015) Green supply chain management 
enablers: mixed methods research. Sustain Prod Consumption 1–16. https://doi.org/10.1016/j. 
spc.2015.07.001 

14. Fabrigar LR, Wegener DT, Maccallum RC, Strahan EJ (1999) Evaluating the use of exploratory 
factor analysis in psychological research. 4(3):272–299 

15. Gardas B, Raut R, Jagtap AH, Narkhede B (2019) Exploring the key performance indicators 
of green supply chain management in agro-industry. J Model Manag 14(1):260–283. https:// 
doi.org/10.1108/JM2-12-2017-0139 

16. Gilbert S (2001) Greening supply chain: enhancing competitiveness through green productivity. 
Asian Productivity Organization, Taipei, Taiwan (Issue December)

https://doi.org/10.5772/intechopen.81088
https://doi.org/10.5772/intechopen.81088
https://doi.org/10.1016/j.jenvman.2016.11.081
https://doi.org/10.1504/IJEWM.2018.093437
https://doi.org/10.1016/j.cirp.2013.03.001
https://doi.org/10.1080/00207543.2016.1189102
https://doi.org/10.1080/00207543.2016.1189102
https://doi.org/10.1504/ijpm.2017.10005121
https://doi.org/10.1016/j.sbspro.2015.03.200
https://doi.org/10.1016/j.sbspro.2015.03.200
https://doi.org/10.5267/j.uscm.2015.7.003
https://doi.org/10.5267/j.uscm.2015.7.003
https://doi.org/10.1016/j.resconrec.2010.12.002
https://doi.org/10.1016/j.resconrec.2010.12.002
https://doi.org/10.1504/IJLSM.2016.077281
https://doi.org/10.1016/j.spc.2015.07.001
https://doi.org/10.1016/j.spc.2015.07.001
https://doi.org/10.1108/JM2-12-2017-0139
https://doi.org/10.1108/JM2-12-2017-0139


48 Gagandeep et al.

17. Hosseini A (2007) Identification of green management system’s factors: a conceptualized 
model. Int J Manage Sci Eng Manage 2(3):221–228. https://doi.org/10.1080/17509653.2007. 
10671022 

18. Kannan G, Haq AN, Sasikumar P Arunachalam S (2008) Analysis and selection of green 
suppliers using interpretative structural modelling and analytic hierarchy process. 9(2):163–182 

19. Kumar D, Jain S, Tyagi M, Kumar P (2018) Quantitative assessment of mutual relationship 
of issues experienced in greening supply chain using ISM-fuzzy MICMAC approach. Int J 
Logistics Syst Manage 30(2):162–178. https://doi.org/10.1504/IJLSM.2018.091960 

20. Lahri V (2020) Assessment of critical drivers towards sustainable green supply chain perfor-
mance management. Int J Bus Perform Supply Chain Model 11(3):228–251. https://doi.org/ 
10.1504/IJBPSCM.2020.110217 

21. Lamba N, Thareja P (2020) Modelling of barriers pertaining to implementation of green supply 
chain management using ISM approach. Mater Today: Proc 43(xxxx):9–16. https://doi.org/10. 
1016/j.matpr.2020.09.488 

22. Luthra S, Kumar V, Kumar S, Haleem A (2011) Barriers to implement green supply chain 
management in automobile industry using interpretive structural modeling technique-an Indian 
perspective. J Ind Eng Manage 4(2):231–257. https://doi.org/10.3926/jiem.2011.v4n2.p23 
1-257 

23. Malhotra MK, Grover V (1998) An assessment of survey research in POM: from constructs to 
theory 

24. Malviya RK, Kant R (2017) Modeling the enablers of green supply chain management: an 
integrated ISM—fuzzy MICMAC approach. Benchmarking 24(2):536–568. https://doi.org/ 
10.1108/BIJ-08-2015-0082 

25. Mathiyazhagan K, Datta U, Bhadauria R, Singla A, Krishnamoorthi S (2017) Identification and 
prioritization of motivational factors for the green supply chain management adoption: case 
from Indian construction industries. Opsearch 55(1):202–219. https://doi.org/10.1007/s12597-
017-0316-7 

26. Mathiyazhagan K, Haq AN, Baxi V (2016) Analysing the barriers for the adoption of green 
supply chain management—the Indian plastic industry perspective. 8(1):46–65 

27. Meager S, Kumar V, Ekren B, Paddeu D (2020) Exploring the drivers and barriers to green 
supply chain management implementation: a study of independent UK restaurants. Procedia 
Manuf 51(2020):1642–1649. https://doi.org/10.1016/j.promfg.2020.10.229 

28. Muduli K, Barve A (2013) Empirical investigation of the barriers of green supply chain 
management (GSCM) implementation in Indian mining industries 

29. Narimissa O, Kangarani-Farahani A, Molla-Alizadeh-Zavardehi S (2020) Drivers and barriers 
for implementation and improvement of sustainable supply chain management. Sustain Dev 
28(1):247–258. https://doi.org/10.1002/sd.1998 

30. Oltedal HA, McArthur DP (2011) Reporting practices in merchant shipping, and the iden-
tification of influencing factors. Saf Sci 49(2):331–338. https://doi.org/10.1016/j.ssci.2010. 
09.011 

31. Pil FK, Rothenberg S (2003) Environmental performance as a driver of superior quality 12(3) 
32. Rao P, Holt D (2015) Do green supply chains lead to competitiveness and economic 

performance? Int J Oper Prod Manage 
33. Raut RD, Narkhede B, Gardas BB (2017) To identify the critical success factors of sustainable 

supply chain management practices in the context of oil and gas industries: ISM approach. 
Renew Sustain Energy Rev 68:33–47. https://doi.org/10.1016/j.rser.2016.09.067 

34. Ravi V, Shankar R (2005) Analysis of interactions among the barriers of reverse logistics. 
Technol Forecast Soc Chang 72(8):1011–1029. https://doi.org/10.1016/j.techfore.2004.07.002 

35. Saeed MA, Kersten W (2019) Drivers of sustainable supply chain management: identification 
and classification. Sustainability (Switzerland) 11(4). https://doi.org/10.3390/su11041137 

36. Sellitto MA, Bittencourt SA, Reckziegel BI (2015) Evaluating the implementation of GSCM 
in industrial supply chains: two cases in the automotive industry. pp 1315–1320 

37. Shohan S, Ali SM, Kabir G, Ahmed SKK, Suhi SA, Haque T (2019) Green supply chain 
management in the chemical industry: structural framework of drivers. Int J Sust Dev World 
26(8):752–768. https://doi.org/10.1080/13504509.2019.1674406

https://doi.org/10.1080/17509653.2007.10671022
https://doi.org/10.1080/17509653.2007.10671022
https://doi.org/10.1504/IJLSM.2018.091960
https://doi.org/10.1504/IJBPSCM.2020.110217
https://doi.org/10.1504/IJBPSCM.2020.110217
https://doi.org/10.1016/j.matpr.2020.09.488
https://doi.org/10.1016/j.matpr.2020.09.488
https://doi.org/10.3926/jiem.2011.v4n2.p231-257
https://doi.org/10.3926/jiem.2011.v4n2.p231-257
https://doi.org/10.1108/BIJ-08-2015-0082
https://doi.org/10.1108/BIJ-08-2015-0082
https://doi.org/10.1007/s12597-017-0316-7
https://doi.org/10.1007/s12597-017-0316-7
https://doi.org/10.1016/j.promfg.2020.10.229
https://doi.org/10.1002/sd.1998
https://doi.org/10.1016/j.ssci.2010.09.011
https://doi.org/10.1016/j.ssci.2010.09.011
https://doi.org/10.1016/j.rser.2016.09.067
https://doi.org/10.1016/j.techfore.2004.07.002
https://doi.org/10.3390/su11041137
https://doi.org/10.1080/13504509.2019.1674406


Prioritizing the Drivers of Green Supply Chain Management … 49

38. Singh M, Jawalkar CS, Kant S (2018) Analysis of drivers for green supply chain management 
adaptation in a fertilizer industry of Punjab (India). Int J Environ Sci Technol 16(7):2915–2926. 
https://doi.org/10.1007/s13762-018-1759-y 

39. Singh M, Kant S, Jawalkar CS (2017) Development of interpretive structural modeling: an 
approach for fertilizer industries. I-Manager’s J Mech Eng 7(2):35. https://doi.org/10.26634/ 
jme.7.2.13437 

40. Srivastava SK (2007) Green supply-chain management : a state-of-the-art literature review. 
9(1):53–80.https://doi.org/10.1111/j.1468-2370.2007.00202.x 

41. Thaib D (2020) Drivers of the green supply chain initiatives: evidence from Indonesian automo-
tive industry. Uncertain Supply Chain Manage 8(1):105–116. https://doi.org/10.5267/j.uscm. 
2019.8.002 

42. Tyagi M, Kumar P, Kumar D (2015) Analysis of interactions among the drivers of green supply 
chain management. Int J Bus Perform Supply Chain Model 7(1):92–108. https://doi.org/10. 
1504/IJBPSCM.2015.068137 

43. Tyagi M, Kumar P, Kumar D (2015) Parametric selection of alternatives to improve performance 
of green supply chain management system. Procedia Soc Behav Sci 189:449–457. https://doi. 
org/10.1016/j.sbspro.2015.03.197 

44. Tyagi M, Panchal D, Kumar D, Walia RS (2021) Modeling and analysis of lean manufacturing 
strategies using ism-fuzzy MICMAC approach. Oper Res Eng Sci: Theor Appl 4(1):38–66. 
https://doi.org/10.31181/ORESTA2040123T 

45. Walker H, Di Sisto L, McBain D (2008) Drivers and barriers to environmental supply chain 
management practices: lessons from the public and private sectors. J Purch Supply Manag 
14(1):69–85. https://doi.org/10.1016/j.pursup.2008.01.007 

46. Warfield JN (1974) Developing interconnection matrices in structural modeling. IEEE Trans 
Syst, Man Cybern SMC-4(1):81–87. https://doi.org/10.1109/TSMC.1974.5408524 

47. Zhu Q, Geng Y, Fujita T, Hashimoto S (2010) Green supply chain management in leading 
manufacturers: case studies in Japanese large companies. Manag Res Rev 33(4):380–392. 
https://doi.org/10.1108/01409171011030471

https://doi.org/10.1007/s13762-018-1759-y
https://doi.org/10.26634/jme.7.2.13437
https://doi.org/10.26634/jme.7.2.13437
https://doi.org/10.1111/j.1468-2370.2007.00202.x
https://doi.org/10.5267/j.uscm.2019.8.002
https://doi.org/10.5267/j.uscm.2019.8.002
https://doi.org/10.1504/IJBPSCM.2015.068137
https://doi.org/10.1504/IJBPSCM.2015.068137
https://doi.org/10.1016/j.sbspro.2015.03.197
https://doi.org/10.1016/j.sbspro.2015.03.197
https://doi.org/10.31181/ORESTA2040123T
https://doi.org/10.1016/j.pursup.2008.01.007
https://doi.org/10.1109/TSMC.1974.5408524
https://doi.org/10.1108/01409171011030471


CRITIC-COPRAS-Based Selection 
of Commercially Viable Alternative Fuel 
Passenger Vehicle 

Abhishek Mohata, Nimai Mukhopadhyay, and Vidyapati Kumar 

Abstract The automotive industry has seen a paradigm shift because of e-mobility, 
which cuts greenhouse gas production and environmental pollution. The selection of 
the most viable automobile passenger car is a difficult choice in this context due to 
diverse power sources, technologies, specifications, and prices. In this paper, sixteen 
alternative vehicles are assessed utilizing an integrated criterion importance through 
inter-criteria correlation (CRITIC)—complex proportional assessment (COPRAS) 
technique. CRITIC is the method utilized to achieve weights for selection criteria 
for vehicles. In contrast, COPRAS is used to classify cars in terms of nine different 
technical and operational measures that the purchaser examines when it is ready to 
acquire automobiles, such as fuel efficiency, torque, boot space, top speed, range, the 
annual cost of fuel, acceleration, cost and kerb weight of their vehicle. The results 
show that that battery electric vehicle outperforms compressed natural gas. Further-
more, CRITIC-TOPSIS is used to corroborate the findings achieved from CRITIC-
COPRAS. In addition, after adjusting the weight of the criterion, a sensitivity analysis 
is performed to determine model stability. 

Keywords Car selection · CRITIC · COPRAS · TOPSIS · Sensitivity analysis 

1 Introduction 

The transport industry is a key problem for greenhouse gas emissions such as carbon 
dioxide and other vehicle pollutants. Under the Paris Agreement (Nov. 2016), which 
plans to decrease greenhouse gas (GHG) emissions from across the world to 2 °C
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throughout this century from pre-industrial levels, while adopting measures to restrict 
them to 1.5 °C. The issue of global warming can thus be reduced by introducing and 
promoting alternative fuel automobiles to minimize exhaust gas emissions into the 
environment. In this perspective, it worthwhile to understand that alternative fuel 
passenger cars are ones that may be powered partially or entirely by electrically, 
liquefied petroleum gas (LPG), compressed natural gas (CNG), or a combination 
of the three [1]. Conventional petrol and diesel-type vehicles are getting replaced 
due to increased environmental awareness, health issues, and environmental poli-
cies. Conventional petrol and diesel automobiles are being superseded by greater 
awareness of the environment, health hazards, and legislation. A report [2] states 
that electric vehicle registration has surged by 41% despite a pandemic and over 
3 million electric vehicles have been sold worldwide. The worldwide EV turnover in 
the sustainable development scenario is projected to reach above 230 million except 
for two/three-wheelers. 

2 Research Background 

This section highlights the prior research work carried out with the selection of 
commercially viable alternative fuel passenger vehicle. Brey et al. [3] applied 
data envelopment analysis (DEA)-based preference ranking organization method 
for enrichment and evaluations (PROMETHEE) method for selection of alterna-
tive energy vehicle based on economical, technological, and circumstantial factors. 
Mohamadabadi et al. [4] developed a multi-criteria evaluation model for ranking 
different road transportation fuel-based vehicles using the PROMETHEE method. 
Vahdani et al. [5] utilized the TOPSIS and fuzzy preference selection index (FPSI) 
technique for the assessment of alternative fuel buses based upon capacity, price, and 
energy consumption. Tsita and Pilavachi [6] employed AHP to select new-generation 
vehicles. Biswas and Das [7] employed entropy-based multi-attribute border approx-
imation area comparison (MABAC) method for selecting vehicle and analyzed the 
criteria such as car cost and fuel economy, tank size, tailpipe emission, as well as 
volume of the commuter. 

Furthermore, Biswas and Das [8] also investigated the commercially available 
electric vehicle selection problem and employed fuzzy-analytic hierarchy process 
(F-AHP) and MABAC for considering fuel economy, base model pricing, quick 
accelerating time, battery range, and top speed as the predominant criteria. So far, 
a range of methodologies have been used to analyze the new generation of cars, 
including SECA, MARCOS, MAIRCA, CoCoSo, ARAS, and COPRAS [9]. Based 
on the observations from the literature review, it can be propounded that the selection 
of automobiles with alternative fuels has drawn extensive attention of the researchers 
for several years. Various multi-criteria decision-making methodologies have been 
successfully deployed such as AHP, DEA, PROMETHEE, TOPSIS, FPSI, SECA, 
MARCOS, MAIRCA, CoCoSo, ARAS, and COPRAS for the decision-making and
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selection of best automobile with alternative fuels problem. The MCDM appli-
cation has been successfully applied in the past for various applications such as 
best advanced machining process selection, response optimization, and finding the 
optimal parametric combinations. This research attempts to include two commonly 
used MADM techniques, CRITIC and COPRAS, into the assessment and categoriza-
tion of sixteen ecologically favorable alternative automobiles. CRITIC is a method 
for calculating weights for automobile preference characteristics, while COPRAS is 
used to score automobiles based on nine factors, including fuel economy, torque, boot 
space, top speed, range, annual fuel cost, acceleration, cost, and kerb weight. After-
ward, a sensitivity analysis has been conducted to assess the influence of adjusting 
parameters on the incorporated model’s ranking effectiveness. Based on an extensive 
literature analysis, the following characteristics, as shown in Table 1, have shown  to  
be the most significant in the selection of alternative fuel vehicles. 

This work uses four MCDM techniques for ranking purposes, and sensitivity 
analysis is performed. Furthermore, Spearman’s rank correlation coefficient and 
Kendall’s coefficient of concordance are evaluated to obtain more credible findings. 
The proposed conceptual framework is depicted in Fig. 1. Firstly, an exhaustive liter-
ature survey is carried out to determine the criteria for vehicle selection. Nine criteria 
have been determined: fuel economy, torque, boot space, top speed, range, annual 
fuel cost, acceleration, vehicle cost, and kerb weight. Following the identification of 
the requirements, 16 alternative fuel cars are selected and respective technological 
specifications are obtained from the individual manufacturer’s website [25–37], as 
displayed in Table 2. The whole first decision matrix, which contains the values of 
the options, is generated in accordance with the evaluation criteria. Weight coeffi-
cients of each criterion are calculated by using CRITIC method which is followed by 
the ranking of the alternatives by COPRAS, EDAS, CoCoSo [38], and TOPSIS [39] 
methods. To evaluate the robustness of the proposed methodology, Spearman’s rank 
correlation coefficient, Kendall’s coefficient of concordance, Borda count, Copeland

Table 1 Criteria affecting vehicle purchasing decision 

Criteria Code Unit Definition References 

Fuel economy C1 kmpl Distance traveled by vehicle in 1 L fuel [10, 11] 

Torque C2 N m Amount of work that an engine can exert [ 10, 12–14] 

Boot space C3 L Space provided in vehicle to keep luggage [ 11, 15, 16] 

Top speed C4 kmph Maximum speed [ 11, 13, 17] 

Range C5 km Distance that the vehicle can travel with full 
tank fuel 

[ 13, 18–21] 

Annual fuel cost C6 | Fuel cost of the vehicle per annum assuming [ 12, 22, 23] 

Acceleration C7 sec Time taken for the automobile to propel from 
0 to 100 kmph 

[ 11, 13, 19] 

Vehicle cost C8 | Purchasing cost of the vehicle [12, 18, 22–24] 

Kerb weight C9 Kg Vehicle weight without any load [ 14, 18, 24] 
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method, and sensitivity analysis have been performed followed by incorporation of 
the ranks obtained. 

Alternate fuel vehicle selection 

Literature survey 

Identifying the criteria 

Fu
el

 e
co

no
m

y 

To
rq

ue
 

Bo
ot

 S
pa

ce
 

To
p 

Sp
ee

d 

Ra
ng

e 

An
nu

al
 F

ue
l C

os
t 

Ac
ce

le
ra
tio

n 

Ve
hi

cl
e 

Co
st

 

Ke
rb

 W
ei

gh
t 

Data collection from 16 alternate fuel vehicles 
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Fig. 1 Research methodology
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3 Methodology 

3.1 Criteria Importance Through Inter-criteria Correlation 
(CRITIC) Method 

The CRITIC method was proposed by Diakoulaki et al. [40] for the estimation 
of criteria weights in MCDM problems. It uses correlation analysis to distinguish 
different criteria [41]. The CRITIC technique includes the following phases: 

Step 1 Development of the decision matrix: 

D = (
di j

)
m×n = 

⎡ 

⎢⎢⎢ 
⎣ 

d11 d12 · · ·  d1n 
d21 d22 · · ·  d2n 
... 

... 
... 

... 
dm1 dm2 · · ·  dmn 

⎤ 

⎥⎥⎥ 
⎦ 

, 

i = 1, 2, . . . ,  m; j = 1, 2, . . . ,  n (1) 

Step 2 Normalization of decision matrix: 

ri j  = xi j  − max xi j  
max xi j  − min xi j  

, for benefit criteria (2) 

ri j  = max xi j  − xi j  
max xi j  − min xi j  

, for cost criteria (3) 

Step 3 Computation of the criteria standard deviation: 

σ =
/∑m 

i=1

(
ri j  − r j

)2 

m 
, (4) 

where r j =
∑m 

i=1 ri j  
m . 

Step 4 Calculation of symmetric linear correlation matrix: 

mi j  =
∑m 

i=1

(
ri j  − r j

)
(rik  − rk)

/∑m 
i=1

(
ri j  − r j

)2 ∑m 
i=1 (rik  − rk)2 

, (5) 

Step 5 Calculation of the quantity of information of each criterion: 

C j = σ 
n∑

j=1

(
1 − mi j

)
, (6)
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Step 6 Determination of objective weight of a criterion: 

W j = C j∑m 
j=1 C j 

, (7) 

3.2 The Complex Proportional Assessment (COPRAS) 

COPRAS method chooses the optimal choices among a lot of viable options by 
regulating a solution with a direct and proportionate ratio to the best possible solution 
to the ratio with the ideal-worst solution [42]. 

Step 1 Development of the decision matrix: D = (
di j

)
m×n 

Step 2 Normalization of the decision matrix: 

X = |
xi j

|
m×n =

di j∑m 
i=1 di j  

, (8) 

Step 3 Formation of weighted normalized decision matrix: 

Y = |
yi j

| = w j xi j  , (9) 

Step 4 Sum of weighted normalized decision matrix: 

S+i = 
n∑

j=1 

y+i j  , sum of beneficial criteria. (10) 

S−i = 
n∑

j=1 

y−i j  , sum of non - beneficial criteria. (11) 

Step 5 Determination of relative significance of alternatives: 

Qi = S+i + 
S−min

∑m 
i=1 S−i 

S−i
∑m 

i=1 
S−min 

S−i 

, (12) 

Step 6 Calculation of the quantitative utility. 

Ui =
|

Qi 

Qmax

|
∗ 100%, (13) 

Higher the Ui %, better is the alternative.
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3.3 Evaluation Based on Distance from Average Solution 
(EDAS) 

Step 1 Development of the decision matrix: 

D = (
di j

)
m×n (14) 

Step 2 Determine the average solution: 

AV j =
∑n 

i=1 Xi j  

n 
(15) 

Step 3 Calculate the positive distance from average solution. 

PDAi j  = 
max

(
0,

(
Xi j  − AV j

))

AV j 
, for beneficial criteria. (16) 

PDAi j  = 
max

(
0,

(
AV j − Xi j

))

AV j 
, for non - beneficial criteria. (17) 

Step 4 Calculate the negative distance from average solution. 

NDAi j  = 
max

(
0,

(
AV j − Xi j

))

AV j 
, for beneficial criteria. (18) 

NDAi j  = 
max

(
0,

(
Xi j  − AV j

))

AV j 
, for non - beneficial criteria. (19) 

Step 5 Determine the weighted sum of PDA and NDA for all alternatives. 

SPi = 
m∑

j=1 

w j ∗ PDAi j  , (20) 

SNi = 
m∑

j=1 

w j ∗ NDAi j  , (21) 

Step 6 By normalizing SP and SN 

NSPi = SPi 
max(SPi ) 

, (22) 

NSN = 
SNi 

max(SNi ) 
, (23)



CRITIC-COPRAS-Based Selection of Commercially Viable … 59

Step 7 Calculate the appraisal score. 

AS = 
NSPi + NSNi 

2 
, (24) 

Higher the appraisal score, better is the alternative. 

3.4 Combined Compromised Solution (CoCoSo) 

Step 1 Matrix development: D = (
di j

)
m×n 

Step 2 Normalization of the decision matrix 

Zi j  = 
xi j  − x− 

i j  

x+ 
i j  − x− 

i j  

, for beneficial criteria. (25) 

Zi j  = 
x+ 
i j  − xi j  
x+ 
i j  − x− 

i j  

, for cost criteria. (26) 

where x+ 
i j  = max

(
xi j

)
and x− 

i j  = min
(
xi j

)

Step 3 Evaluate the values of Si and Pi 
The Si value is determined utilizing grey relational generating methods, 

whereas the Pi value is derived using the WASPAS multiplicative property. 

Si = 
n∑

j=1

(
w j Zi j

)
, (27) 

Pi = 
n∑

j=1

(
Zi j

)w j 
, (28) 

Step 4 Calculation of the appraisal score strategies 

ξia  = Pi + Si∑m 
i=1 (Pi + Si ) 

, (29) 

ξib  = Si 
min Si 

+ Pi 
min Pi 

, (30) 

ξic  = λ(Si ) + (1 − λ)(Pi ) 
(λ max Si + (1 − λ) max Pi ) 

: 0 ≤ λ ≤ 1. (31) 

In most cases, the value λ = 0.5 is used. 
Step 5 Estimation of alternative performance scores.
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ξi = (ξiaξibξic) 
1 
3 + 

1 

3 
(ξia  + ξib  + ξic), (32) 

Higher the performance score, better is the alternative. 

4 Application of MCDM Techniques 

It is considered that a vehicle runs 20,000 km annually, 1 kg CNG = 1.485 l petrol, 
1 l petrol = 9.23 kWh, 1 unit electricity cost = Rs. 10, 1 kg CNG price = Rs. 
50 [1, 3, 5]. In the fuel cell EVs, hydrogen gas is converted to fuel cells that do 
not produce hazardous emissions from the tailpipe. Compared to conventional fuel 
vehicles, the driving range of these FCEVs is relatively great. In light, medium, and 
high-duty applications compressed natural gas (CNG), stored in tanks, is employed. 
Since the power of CNG cars is lower than the petrol or diesel vehicles, the range of 
CNG vehicles is smaller. Compared to traditional fuels, high mileage and low GHG 
emission add value to CNG cars. Light cars are outfitted with special systems or 
bi-fuel systems [1]. 

4.1 Identification of Criteria Weights 

The considered alternate fuel vehicles are graded according to the following data C1, 
C2,…,C9 out of which the criteria from C1 to C5 are benefit criteria (higher the better) 
and the remaining are cost criteria (lower the better). The critic method consists of 
weighing objective criteria by considering the correlation between different data. 
Furthermore, there is no human intervention in this weighing method, so the bias 
that may arise due to human intervention is completely eliminated. This results in 
a more practical method of weighting, what is the rationale behind the CRITIC 
method’s selection. Initially, the decision matrix of Table 2 is first normalized as 
presented in Table 3 which also shows the value of standard deviation. The inter-
criteria correlation coefficient is shown in Table 4, and finally, the weights of the 
criteria are shown in Table 5.

4.2 Ranking of Alternate Fuel Vehicle Using Various MCDM 
Techniques 

Selection of appropriate MCDM technique is of great importance in real-world prob-
lems. Using a single MCDM technique may not provide the best result and such a 
result would be unreliable. This section applies four MCDM techniques COPRAS,
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Table 3 Normalized decision matrix 

C (1) C (2) C (3) C (4) C (5) C (6) C (7) C (8) C (9)  

A 
(1) 

0.0000 −0.4478 −0.4805 −0.5294 −0.5000 1.0000 0.9327 0.5039 0.2367 

A 
(2) 

−0.0482 −0.8657 −0.7658 −1.0000 −0.7878 0.9710 0.7056 0.7327 0.5609 

A 
(3) 

−0.1039 −0.1254 −0.1201 −0.2941 −0.1890 0.9340 1.0000 0.1401 0.0000 

A 
(4) 

−0.3143 0.0000 −0.4084 0.0000 0.0000 0.7516 0.8991 0.0000 0.0769 

A 
(5) 

−0.4232 −0.9075 0.0000 −0.9294 −1.0000 0.6171 1.0000 0.7032 0.3964 

A 
(6) 

−0.9569 −0.8149 −0.9039 0.0000 −0.4972 0.3347 0.6215 0.7556 0.4320 

A 
(7) 

−0.9036 −0.9463 −0.5075 −0.1529 −0.2726 0.6008 0.1505 0.9471 0.8166 

A 
(8) 

−0.9113 −1.0000 −1.0000 −0.2941 −0.3050 0.5691 0.1169 1.0000 1.0000 

A 
(9) 

−0.9206 −0.9463 −0.8258 −0.1765 −0.3441 0.5283 0.4533 0.9331 0.8047 

A 
(10) 

−1.0000 −0.9254 −0.7057 −0.4118 −0.6179 0.0000 0.4533 0.9611 0.6509 

A 
(11) 

−0.9145 −0.9463 −0.7207 −0.1765 −0.4093 0.5552 0.3692 0.9761 0.8876 

A 
(12) 

−0.9530 −0.8955 −0.5706 −1.0000 −0.5580 0.3585 0.6552 0.8998 0.6568 

A 
(13) 

−0.9410 −0.8955 −0.3243 −0.1176 −0.3488 0.4268 0.1169 0.8417 0.6509 

A 
(14) 

−0.9205 −0.9254 −0.8258 0.0000 −0.3437 0.5286 0.0000 0.9185 0.7101 

A 
(15) 

−0.9410 −0.8955 −0.7508 −0.0588 −0.4302 0.4268 0.1169 0.8744 0.6710 

A 
(16) 

−0.9752 −0.8866 −0.3093 −1.0000 −0.5049 0.2102 0.4239 0.9512 0.5917 

σ 0.3774 0.3052 0.2866 0.3858 0.2340 0.2717 0.3432 0.2991 0.2806

TOPSIS, EDAS, CoCoSo to rank the alternatives. The techniques have been devel-
oped and solved by using MS Excel. After evaluating the alternatives using the four 
above-mentioned MCDM techniques, the results are shown in Table 6.
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Table 5 Final weights 

C (1) C (2) C (3) C (4) C (5) C (6) C (7) C (8) C (9)  

C j 2.6902 2.0923 2.2815 3.1874 1.7798 1.8676 2.6652 3.3268 2.9805 

W j 0.1176 0.0915 0.0998 0.1394 0.0778 0.0817 0.1165 0.1455 0.1303

Table 6 Alternative ranking sequence using various MCDM techniques 

COPRAS CoCoSo EDAS TOPSIS 

Ui Rank ξi Rank ASi Rank TOPSIS score Rank 

A1 100.0000 1 1.8947 1 0.6189 1 0.6092 1 

A2 94.9462 4 1.6214 10 0.4889 11 0.5669 2 

A3 99.0010 2 1.8076 2 0.5313 6 0.5411 3 

A4 94.9995 3 1.7741 5 0.5000 8 0.4937 9 

A5 89.8218 8 1.5956 11 0.3730 16 0.5235 4 

A6 80.1572 16 1.6742 9 0.4871 12 0.4573 16 

A7 90.5135 6 1.7745 4 0.6077 2 0.5151 6 

A8 89.2853 9 1.4680 14 0.4947 10 0.5037 8 

A9 90.0637 7 1.7527 6 0.5760 4 0.5044 7 

A10 80.9009 15 1.3846 16 0.3900 15 0.4829 13 

A11 92.9493 5 1.7755 3 0.5773 3 0.5171 5 

A12 83.3686 12 1.4869 13 0.4315 13 0.4796 15 

A13 84.0484 10 1.7248 7 0.5574 5 0.4879 12 

A14 83.9237 11 1.5813 12 0.5084 7 0.4923 10 

A15 82.2122 13 1.6766 8 0.4996 9 0.4818 14 

A16 82.2089 14 1.4623 15 0.4237 14 0.4891 11 

4.3 Result Discussion 

(a) Spearman’s rank correlation coefficient. 
(b) Kendall’s coefficient of concordance. 
(c) Borda count. 
(d) Copeland method. 
(e) Grade average method. 

Spearman’s rank correlation coefficient ranges from −1 to  +1, where the value 
of +1 shows a perfect correlation between two sets of rankings [29]. Using Eq. (33), 
the spearman’s rank correlation coefficient result evaluated by comparing the four 
ranking methods as depicted in Table 7. 

rs = 1 − 
6
∑

d2 
i 

n
(
n2 − 1

) , (33)
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Table 7 Spearman’s rank correlation coefficient 

COPRAS CoCoSo EDAS TOPSIS 

COPRAS 1 0.7510 0.6221 0.8740 

CoCoSo – 1 0.8301 0.5342 

EDAS – – 1 0.4375 

TOPSIS – – – 1 

This value of Spearman’s rank correlation coefficient (rs) depicts that the four 
groups of rankings obtained from the applied techniques are closely correlated with 
each other. 

Kendall’s coefficient of concordance ranges from 0 to 1, where the value of 1 
shows a perfect correlation between two sets of rankings [29]. Using Eqs. (34) and 
(35), Kendall’s coefficient of concordance value obtained by comparing the four 
ranking methods is 0.755. 

S = 
n∑

i=1

(
R2 
i − R

)2 
, (34) 

W = 12S 

m2
(
n3 − n

) , (35) 

This value of Kendall’s coefficient of concordance (W ) shows that the four sets 
of rankings obtained from the applied techniques are closely correlated with each 
other. Borda count, Copeland method, and grade average method have been applied 
to evaluate the vehicles’ final ranking, as shown in Table 8.

Furthermore, a sensitivity analysis was carried out by swapping the criterion 
weights for both COPRAS and TOPSIS, as the outcomes of any MCDM technique 
are heavily dependent on the criteria weights. There are nine criteria evaluated, and 
hence, there are thirty-six potential interchanges (9C2), where nine is the overall 
number of criteria and two is the number of criteria selected at one time. Figure 2 
illustrates all pairs of alternate fuel vehicle priority rankings as well as sensitivity 
analysis plots for the COPRAS and TOPSIS techniques.

5 Conclusion 

For numerous years, academics in the field of sustainable development and social 
demand have attracted great emphasis on selecting automobiles with alternative fuels. 
It is a particularly tough multi-criteria problem in decision-making when several 
criteria for different choices in competing environments are taken into account. 
Researchers should be careful with the ranking results of different ranking tech-
niques since they might lead to different ranks, resulting in different outcomes owing
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Table 8 Final rankings of vehicles 

Borda count Copeland method Grade average 
method 

Total Rank Win Loss Final score Rank Score Rank 

A1 60 1 60 420 −360 1 1 1 

A2 37 7 37 443 −406 7 6.75 7 

A3 51 2 51 429 −378 2 3.25 2 

A4 39 6 39 441 −402 6 6.25 6 

A5 25 9 25 455 −430 9 9.75 9 

A6 11 13 11 469 −458 13 13.25 13 

A7 46 4 46 434 −388 4 4.5 4 

A8 23 11 23 457 −434 11 10.25 11 

A9 40 5 40 440 −400 5 6 5 

A10 5 16 5 475 −470 16 14.75 16 

A11 48 3 48 432 −384 3 4 3 

A12 11 13 11 469 −458 13 13.25 13 

A13 30 8 30 450 −420 8 8.5 8 

A14 24 10 24 456 −432 10 10 10 

A15 20 12 20 460 −440 12 11 12 

A16 10 15 10 470 −460 15 13.5 15 

Total 480

to differences in the mathematical modeling of various ranking strategies. The deci-
sion model based on CRITIC-COPRAS is proposed in this study for the evaluation 
of the performance of alternative fuel vehicles. The results showed that Tata Nexon 
(A1) EV fuel is the best choice among six choices, while Maruti Ertiga (A6) CNG 
fuel is the poorest alternative. The Spearman’s and Kendall’s performance tests are 
conducted to govern the degree of concurrence of CRITIC-COPRAS and CRITIC-
TOPSIS technique which is found to be satisfactory. The closeness of Spearman’s 
and Kendall’s coefficient validates the proposed method. The sensitivity analysis also 
shows that the ranking of alternative cars for fuel does not change if the criterion 
weight is modified, indicating the strength of the combined CRITIC-COPRAS deci-
sion model. The results obtained from Borda count, Copeland method, and Grade 
average method is not very surprising. Thus, it can be concluded that applying the 
CRITIC-COPRAS approach, with a strong mathematical background, can help the 
concerned decision-makers effectively make the best decision under any conflicting 
environment.
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Fig. 2 Sensitivity analysis for COPRAS and TOPSIS
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A Review on Dielectric Issues 
and Sustainable Alternatives in Electric 
Discharge Machining 
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Abstract Electric discharge machining (EDM) nowadays a major frequently used 
non-traditional machining processes for machining electrically conductive materials. 
It can machine even the hardest of known conductive materials; however, this process 
lacks on the sustainable scale due to its high power consumption, emission of fumes 
and other harmful waste materials. An operator may develop respiratory problems 
and skin related infections due to the harmful gaseous emission, odor and chemical 
nature of dielectrics. Besides this the non-degradable sludge is also a threat to our 
environment as it can damage our soil and water. In this paper, dielectrics have been 
studied and reviewed in terms of their developments and alternate. The authors have 
studied the problems associated with the conventionally used hydrocarbon dielectrics 
mainly kerosene; power mixed electric discharge machining (PMEDM), a variant of 
EDM has been studied to understand the effects of adding abrasive powder particles in 
the dielectrics and its consequences on the improvement of various response param-
eters along with the environmental effects. Similar kind of study has been performed 
by using the water-based liquid dielectrics and the gaseous phase dielectrics. Issues 
related to sustainability and the development in biodegradable dielectrics have also 
been discussed. Based on these reviews, some future recommendations have been 
suggested. 
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1 Introduction 

Due to the growing need for different variety and complexity in design of products, 
the electric discharge machining (EDM) process has been well known as a prominent 
nontraditional machining process for conductive materials. In the post-World War 
II era, mass production was strengthened in the field of products having complex 
features using EDM. Any geometry on an electrically conductive material could 
be obtained by making its replica on the tool. This feature catered the needs of 
miniaturization and gradually EDM became a valued machining option in the late 
twentieth century. An EDM machine set up comprises of mainly the power supply 
unit, dielectric circulation and filtration arrangement servo system along with “tool” 
and “workpiece” acting as electrodes. Figure 1a illustrates the overall EDM machine, 
while Fig. 1b highlights the filtration units for dielectric circulation. 

Machining in case of EDM is performed in the submerged region in the vicinity 
of electrodes. Kerosene is the most preferred dielectric fluid used, owing to its avail-
ability and reasonable cost. As the current passage and tool electrode approaches 
towards the work piece there happens an increase in the electric field intensity which 
breaks the strength of dielectric and provides a passage for the flow of current between 
the electrodes. Figure 2 illustrates schematic view of an EDM machine which uses 
discrete sparks to ionize the dielectric medium followed by generation of extreme 
high temperature as high as 8000–10,000 K [1] due to the formation of plasma in 
between the electrode gaps. Spark gets produced at the nearest point in the vicinity 
of the surfaces of the electrodes and thus being dynamic in nature it changes its spot 
after each spark which leads to removal of microchips from all the areas uniformly 
resulting in exact shape as that of tool.

Fig. 1 a EDM machine. b Filtration units 
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Fig. 2 Schematic diagram of EDM 

EDM is primarily used in the manufacturing of dies, deep cavities, slots, micro-
nozzle, micro-pins and machining of aerospace materials. Although it is widely 
used; yet it is not termed as a sustainable machining process due to the adverse 
environmental impacts [2]. In EDM, major parameters like pulse on time (T on), 
pulse off time (T off), current, workpiece material, tool material, dielectric, flushing 
mode, flushing pressure, etc., are varied and responses like removal rate of material 
(MRR), wear rate of tool material (TWR) and surface roughness are among the major 
outputs. 

The emission of hazardous gases mainly takes place in the vicinity of the oper-
ator which can cause irritation in eyes, skin itching and respiratory problems; apart 
from this disposal of the waste dielectric waste also known as dielectric sludge and 
machined micro-particles is a matter of serious concern. Very high amount of elec-
trical energy is required to operate an EDM machine, while the material removal rate 
is low, thus it fails to fit in the category of sustainable manufacturing process. The 
other issues in EDM have been summarized and shown in Fig. 3.

2 Dielectrics 

In the EDM process, dielectric plays a vital role. It involves flushing of debris; 
capturing emission vapors, cooling the workpiece and tool used in the spark region, 
insulating the electrodes (i.e., resistance to the flow of electricity). In order to improve 
the EDM towards sustainability and green manufacturing; advancement in dielectric 
material is the need of the hour. In this article, a review on the advancements in 
the area of dielectric, substitutes of the traditionally used hydrocarbon oil, green 
manufacturing and sustainability has been done through the available research. The
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Fig. 3 Sustainability issues in EDM

Table 1 Dielectric properties and purpose 

Properties Magnitude Purpose 

Thermal conductivity High Better cooling 

Viscosity Low Better flow-ability 

Density High Better flushing 

Flash point High Prevent fire 

Dielectric strength High Minimize DC arcing 

Biodegradability High Environment protection 

Toxicity Low Operator friendliness 

Cost Low Economic machining 

properties of dielectric fluids keep decreasing with respect to time; with time its 
color changes, and it develops an unusual odor. Table 1 illustrates the properties of 
dielectrics along with the purposes for which they are used. 

The exact life span of a dielectric cannot be predicted as it depends upon many 
factors as shown as Fig. 4; however, it is a common practice that hydrocarbon-
based dielectrics are generally replaced after 5 years. As the hydrocarbons mixed 
with debris are hazardous; therefore, their disposal should be done as per the local 
environmental rules. When the aging filter gets clogged and thousands of conductive 
debris remains in the dielectric fluid, it ultimately results in longer cycle times and 
emission of hazardous and bad odor gases.

2.1 Powder Mixed in Dielectric 

In a quest to enhance the existing process and efficiency variant and hybrid processes 
are innovated. In a variant process in EDM, very fine metallic powders are poured
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Fig. 4 Factors affecting the dielectric lifespan

in the dielectric; better known as powder mixed electric discharge machining 
(PMEDM). Mixing metallic powders in dielectric reduce the insulating strength 
of the dielectric which ultimately results in better performance of EDM in terms of 
MRR and surface finish. During machining, these powdered particles get energized 
and move vigorously in the inter electrode space. The overall effect of plasma forma-
tion and the movement of energized abrasive particles results in increased MRR. The 
working principle of PMEDM is illustrated in Fig. 5. PMEDM can result in mirror 
like surface finish, hence it is extensively used in machining metal matrix composites 
(MMCs). 

The most important step in PMEDM is the selection of powder material; it must be 
selected for a particular type of work piece based on properties viz. density, electrical 
conductivity, thermal conductivity, melting point, specific heat, etc. Table 2 highlights 
these properties of commonly used powders. The other factors like powder size and 
concentration also effect the results like MRR, TWR and surface finish.

Jeswani [4] had reported an increase in MRR up to 60% by mixing graphite powder 
of very fine size (average size ≈ 10 µm) in dielectric media (kerosene). It was also 
found that the TWR/MRR ratio reduced by 28%. Koshy et al. [5] have studied the 
mixing of doping powder elements in the dielectric medium and have concluded 
that the doping elements can impart certain properties on the workpiece surface. 
Narumiya [6] have used fine powders of aluminum, silicon and graphite powders and

Fig. 5 Working principle of 
PMEDM 
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Table 2 Properties of powders materials used with their consequences in PMEDM [3] 

Powder 
material 

Density 
(g/cm3) 

Thermal 
conductivity 
(W cm−1 °C−1) 

Electrical 
conductivity 
(µ Ω cm −1) 

Melting 
point 
(°C) 

Specific heat 
(Cal g−1 °C−1) 

Remarks 

Aluminum 2.7 2.38 2.45 660 0.215 Tool wear 
reduces, mirror 
surface finish 

Chromium 7.16 0.67 12.7 1875 0.11 Machining 
efficiency 
increased 

Silicon 
carbide 

3.21 1–5 1 * 109 2975 0.18 Increase in 
MRR and 
TWR 

Silicon 2.33 1.5 1 * 105 141 0.17 Reduces 
surface 
roughness 

Tungsten 19.3 1.673 5.6 341 0.31 Increase in 
surface 
micro-hardness 

Titanium 4.72 0.22 55 1668 0.125 Lesser number 
of 
micro-cracks 

Molybdenum 
disulfide 

5.06 0.138 106 1185 0.07 Profile depth 
and quality 
improved 

Boron 
carbide 

2.52 2.79 5.5 * 104 2763 – MRR and 
machining 
efficiency 
increased 

Graphite 1.3–1.9 0.25–4.70 500–3000 4550 0.17–0.20 Reduction in 
TWR 

Molybdenum 1.2 1.39 5.27 2610 0.06 – 

Alumina 3.98 0.251 103 2072 0.17 Improved 
topography 

Carbon 
nano-tubes 

2 4 50 2800 – Decreased 
surface 
roughness, 
reduced 
thickness of 
recast layer

varied its concentration in the range 2–40 g/l. It was found that lower concentration 
of fine powders of graphite and silicon yielded better surface finish. Ming and He [7] 
have used copper as tool electrode, high carbon steel as the workpiece and conductive 
powder was mixed in the dielectric fluid. It was concluded that addition of conductive 
powders resulted in an increased surface micro-hardness. Uno et al. [8] have added 
fine nickel powder to the dielectric while machining an alloy surface using EDM. The 
addition of nickel powder resulted in improved wear resistance properties. Furutani
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et al. [9] have studied the effects of addition of titanium powder to kerosene while 
machining carbon steel workpiece. It was found that a hard layer of titanium carbide 
was deposited on the workpiece surface. Pecas and Henriques [10] have studied 
the effects of mixing powder in a dielectric which caused enhanced performance 
of traditional EDM, it was found that with the addition of silicon powder operating 
time reduced along with improvement in the surface finish. Kansal et al. [11] have  
machined Al–10% SiCP metal matrix composite using PMEDM where powders of 
Al, Cu, SiC and Cr powders were used as additive powders. The response surface 
methodology (RSM) technique was used to examine the machining responses in 
terms of MRR and TWR. Kumar and Singh [12] had added manganese powder in 
dielectric to analyze the amount of material removal. It was found that the surface 
properties changed and the percentage of manganese and carbon increased which 
resulted in the increased micro-hardness. Kumar [13] had studied the effects of 
mixing carbon nanotubes in dielectric fluid to in machining of AISI-D2 steel in 
order to get mirror like surface finish. Li et al. [14] had used SiC abrasive powder in 
dielectric along with EDM magnetic stirring for machining titanium alloy workpiece. 
It was found that the SiC layer so on the improved the hardness. Rani et al. [15] 
had conducted PMEDM by adding nano Al powder to machine work piece with 
composition Ti6Al4V using a copper tungsten tool. The results concluded that with 
increment of nano size powders of aluminum a reduction in micro-cracks which 
ultimately resulted in increased surface finish was noted. Kumar et al. [16] have  
observed the effects of adding aluminum oxide (Al2O3) powder having average 
diameter below 1 mm in a dielectric used for the machining of an Inconel 825 grade 
workpiece. It was evident from the experiment finding that the pulse on time, peak 
current and gap voltage were the significant parameters which affected the MRR and 
surface roughness. Figure 6 illustrates different powders with their first instance of 
use in PMEDM.

2.2 Water-Based Dielectrics 

Jewsani [17] had compared the outputs of kerosene and distilled water as dielectric 
mediums in EDM process. It was found that using distilled water lead to higher 
MRR and poor accuracy but resulted in better surface finish. Jilani and Pandey [18] 
have investigated the scope of using water as a dielectric for machining low carbon 
steel workpiece using brass and copper electrode. In these experiments, the three 
dielectrics were used (i) distilled water, (ii) tap water and (iii) 25% tap water mixed 
with 75% distilled water. It was found that MRR rate was best in case of tap water. 
Koenig and Joerres [19] studied the use of aqueous solution of organic compounds 
as dielectric medium in case of EDM machining. The results suggested the use of 
highly concentrated glycerine aqueous solution dielectric as the best one. It was 
also found that glycerine media had an advantage over the hydrocarbon dielectrics
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Fig. 6 Powders used in PMEDM

while working under high pulse duty factors and long pulse durations. Konig [20] 
studied the influence of working medium in case of EDM. It was found that working 
medium had a significant influence in case of spark machining. Using water as a 
dielectric resulted in higher thermal stability and higher power input. Yeo and New 
[21] worked on a parameter namely utility function in order to find the utility value; 
an outcome of integration of energy, quality, time and mass of different dielectrics. 
It was found that the value of utility function for de-ionized water was 1.23 and for 
kerosene it was 1.11. Leao and Pashby [22] have reported that fluids can provide a 
replacement to hydrocarbon oil, as a dielectric and suggested that oil-based fluids can 
be replaced by water-based dielectrics in die sink applications. It was also concluded 
that dielectrics in gaseous phase like oxygen can serve as an alternate. Liu et al. [23] 
have studied the performance of water in oil emulsion as a dielectric on the basis 
of orthogonal and additional experiments with single factor. Results revealed that 
discharge current (I) and water content of the emulsion significantly influenced the 
machining performance of EDM. Also MRR and EWR decreased with the increase 
in temperature of the emulsion. Pattabhiraman et al. [24] have studied the use of 
atomized droplets that formed a moving film of dielectric for EDM. The results 
revealed that for all set of parameters the electrode wear using atomized dielectric 
was better as compared to dry and wet EDM. Tang and Du [25] have tested tap water 
in case of Ti–6Al–4V workpiece material as a dielectric fluid because of its safe 
nature. Experiment results were later compared with those of contrast experiment. 
The results indicate that the MRR improved from 5.9 to 6.02 mm3/min. Paswan 
et al. [26] have used steam as a dielectric in EDM to machine aluminum-based 
MMC and compared the result with dielectrics like hydrocarbon oil and kerosene. It
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was found that recast layer improved up to 37.15% in structure, morphology, base 
material bond and thickness. Steam as a dielectric was chosen in order to make the 
process sustainable and eco-friendly with lesser surface defects in comparison with 
the hydrocarbon dielectrics which resulted in lower costs of operation. 

2.3 Biodegradable Dielectrics 

Valaki and Rathoa [27] have studied the operational feasibility of using waste 
vegetable oil a substitute dielectric medium and compared the outcomes with those of 
hydrocarbons and kerosene. Experiment results so obtained revealed that these bio-
dielectric fluid can be used as a substitute to hydrocarbon oil and synthetic-based 
dielectrics for EDM. Valaki et al. [28] have investigated the practical feasibility 
of using “jatropha curcas” oil-based bio-dielectric fluid for sustainable EDM and 
concluded that the response of the parameters were found in good conformance by 
using regression models. It was suggested that the use of Jatropha oil-based bio-
dielectric fluids can help to achieve sustainability of EDM process to an extent. Ng 
et al. [29] have studied the effects of biodiesel as a dielectric in electric discharge 
micromachining. Canola and sunflower biodiesel were compared against conven-
tional dielectric in terms of MRR and TWR. The experimental results focussed on 
the fact that both “canola” and “sunflower biodiesels” outperformed the conventional 
dielectric. Sadagopan and Mouliprasanth [30] have investigated the effect of three 
different dielectric fluids namely (i) biodiesel, (ii) transformer oil and (iii) kerosene on 
the responses like MRR, EWR and surface roughness. The machining was performed 
on a Al 6063 workpiece sample using a die-sinking EDM machine with copper as 
tool electrode. The result revealed that biodiesel can be used as a dielectric medium 
in EDM due to increased MRR and lower values of EWR while transformer oil and 
biodiesel emit smoke in less magnitude. Das et al. [31] have worked on the different 
sustainability areas of EDM and named transesterified neem; as one of the green 
dielectrics. The authors have reported that the dielectric “neem” imparts compara-
tively finer surfaces since the radial craters overlapped repeatedly, and hence, they 
required lesser time periods for attaining the required material removal. Figure 7 
illustrates some alternative dielectric materials, as per their initial usages in EDM 
process.

3 Issues and Their Sustainable Alternatives 

Dahmus and Gutowski [32] have analyzed and revealed that the requirements of 
energy for material removal were very small as compared to the requirement of total 
energy in machine operation. Evertz et al. [33] have performed the optimization 
of EDM primarily in risk reduction assessments. The effects of different parame-
ters have been tested to know their influence on air emissions. Metals and aliphatic
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Fig. 7 Alternate dielectrics used in EDM

compounds showed significant influence for electrodes used as compared to poly-
cyclic aromatic hydrocarbons and volatile organic compounds. Increase in dielectric 
level above the location of processing resulted in decreased emissions in case of 
chromium, nickel, BTEX and PAH. With the increase in EDM current air emissions 
had increased for all the substances that were analyzed. Sivapirakasam et al. [34] have  
analyzed the aerosol produced during the EDM process and monitored the effects of 
variation of flushing pressure within the area of breathing zone. The influence of pulse 
duration, dielectric level and peak current near the spark location were also reported 
using Taguchi methodology. Peak current and pulse duration were recognized as 
the most influencing parameters. It was found that spherical shape particulates with 
average size in the range of 20–29 nm were seen in the morphological studies. 
Sivapirakasam et al. [35] have developed a combined model of Taguchi with fuzzy 
TOPSIS methods in order to solve optimization problems having different response 
parameter in the green manufacturing area. The best machining performance for a 
green EDM was reported with a peak current value of 4.5 A, pulse duration value of 
261 µm along with dielectric level of 40 mm and flushing pressure 0.5 kg/cm2. It was  
observed that peak current was found out to be the most influential parameter from 
analysis of the closeness coefficients. Valaki et al. [2] have studied the research work 
done in EDM process under three sustainability indicators viz. impact on environ-
ment, health of operators and operational safety. It was observed that supply mode 
of dielectric material such as wet/dry/near dry had significant influence on the above 
sustainability indicators. Jagadish and Ray have combined GRA along with principal 
component analysis (PCA) method to ultimately optimize the process parameters of 
the sustainable EDM. Peak current was found out as the most important parameter 
having 52.87% contribution [2]. Srinivas et al. have suggested the use of alternate 
green dielectrics along with better environment for operators safety and minimizing
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Table 3 Classification of EDM with respect to the use of alternate dielectrics 

EDM type Wet-EDM Dry EDM Near dry EDM Spray EDM 

Alternate 
dielectrics 

Plain water 
De-ionized water 
Tap water 
Distilled water 
Water in oil emulsion 
Commercial 
water-based fluid 
Transesterified neem 
Jatropha Curcas 
Biodiesel 

Air 
Oxygen 
Argon 
Helium 

Two phase 
(liquid–gas) 

Single phase liquid 

environmental degradation effects towards sustainable EDM [36]. Zia et al. [37] 
have focused on (i) economic, (ii) environmental and (iii) social concerns for EDM 
process. Issues related to cost, health and environment were discussed extensively; 
consumption of energy, preparation of electrode and dielectric disposal were found 
out to be the major concerns. Major health concerns reported were cases of fume 
inhalation, skin itching and fire threat. Table 3 illustrates the classification of EDM 
with respect to the use of alternate dielectrics. 

Some authors have investigated the feasibility of adding powder in the conven-
tionally used dielectrics like kerosene in order to enhance the MRR and surface finish 
while machining; however, mixing of powder enhances the emissions of gases. Sepa-
ration of these powder and debris from the dielectric sludge has been a major concern 
for the researchers. With the passage of time filter materials gets damaged, hence 
filtering the powder and debris cannot happen to the full extent; therefore, using the 
impure dielectric in itself is a danger and in case of its disposal environmental norms 
should be considered because of its non-biodegradable nature. This has been one of 
the most important phenomenons where EDM lags behind some other processes in 
terms of sustainability. With the use of water-based dielectrics, it has been reported 
that gaseous emissions have reduced. These dielectrics have not been used on all 
sets of tool and work piece materials; hence, it has not been accepted worldwide as 
alternate to the conventional hydrocarbon dielectrics. Gaseous, mist and spray form 
of dielectrics have proved to be environment friendly and needs to be employed in 
commercial sectors. In order to overcome the shortcomings following improvisations 
can be applied in the EDM process: 

(i) Filter design should be improved to cope up the wear and tear from the debris 
and powders mixed in the dielectric sludge. 

(ii) Monitoring dielectric life should be ensured, and it should be instantly replaced 
as soon as it gets unfit for the environment and operator. 

(iii) Dielectrics having low viscosity should be used as they emit less smoke as 
compared to the viscous dielectrics.
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(iv) In order to make this process operator friendly, fumes, emissions, odor needs 
to be minimized or neutralized by developing any possible arrangement or 
mechanism. 

(v) Combination of tool work piece and dielectrics should be studied, and it 
should be standardized for commercial use in order to minimize the emissions, 
wastage, cost and operators health risk. 

4 Conclusions 

The paper discusses on comprehensive review on the recent trends and different types 
of dielectrics used along with the major findings. Issues in existing dielectrics have 
been extensively discussed. The PMEDM has been discussed, and the alternative 
dielectrics have also been classified. The following dielectrics have a promising 
future: 

1. De-ioinized water mixed with organic compounds has shown positive results for 
finishing and roughing operations. 

2. Abrasive powders mixed in dielectrics have shown enhanced results in micro-
EDM operations. 

3. Gaseous dielectrics in micro-EDM have resulted in enhanced MRR. 
4. Dielectrics having lower viscosity have resulted in improved machining cycle 

time. 
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Numerical Investigation of Mixing 
Characteristics of a Passive 
T-Micromixer with a Twisted Outlet 
Channel 

B. Lohit Nagarjun Reddy and M. Zunaid 

Abstract The present study considers the computational evaluation of the mixing 
performance of a passive T-micromixer with a twisted outlet channel. The outlet 
channel is twisted to enhance the mixing performance of the micromixer. For this 
study, we consider two separate water specimens suitable for simulating the mixing of 
two miscible liquids of low diffusion coefficients. The results of mixing performance 
obtained are weighed against a simple T-micromixer with no twists of the same 
aspect ratio and characteristic dimension. The present study investigates mixing 
performance for a T-mixer with two twists to the outlet channel with a characteristic 
dimension of 133.33 μm for a set of Reynolds numbers (10–266). The twisted T-
micromixer has shown an appreciable increase in the mixing index, especially in 
lower Reynolds numbers. 

Keywords Micromixer · Computational fluid dynamics · Microchannel · Mixing 
index 

1 Introduction 

Micromixers are used in the chemical, biological and medical industry extensively 
for applications in microfluidics systems involving fast chemical reactions, DNA 
analysis and cell separation [1–8]. 

The micrometre-scale dimensions of a micromixer mean that laminar flow domi-
nates in these devices. The control of flow characteristics is easy in the laminar flow 
because it can be predicted with good accuracy. But macroscopic turbulent fluctu-
ations needed for homogeneous mixing are absent [1]. Mixing in micro-channels 
occurs by molecular diffusion alone. This is a drawback as rapid mixing of two fluid 
streams becomes difficult.
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The micro-scale mixing systems can be widely categorized into two groups: active 
and passive [9]. Passive micromixers rely on the energy imparted to the fluid to 
facilitate their motion, for mixing [10, 11]. Passive micromixers aim to achieve 
mixing by manipulating the fluid flow with the help of the channel geometry to 
increase chaos in the fluid flow [12–15]. Active micromixers on the other hand have 
external sources for providing excitation energy to enhance mixing electric fields, 
magnetic fields, etc., are suitable excitation agents in active micromixers. Lee et al. 
[9] discussed the advantages and disadvantages of both groups of micromixers [16]. 
Passive micromixers are simpler in construction and cheaper to manufacture [17]. 
But they do not have as good a mixing performance as that of active micromixers 
for the same dimensions of micromixer [18]. Active micromixers are much more 
sophisticated and provide better adjustability when it comes to different operating 
conditions. This due to the fact that the behaviour of the excitation source can be 
changed at will to suit the flow conditions. Despite the advantages provided by active 
micromixers, they are less preferred over passive micromixers simply due to their 
higher cost, complex control systems and difficulty in integration compared to passive 
micromixers [19, 20]. 

At the junction of the simple T-micromixer (STM), the flow regime varies 
depending on the Reynolds number. Engler et al. [21] determined that three flow 
regimes may occur, namely laminar flow, vortex flow and engulfment flow. In the 
engulfment regime, the two fluid streams intertwine which rolls up the contact area 
(which is plane initially), increasing the mixing efficiency, as noted by Bothe et al. 
[22]. 

In a simple T-micromixer, Dundi et al. [23] observed that mixing performance can 
be improved by introducing a swirl component of velocity to the fluid at the inlets. 
It was also observed that swirls in opposite directions in both the fluids had better 
mixing than the case when swirling was introduced in the same direction. It can also 
be observed that the mixing gradient (∆MI/∆x) is higher in the initial span of the 
channel dropping after a certain distance. 

The present study aims to build on these previous studies and observe the results 
obtained by further alteration to the channel. This alteration is made by providing 
twists in the outlet channel while retaining a uniform cross-section over the entire 
span. Jafari et al. [24] studied the performance of twisted micromixers in the liquid– 
liquid extraction process. But the cross-sectional area of the channel changed with a 
change in the number of twists because the microchannel was created by physically 
twisting a circular cross-section microchannel. Twisting resulted in an oval cross-
section whose dimensions depended on the number of times it was twisted.
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2 Methodology 

2.1 Mathematical Modelling 

Two water species are supplied through the two inlets of the micromixer. Water is an 
incompressible fluid and it obeys Newton’s law of viscosity. The model is numerically 
solved with the help of equations of conservation of mass (the continuity equation) 
and conservation of momentum (Navier–Stokes’s equation). 

The mixing process is governed by the following equation: 

(V .∇)c = D∇2 c (1) 

where 

c Concentration 
D Coefficient of diffusion. 

The average concentration at any section is given by 

c = 

{ 

A 
cdA 

A 
(2) 

where 

A Area of the section (m2). 

The degree of mixing at any section in the micromixer is indicated by the mixing 
index (MI) which is given as 

MI = 1 − 

||
|
|

{ 

A 
(c − c)2 dA 

A.c(1 − c) 
. (3) 

At a certain section in the micromixer, ‘MI’ of zero denotes no mixing whereas 
‘MI’ of one denotes complete mixing. 

2.2 Numerical Modelling 

The 3D model of the T-micromixer with twisted outlet channel (TTM) is made on 
SOLIDWORKS 2020. The governing equations are solved, and the flow is simulated 
in ANSYS FLUENT 2020. 

The micromixer has two inlets with a square cross-section of side 100 μm. The 
outlet channel has a rectangular cross-section with a width and height of 100 μm
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Fig. 1 Geometry of T-micromixer with twisted outlet channel 

and 200 μm, respectively, as shown in Fig. 1. The twists are applied by rotating the 
exit by 720°. It should be noted the cross-sections of all the sections along the span 
of the outlet are identical albeit in a different orientation. 

For the meshing of the micromixer geometry, hexahedral elements are used as a 
smaller number of such elements are required to mesh the flow domain as compared 
to other types of elements. This reduces the computational load. Also, the mesh 
elements were much more uniform in shape compared to when we use tetrahedral 
elements. This can be seen in Fig. 2. Hexahedral elements also provided low skewness 
(maximum skewness = 0.265).

Two species of water (‘water’ and ‘water-dye’) are inducted into the micromixer 
via the two inlets. The concentration at the inlet section for ‘water-dye’ is taken as 
‘one’ and ‘zero’ for the inlet section for ‘water’. 

Properties of liquid water at 20 °C (Table 1) are considered for this study.
A steady-state laminar flow model along with a species transport model was 

selected for the study. The residual for continuity is taken as 10–5 and 10–4 is the 
residual selected for momentum and species equation (Table 2).

Table 3 indicates the boundary conditions being used for the simulation. The 
Reynolds number is calculated for the outlet channel.

The solution obtained from the numerical calculation must not be dependent on 
the number of mesh elements. Therefore, an optimum mesh size is selected to obtain 
enough mesh elements for which the solution in grid independent. Figure 3 shows 
the mixing indices for different element count (0.6 million to 7.2 million) for TTM 
at a Reynolds number of 266. The slope of the curve in Fig. 3 is reducing as we 
increase the number of elements. Subsequently, we would reach a point where the 
mixing index would not change with anymore increase in the number of elements.
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Fig. 2 Generated mesh

Table 1 Properties of water at 20 °C 

Coefficient of diffusion (D) 20 × 10–9 m2/s 

Coefficient of viscosity (μ) 0.001 Pa s 

Density of fluid (ρ) 998.2 kg/m3

Table 2 Solution methods employed 

Pressure–velocity coupling SIMPLEC 

Pressure Standard 

Momentum Second order upwind 

Species Second order upwind

Table 3 Boundary conditions 

S. No Axial velocity at inlets (m/s) Reynolds number 

1 0.15 20 

2 0.45 60 

3 0.75 100 

4 0.90 120 

5 1.32 176 

6 1.65 220 

7 2.00 266
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Fig. 3 Plot of mixing index for TTM at RE = 266 at different N values 

At this condition, the solution obtained is said to be grid independent. Increasing the 
element count further would lead to high computational load while giving negligible 
improvements. Therefore, we need to select a certain number of elements which is 
optimized for the available computational power and satisfactory result. 

3 Result 

After carrying out the numerical simulation of TTM to evaluate its mixing perfor-
mance, it was compared with an STM with the same aspect ratio. The results of 
the STM were validated with results obtained by Dundi et al. [23]. The comparison 
between present work and previous literature is shown in Fig. 4. Further, results of 
MI of STM at Reynolds numbers intermediate to those simulated by Dundi et al. 
[23] to better analyse its performance relative to TTM.

It can be observed from Table 4 that TTM shows a significant increase in mixing 
performance compared to STM. This is depicted graphically in Fig. 5. This increase 
is the greatest at Re = 176, where the increase in MI is almost 1000%. This can be 
owed to the fact that MI is nearly constant for low Reynold numbers. In this case for 
STM, it can be seen that MI increases significantly only for Reynolds numbers above 
around 176. The increase in MI for fluid flow in TTM can be attributed to two effects 
imposed on the fluid by the addition of twists. The first effect is the swirl induced in 
the fluid. Figure 6 shows the swirl velocity imparted to the fluid due to the twists. It 
can be observed that the magnitude of swirl velocity is greater for fluid that is further 
away from the centreline of the mixing channel. The mixing is observed to happen 
well in regions away from the centreline of the mixing channel. This is attributed to
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Fig. 4 Mixing index comparison of current simple T-mixer (STM) with existing literature

the increased swirl in those regions. Because of this swirl velocity imparted the fluid 
particles, they travel a greater distance while traversing through the outlet channel 
than that of STM. This is shown in Fig. 7. The second effect is analogous to that 
observed in 2D fluid analysis for wavy outlet channel conducted by Mondal et al. 
[5]. We can see this effect manifesting when we observe the surface streamlines 
longitudinal to the outlet channel as shown in Fig. 8. The MI along the outlet channel 
at different Reynold’s numbers is shown with the help of Fig. 9.

Figure 10 plots the pressure drop (▲P) for STM and TTM. It can be observed 
that the increase in pressure drop for TTM is only marginal (13.73% at RE = 266) 
considering the gain in mixing performance (99.8% gain at RE = 266). 

4 Conclusions 

A study involving computer simulation to propose a new design for a micromixer 
is presented. A T-mixer with a twisted outlet channel has been investigated. The 
geometry was created by sweeping the outlet cross-section along a helix. This allowed 
for the maintenance of a constant area of cross-section along the mixing channel. For
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Table 4 Mixing indices at different Reynolds numbers 

Inlet velocity (m/s) Reynolds number 
(outlet channel) 

Mixing index (MI) 

Simple T-micromixer 
(%) 

Twisted T-micromixer 
(%) 

0.15 20 5.12 13.1 

0.45 60 3.51 12.71 

0.75 100 3.15 19.2 

0.90 120 2.95 22.1 

1.33 176 4.21 45 

1.66 220 27.7 60.21 

2.00 266 33.3 66.2 
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Fig. 5 Comparison of mixing index for TTM and STM for different Reynolds numbers

this study, a helix of an axial length of 3000 μm with two revolutions was selected. 
A rectangular cross-section of hydraulic diameter of 133.33 μm was chosen for this 
study and was compared against a simple T-mixer of the same cross-section and axial 
length. The computational methodology adopted has been validated with results from 
previous literature. The simulation work done indicates that the application of twisted 
T-micromixer (TTM), as opposed to simple T-micromixer (STM), provided increased
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Fig. 6 Swirl velocity vectors at outlet of microchannel 

Fig. 7 Streamlines of “water-dye” only. Colour signifies concentration

mixing primarily due to the induction of swirl to the fluid by the twisted geometry. 
Consequently, there is an increase in the pressure drop along the micromixer although, 
the increase in mixing index is much more significant compared to the increase in 
the pressure drop. Using TTM is particularly beneficial at low Reynolds numbers 
since STM offers significant mixing only after entering the engulfment regime at the 
junction of the micromixer.
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Fig. 8 Selected planes and their respective surface streamlines alongside them for RE = 266. a 
Plane 1 (Z = 0 μm). b Plane 2 (Z = 25 μm). c Plane 3 (Z = −25 μm)
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The present work can be extended further by selecting a different number of twists 
and different aspect ratios for the outlet channel. Their effect on flow at different 
Reynolds numbers can be studied. This will further strengthen the results presented 
in this study. Further, study can be done on the mixing characteristic of the new 
design and its various possible iterations stated above with non-Newtonian fluids 
which would be much more relevant to the practical applications of the microfluidic 
device as shown in the work by Tokas et al. [25, 26]. 
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Numerical Investigation of T-Micromixer 
with Twisted Outlet Channel 
for Non-newtonian Fluid 

B. Lohit Nagarjun Reddy and M. Zunaid 

Abstract The current study seeks to add to previous work done to analyse the mixing 
characteristics of T-micromixers with twisted outlet channel. The non-Newtonian 
fluid used for this study is blood. The results obtained are compared with those 
obtained for blood flow in simple T-micromixer. The Carraeu–Yasuda model has 
been utilised to simulate the viscous behaviour of blood. For this study, the outlet 
of the T-micromixer has two twists and a characteristic dimension of 133.33 µm. 
The mixing characteristics have been observed for flow rates ranging from 0.0029 
to 0.015 kg/h. 

Keywords Computational fluid dynamics · Passive micromixer · Mixing 
performance 

1 Introduction 

The mixing of fluids in the case of channels of micrometre scale is critical. Microchan-
nels are utilised in places like lab-on-chips and micro-total analysis systems. Its 
application includes sample preparation, biological and chemical synthesis [1–4]. 

Laminar flow is dominant in the case of fluid flow through microchannels. This 
means that the system lacks turbulent fluctuations present in macro-scale channels, 
which help in the homogeneous mixing of two or more fluid streams. Therefore, 
ensuring that the implemented design of the microchannel is capable of providing 
sufficient mixing is of utmost importance. Due to the absence of turbulence, mixing 
is dependent on molecular diffusion only. Molecular diffusion depends on the area 
of contact between the fluid streams.
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Micromixers can be broadly categorised into active and passive mixers. Active 
micromixers are primarily reliant on external sources of excitation to facilitate 
mixing. The source of excitation could be based on magnetic, electric of pressure-
related phenomena. One example could be the use of pulsating pressure at the inlet. 
Another could be providing a vibrating device contained in the channel which would 
provide the necessary excitation. Passive micromixers on the other hand have to make 
do with the flow energy imparted to the fluid for adequate mixing. They usually use 
intricate designs of channels that could potentially generate vortices and increase the 
area of contact between the two fluid streams which in turn increases the molecular 
diffusion-based mixing. 

Earlier work on examining mixing characteristics of microchannels was based 
on experimental analysis [5, 6]. With the increasing ability of modern computers to 
simulate the flow characteristics for such scenarios, work on micromixers has moved 
towards CFD-based results with experimental observations saved for the validation 
stage. This has significantly reduced the time and resources required for the tasks. 

A popular design for passive micromixer is the T-micromixer which consisted of 
two inlet channels opposed to each other and a single outlet channel perpendicular to 
both the inlets. Soleymani et al. [7] concluded in their study of simple T-micromixer 
that the intensity of the vortices generated is dependent on the geometrical charac-
teristics like aspect ratio and the flow rates. Engler et al. [8] observed the occurrence 
of three flow regimes is T-micromixer, starting from laminar flow regime at low 
Reynolds number. With increasing Reynolds number, the flow entered the vortex 
regime followed by the engulfment regime where significant mixing was achieved. 
Prakash et al. [9] introduced a bend in the outlet channel of the T-micromixer and 
found it to give improved mixing performance with a small penalty in the form of 
increased pressure drop. 

Inducing stirring transverse to the flow direction has been found to be an easy 
method to intensify the mixing process [10]. A micromixer with a wavy structure 
was an examination by Solehati et al. [11], and it was found that the new structure led 
to the formation of dean vortices which significantly improved mixing between two 
fluid streams [12]. Dundi et al. [13] observed that introducing a rotational component 
of velocity at the inlet led to better mixing performance, and the effect was more 
pronounced when the direction of the swirl was opposite in the two inlet channels. 

Whilst most of the studies focused on the mixing behaviour of Newtonian fluids, 
most practical applications of micromixers use non-Newtonian fluids like blood. 
Tokas et al. [14] and Zunaid et al. [15] tested the mixing performance of a modi-
fication of T-micromixer in the form of a 3D helical outlet channel and found to 
gain mixing performance for both Newtonian and non-Newtonian fluids. Numerical 
simulations are conducted to investigate the mixing performance of non-Newtonian 
in the proposed T-micromixer with a twisted outlet channel. Jafari et al. [16] tested  
a T-micromixer whose outlet channel was physically twisted.
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2 Methodology 

2.1 Mathematical Modelling 

Through the two inlets, two blood species are let in. Blood is non-Newtonian fluid 
(pseudoplastic fluid). To simulate its viscous behaviour, the Carraeu–Yasuda model is 
used [17]. The model is numerically solved with the help of equations of conservation 
of mass and momentum. The shear rate-dependent viscosity according to Carraeu– 
Yasuda model is given by: 

η( ̇γ ) = η∞ + (η0 − η∞)
|
1 + λ( ̇γ )a

|(n−1)/a 
(1) 

In the above equation, n, η∞, η0, a and λ are flow index, infinite shear rate 
viscosity, zero shear viscosity, an empirical constant and characteristic relaxation 
time, respectively. From the existing work of Abraham et al. [18], the following 
values— γ̇ = 8.2 s, η0 = 0.1600 Pa s, n = 0.2128, η∞ = 0.0035 Pa s and a = 0.64 
are taken. 

The mixing process is governed by the following equation: 

(V .∇)c = D∇2 c (2) 

where c is the mass fraction of the fluid and D is the coefficient of diffusion 
The efficiency of mixing at a cross-section and is indicated by the mixing index 

(MI) which is calculated as shown below: 

MI = 1 −

||||
{

A 
(c − c)2 dA 

A.c(1 − c) 
(3) 

In the above equation, c is the average concentration over the entire cross-sectional 
area, and c is the concentration of the sample point on the cross-section. 

2.2 Numerical Modelling 

The model of the T-micromixer with the twisted channel was made using SOLID-
WORKS 2020. The simulation was performed on ANSYS FLUENT 2020. 

The outlet channel has two twists, i.e. the end of the outlet channel has been rotated 
by 720° with respect to the end connected to the inlets. The inlet channels have a 
cross-section of (100 µm * 100 µm), and the outlet channel has a (100 µm * 200 µm). 
A channel length of 3000 µm is selected for the outlet channel. The aspect ratio is kept 
constant along the entire length of the outlet channel as shown in Fig. 1. Hexahedral 
mesh elements have been used as they create a much more uniform mesh with very
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low skewness (maximum skewness = 0.265). Figure 2 shows the mesh created over 
the flow domain. 

Two species of blood, namely “blood” and “blood_dye” are introduced through 
the two inlets. The concentration at the inlet of “blood_dye” is taken as one and that 
of “blood” is taken as zero. 

The residual for solving continuity equation is taken as10−5, and for momentum 
and species equation, it is taken as 10–4. The solutions methods employed are 
indicated in Table 1.

Fig. 1 Geometry of T-micromixer with a twisted outlet channel 

Fig. 2 Hexahedral mesh at the junction of the micromixer 
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Table 1 Solution methods 
employed 

Pressure–velocity coupling SIMPLEC 

Pressure Standard 

Momentum Second-order upwind 

Species Second-order upwind 

2.3 Validation of Computational Approach and Grid 
Independence 

It is critical to make sure that the mathematical model imitates the real-life phenomena 
with accuracy. Therefore, validation needs to be done. In this case, the validation was 
performed with previous research of Afzal and Kim [19] which utilised Carraeu– 
Yasuda model to simulate the viscous behaviour of blood. Figure 3 shows the resem-
blance between the results of the present study and those of Afzal and Kim [19]. 
Seeing that the results of the present study closely replicate the results of Afzal and 
Kim [19], we can conclude that the mathematical model is sufficiently accurate and 
can be used for the study of T-micromixer with twisted outlet channel. 

The computational grid generated must also be optimally refined to give suffi-
ciently accurate results whilst not demanding huge computational resources and 
time. For that several simulations were run on a single set of boundary conditions 
with different elements sizes, and the influence of grid size on the MI and pressure 
drop (▲P) was evaluated. It can be seen from Fig. 4 that the MI and ▲P for element 
count greater than 3 million showed little variation with further increase in element
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Fig. 3 Comparison of MI of present study and results obtained by Afzal and Kim [19] 
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Fig. 4 Grid independence test for T-micromixer with a twisted outlet channel 

count. Therefore, an element count of 3.5 million was selected as it was within the 
bounds of the available computational capabilities, and the results obtained are grid 
independent. The above-mentioned selection for grid size allows for an element count 
good enough to provide satisfying results comparable to real-world behaviour whilst 
also providing the solution within reasonable time frame. 

3 Results 

Table 2 shows the inlet velocities for this study. A “no-slip” boundary condition 
has been applied to the walls of the micromixer, and a “pressure-outlet” boundary 
condition has been applied to the outlet of the micromixer. The corresponding mass 
flow rate of blood for the different inlet velocities has also been indicated in Table 2. 
Whilst Newtonian fluid flow in characterised using the Reynolds number, the same is 
not possible in case of non-Newtonian fluids. This is due to the constantly changing 
value of the viscosity of blood which leads to difficulty in determining the Reynolds 
number of flow at any particular cross-section. Hence, characterising fluid flow based 
on the mass flow rate through a certain section proves more useful.

It can be observed from Figs. 5 and 6 whilst the difference in ▲P between the 
twisted outlet micromixer and simple T-micromixer is very small, there is an appre-
ciable increase in MI in the case of twisted outlet micromixer with respect to simple
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Table 2 Inlet conditions studied 

S. No Axial velocity at inlets (m/s) Mass flow rate (kg/h) 

1 0.20 0.0152 

2 0.15 0.0114 

3 0.1125 0.0086 

4 0.075 0.0057 

5 0.0375 0.0029
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Fig. 5 MI of T-micromixer with twisted outlet channel for different mass flow rates of blood

T-micromixer. From both Fig. 5 and Table 3, we can see that for the range of mass flow 
rates selected for our study the MI for twisted outlet micromixer is nearly constant 
whilst MI of simple T-micromixer is decreasing with an increase in the mass flow 
rate through the channel. 

4 Conclusion 

A study involving simulation of the behaviour of blood (non-Newtonian fluid) as 
it flows through a T-micromixer with a twisted outlet channel is presented. The 
Carraeu–Yasuda model was chosen to simulate the rheological behaviour of blood.
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Fig. 6 ▲P for different mass flow rates of blood 

Table 3 Mixing indices at different Reynolds numbers 

Mass flow rate (blood) (kg/h) Mixing index (MI) 

Simple T-micromixer (%) Twisted T-micromixer (%) 

0.0029 10.28 11.89 

0.0057 6.88 10.88 

0.0086 4.88 10.56 

0.0114 4.46 10.65 

0.0152 2.84 10.43

Validation of the selected model was carried out with the help of previous work done 
by Afzal and Kim [19], Boyd et al. [17]. The results obtained for micromixer with 
twisted outlet channel were weighed against with conventional T-mixer. It was found 
that for a minimal penalty in form of increased pressure drop, T-micromixer with 
twisted outlet channel provided better mixing performance when two bloodstreams 
were inducted from the two branches of the T-micromixer. 

The present study can be extended further by using different non-Newtonian fluid 
and also by varying the number of twists and the length of the outlet channel. A 
wider range of mass flow rates may be studied as well.
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To Study the Effect of Electromagnetic 
Forces on WIRE Electrochemical 
Discharge Machining 

Yajush Walia and Sarbjit Singh 

Abstract Some composites with their extraordinary properties are acquiring impor-
tance in different industries, i.e., aerospace, defense organization, and many more. 
The machining of such composites is challenging and sometimes impractical by 
conventional machining processes. Wire electrochemical discharge machining which 
is a combined form of wire electric discharge machining and electrochemical 
machining has the potential to machine non-conducting materials victoriously. In 
the present study, an electromagnet is used to generate the magnetic lines during 
the process. The investigation demands an understanding of the removal of material 
and radial overcut of fabricated WECDM setup for machining of SiC-based PMC. 
The effect of input parameters (duty cycle, electrolyte concentration, wire feed) was 
analyzed on the SiC PMC. A comprehensive experimental study was designed and 
conducted using Taguchi’s L9 orthogonal array. 

Keywords Electromagnet · Electrolyte ·Magnetic field intensity · Sparking zone 

1 Introduction 

Advancements in the region of different innovative fields have prompted the utiliza-
tion of engineering design materials, for example, silicon carbide-based composite, 
quartz, and so forth machining of these high-level designing materials has been a 
significant issue for present-day machining ventures as the vast majority of prod-
ucts are non-conducting. The requirement of non-conducting materials in various 
designing applications has been increasing. Silicon carbide composite has been 
treated as the reasonable turn-out material for such kinds of use. It was hard to 
machine SiC composite by customary machining in the light of its non-conductive 
nature. WECDM process considers a helpful process for slicing non-conducting 
materials having high resistance.
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2 Research Background 

In 1988, it was suggested that the electrolyte co-axial flow instead of perpendic-
ular flow El Hofy and McGeough [1]. In 1991, It was recommended that a plate 
of graphite instead of a plate of copper as the anode (positive terminal) to prevent 
electrolyte dissolution of copper Jain et al. [2]. In 1994, appropriate controlling 
of wire feed rate during slicing of ceramics or carbon fiber epoxy composites with 
TW-ECSM, this will help in the improvement of quality of machining and thus 
minimizes the arcing Singh et al. [3]. Bhattacharyya B et al. recommended that as 
the increase in the machining voltage takes place, increase the machining current 
also and responsible for the increase in the current density. In 2016, Rattan N et al. 
worked on the possibilities of employing magnetic field in the TW-ECSM process to 
improve material removal rate for the impact of electrolytes. In Rattan and Mulik [4] 
performed TW-ECSM in the presence of magnetic field and reported an improve-
ment in MRR in the range of 9–200% for varying process parameter combinations 
also reported a reduction in discharge current values in the presence of the magnetic 
field. They reported that the induced Lorentz force provides motion of ions, which 
provides magneto hydro-dynamic (MHD) convection. Thus, improved circulation 
in the narrow gap between tool and workpiece is ensured. The use of tungsten wire 
till now is very little for this process. In the current research work, a wire (diameter 
0.25 mm) has been used to study the effect of using a magnetic field force during 
WECDM. Magnetic field-assisted WECDM is the latest and inexpensive technique 
that may be applied for the machining of various non-conducting advanced mate-
rials, which cover different kinds of ceramics and composites. The current technique 
of magnet-assisted WECDM setup is easy, manageable, and needs no significant 
changes in the TW-ECDM machining setup. The experimentation details of the 
WECDM are following. 

3 Inspiration and Problem Formulation 

In the current situation, the demand for 3D composites has become very popular due 
to their good mechanical properties, for example, resistance against impact damage. 
These refine properties facilitate to enhance their utility in the area of defense, nuclear 
technology and automobile industries, and many more. For building such micro-level 
materials of 3D composite, the WECDM played a vital role due to process ability. 
Moreover, various research has been revealing that using a magnetic field during the 
process may increase preciseness. Therefore, the problem is formulated and states 
as “Study the effect of Electromagnetic forces on WIRE Electrochemical Discharge 
Machining.” Thus, using Taguchi’s L9 orthogonal array, tests were done for micro-
slicing of SiC-based [5–8] polymer composites with input process parameters such 
as electrolyte concentration, duty cycle, and wire feed rate. The radial overcut and
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MRR was considered as output quality parameters. Moreover, the experiment has 
been conducted in the presence and absence of magnetic field lines. 

4 Fabricated Setup and Electromagnet 

The experimental analysis of the non-conductive SiC-based composite material was 
performed using WECDM-fabricated setup. The machining container was made up 
of ABS material because of its corrosion resistant. The container model design is 
firstly made in SOLIDWORKS software; then, fabrication of the container is taking 
place in a 3D printer. The auxiliary electrode used was a flat rectangular copper plate 
of size 130 mm × 50 mm × 3 mm was placed in the machining container. This 
auxiliary copper electrode of a rectangular shape in the machining process was used 
as an anode. A tungsten wire of a diameter of 250 µm was acted as the cathode in the 
machining process. Four pulleys were made up of Teflon material which holds the 
ability of non-conducting and non-reacting. The DC supply can be operated between 
0 and 100 V, and the current has a maximum value of 10 A. The negative end of the 
DC supply is connected with the tool electrode. The positive end of the supply is 
connected with an auxiliary electrode which is of copper plate material The supply 
of electrolyte takes place from a reservoir and through a pump electrolyte is directly 
supplied to the sparking zone (between wire and workpiece) such that stagnation of 
debris doesn’t occur. During the experiment, the electrolyte used is NaOH because of 
its highly basic and more dissociation power. In the fabricated setup, an electromagnet 
was used which has been placed inverted and can be moved vertically upward and 
downward as per the requirement during the experiment. A digital gauss meter was 
used to check the magnetic flux intensity of the electromagnet which comes out to be 
0.4 T at the tip of it. The electronic control unit circuit was used which provides the 
DC power supply to the electromagnet having a current value of 1.92 A. A triangular 
wedge-type shape of mild steel is used over which number of copper coils has been 
rolled contains several turns approximately equal to 450. Table 1 demonstrates the 
specification and explanation of electromagnet (Figs. 1 and 2). 

As the current is flowing through several coils, then magnetic field lines come 
perpendicular to the flow of current. It has been observed that as the distance from 
the tip increases the value magnetic flux intensity decreases. The direction of the 
magnetic field is based on the right-hand rule which is shown in Fig. 3.

Table 1 Specification and explanation of electromagnet 

Material Shape The intensity of the magnetic 
field 

Number of turns of copper coil 

Mild steel Triangular wedge 0.4 T Gauss meter 450 approximate
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Fig. 1 View of the WECDM process 

Fig. 2 Schematic representation of the WECDM process

5 Input Parameters for Machining 

The input parameters and their levels utilized for the machining are shown in Table 
2. All the parameters and their ranges were selected based on literature review, 
constraints in the setup, and pilot experiment (Table 3).

6 Experimental Procedure 

In the current research, magnetic field lines were given with the assistance of an elec-
tromagnet magnet (0.40 T). The various input parameters with their levels have been
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Fig. 3 Direction of the 
magnetic field

Table 2 Input parameters and their levels 

Input parameters Units Level 1 Level 2 Level 3 

Duty cycle % 60 70 80 

Electrolyte concentration Molarity 1.5 2 2.5 

Wire feed rate m/min 0.5 0.75 1 

Table 3 Material properties of SiC-based PMC 

Workpiece material Tensile yield (MPa) Flexural strength (MPa) Impact strength (J/cm) 

PMC 136.49 31.8 7.5

demonstrated in Table 2. SiC-based PMC (Length 114 mm, width 22 mm, thickness 
4.7 mm) was taken for the experimentation in the current research. Workpiece consists 
of properties that include tensile yield (136.49 MPa), flexural strength 31.8 (MPa), 
and impact strength (7.5 J/cm). These studies were conducted in two stages: Stage I 
was conducted without the use of a magnet, and stage II was conducted with the use 
of magnet field lines at the same input parameters with predefined values, as indi-
cated in Table 2. In the beginning, each sample in the experiment was scheduled for a 
5-min working period. To find material removal rate, semi-micro analytical balance 
was used having the least count 0.01 mg. To get accurate weights of the workpiece 
before and after the machining, every workpiece was sun-dried for 6 h before and 
after machining. To find radial overcut, Stereo Microscope was used with units set
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at micrometers. The ZEISS STEMI305 Stereo Microscope was used for measuring 
the radial overcut. ZEISS STEMI305 has a magnification range of 8x–40x From the 
pilot study on WECDM, it was noticed that the beginning of spark lies in the range 
of 32–36 V whereas the bubbles start forming at 25 V. The value of voltage remains 
constant during the experimentation which is 45 V. For wire feed rate which is taken 
as input parameter, it was observed that the breakdown of wire takes place if the 
value is less than 0.5 m/min. When the cable feed rate was more than 1 m/min, the 
spark fluctuation in spark was observed. Consequently, the wire feed rate value is 
ranging from 0.5 to 1 m/min, chosen to carry out the experimental work. Also, the 
other input parameters, i.e., duty cycle, electrolyte concentration, with values, were 
set in the range 60–80% and 1.5–2.5 M, as shown in Table 2. The experiments were 
carried out by taking NaOH as an electrolyte due to its high dissociation power. The 
output parameter was concluded as MRR and radial overcut [9–36]. 

In stage I experiment, parameter like voltage at 45 V and without electromagnetic 
field. There were three variable input factors varied at three different levels during 
the experiments. Table 4 shows the values of MRR and ROC obtained using the 
Taguchi L9 array (three-factor–three-level) as shown in Table 2. 

In stage II experiments, parameters like voltage at 45 V, the current value for 
the electromagnet from the electronic circuit is 1.92 A, were kept constant and in 
the presence of magnetic field lines. There were three variable input factors varied 
at three different levels during the experiments. Table 5 shows the values of MRR 
and ROC obtained using the Taguchi L9 array (three-factor–three-level) as shown in 
Table 2.

Table 4 Results for stage I (without electromagnet) 

Duty 
cycle (A) 

Electrolyte 
concentration 
(molarity) (B) 

Wire feed 
rate (m/min) 
(C) 

Mean MRR 
(mg/min) 

Mean 
ROC 
(µm) 

SN ratio for 
MRR 

SN ratio for 
ROC 

60 1.5 0.5 4.2 36.16 12.5062 −31.1646 

60 2 0.75 7.43 52.2 17.4198 −34.3401 

60 2.5 1 8.32 71.67 18.4025 −37.1067 

70 1.5 0.75 12.03 52.8 21.6053 −34.4527 

70 2 1 10.01 55 20.0087 −34.8073 

70 2.5 0.5 11.33 89.3 21.0846 −39.0170 

80 1.5 1 14.83 79.16 23.4228 −37.9701 

80 2 0.5 23.43 31.33 27.3954 −29.9192 

80 2.5 0.75 28.78 26 29.1818 −28.2995 
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Table 5 Results for stage II (with electromagnet) 

Duty 
cycle (A) 

Electrolyte 
concentration 
(molarity) (B) 

Wire feed 
rate (m/min) 
(C) 

Mean MRR 
(mg/min) 

Mean 
ROC 
(µm) 

SN ratio for 
MRR 

SN ratio for 
ROC 

60 1.5 0.5 8.22 25 18.2974 −27.9588 

60 2 0.75 9.88 12.4 19.8951 −21.8684 

60 2.5 1 11.44 37.33 21.1685 −31.4412 

70 1.5 0.75 14.33 17 23.1249 −24.6090 

70 2 1 9.03 34.8 19.1133 −30.8316 

70 2.5 0.5 12.37 62.83 21.8474 −35.9633 

80 1.5 1 16.43 44.67 24.3123 −33.0003 

80 2 0.5 25.44 35.16 28.1103 −30.9210 

80 2.5 0.75 31.34 21 29.9220 −26.4444 

7 Result Discussion 

7.1 Material Removal Rate (MRR) Effect of Input 
Parameters for Stage I 

The effect of input parameters on MRR is shown in Fig. 4. It has been found that 
MRR increases remarkably with a rise in the duty cycle. Since the voltage is fixed 
at 45 V, as the rise in duty cycle takes place from DF1 to DF2, i.e., 60 to 70%, then 
an increase in MRR is found from 6.657 to 11.123 mg/min., and from DF2 to DF3, 
i.e., 70 to 80%, the MRR increases as 22.347 mg/min. which is quite significant. 
80% of duty cycle shows more contribution of electrode potential for the large time 
while machining. This causes an increase in the discharge of high thermal energy 
responsible for the increase in MRR.

MRR increases from 10.360 to 13.623 mg/min as electrolyte concentration 
increases from EC1 to EC2, i.e., 1.5 to 2 M and at EC3 (2.5 M). A higher concen-
tration of electrolyte increases the available ions inside the electrolyte, which in turn 
increases the number of ions transported at the machining zone facilitating higher 
hydrogen bubble formation. Thus, responsible for more MRR. 

This has been seen that MRR initially increased as an increase in WFR then 
demonstrates opposite direction. As the MRR rises from 12.993 to 16.080 mg/min, 
when an increased in the wire feed rate takes place from WF1 to WF2, i.e., 0.5 to 
0.75 m/min. 

The further rise in the value of the wire feed rate to WF3, i.e., 1 m/min drops the 
MRR to 11.053 mg/min. MRR initially rises due to fresh electrolyte available near 
the machining zone, which produces constant spark responsible for high MRR in 
the workpiece, i.e., at 1 m/min, MRR decreased because of variation of gas bubbles 
across the machining area. The fluctuations of hydrogen bubbles lead to a break in
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Fig. 4 Raw data and S/N ratio plots for MRR in stage I

Table 6 ANOVA for MRR in stage I (without electromagnet) 

S. No Source Adj SS DOF Adj MS F-value Contribution (%) 

1 Duty factor 392.09 2 196.05 18.27 78.01 

2 Electrolyte concentration 50.45 2 25.22 2.35 10.03 

3 Wire feed rate 38.56 2 19.28 1.80 7.67 

4 Error 21.46 2 10.73 4.27 

5 Total 502.56 8 

the spark formation. This fluctuation of sparking creates stagnation of debris across 
machining zone. This decreases the MRR when the wire feed rate is 1 m/min. 

As per the S/N ratio, optimal value for MRR is obtained at duty cycle 80%, 
electrolyte concentration 2.5 M, wire feed rate 0.75 m/min. A larger value of SN 
ratio better the quality characteristics since signal dominates more than noise. 

Table 6 reveals that the contribution of the duty cycle is significant as compared 
to other input parameters. The duty cycle contributed 78.01% in MRR whereas the 
other two contributed 10.03% and 7.67%. 

7.2 Material Removal Rate (MRR) for Stage II, i.e., 
in the Presence of Electromagnet Magnet 

In the stage II experiment, an increase in MRR from 9.847 to 11.910 mg/min is seen 
when the duty cycle increased through DF1 to DF2, i.e., from 60 to 70%. From DF2
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Fig. 5 Raw data and S/N ratio plots for MRR in stage II 

to DF3, the MRR rose by 70 to 80%, resulting in a significant increase in MRR 
to 24.403 mg/min. As a result, when the electrolyte concentration increases from 
EC1 to EC2, i.e., 1.5 to 2 M, the value of MRR rises from 12.993 to 14.783, and 
18.383 mg/min at EC3 (2.5 M). 

MRR first rises as the wire feed rate (WFR) increases but eventually reverses 
direction. For example, when the wire feed rate is increased from WF1 to WF2, i.e., 
0.5 to 0.75 m/min, the MRR increased through 15.343–18.517 mg/min (Fig. 5). 

The MRR decreases to 12.300 mg/min when the wire feed rate is increased to 
WF3, which is 1 m/min. 

7.3 Effect of Input Parameters on Radial Overcut 

The effect of machining input factors over radial overcut is shown in Fig. 6. As the  
duty cycle increases through DF1 to DF2, i.e., 60 to 70%, radial overcut increased 
from 53.32 to 65.70 µm. Likewise, the additional increased for duty factor of DF3, 
viz., 80% decreases the radial overcut to 45.50 µm. The increase of duty factor, i.e., 
for a longer period spark increases radial overcut, but there are two factors on which 
the output factor depends may decrease the radial overcut at DF3.

Electrolyte concentration, increases from EC1 to EC2, i.e., 1.5 to 2 M there is little 
decrease in radial overcut which is 56.04–46.15 µm. Further increase in electrolyte 
concentration increases radial overcut. 

The radial overcut decreases from 52.26 to 43.64 µm by increasing WFR through 
WF1 to WF2, i.e., 0.5–0.75 m/min.; radial overcut found 68.61 at WF3 (Table 7).

The contribution of wire feed rate is more significant for ROC.
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Fig. 6 Raw data and S/N ratio plots for ROC in stage I

Table 7 ANOVA for ROC in stage I 

S. No Source Adj SS DOF Adj MS F-value Contribution (%) 

1 Duty factor 422.5 2 211.2 1.10 18.42 

2 Electrolyte concentration 524.5 2 262.25 1.37 22.87 

3 Wire feed rate 965.1 2 482.5 2.53 42.08 

4 Error 381.0 2 190.5 16.61 

5 Total 2293.1 8

7.4 In the Presence of an Electromagnet, Effect of Input 
Factors for Radial Overcut 

Figure 7 depicts the effect of machining process factors for radial overcut. The radial 
overcut increases from 24.91 to 38.21 m when the duty cycle increased through DF1 
to DF2, i.e., from 60 to 70%. Similarly, increasing the duty factor of DF3 to 80% 
reduces the radial overcut to 33.61 m.

Electrolyte concentration increases from EC1 to EC2, i.e., 1.5–2 M there is little 
decrease in radial overcut which is 28.89–27.45 µm. Further increase in electrolyte 
concentration increases radial overcut. 

The radial overcut decreases from 41 to 16.80 µm with increased in WFR through 
WF1 to WF2, i.e., 0.5–0.75 m/min. At WF3, radial overcut increased to 38.93. 

After the experimentation, the result has been calculated using two equipment. To 
find material removal rate, semi-micro analytical balance was used having the least 
count 0.01 mg. The ZEISS STEMI305 stereo microscope deployed for measuring 
radial overcut. From result table, it is noted that as per the S/N ratio, optimal value for
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Fig. 7 Raw data and S/N ratio plots for ROC in stage II

MRR is obtained at duty cycle 80%, electrolyte concentration 2.5 M, wire feed rate 
0.75 m/min. A larger value of SN ratio better the quality characteristics since signal 
dominates more than noise. A comparison in the morphology has been observed 
between the machining in the absence of an electromagnet and the presence of 
an electromagnet. It has been also observed that using an electromagnet during 
machining increases the MRR and reduces the ROC. In Figs. 8 and 9, the morphology 
of the sample has been machined without of a magnetic field and the presence of a 
magnetic field.

8 Conclusion

Stage I—Slicing of PMC 

1. Slicing of polymer matrix composites was successfully performed keeping 
process parameters such as voltage at 45 V at a constant value. Duty factor, 
electrolytic concentrations, and WFR varied through 60–70–80, 1.5–2–2.5 M, 
and 0.5–0.75–1 m/min, respectively, using Taguchi L9 orthogonal array. 

2. Duty factor has a huge significance in stage I for MRR with a contribution of 
78.01%. The duty factor is a dominant factor that governs the intensity of the 
TW-ECDM process. As the duty factor increases, the set voltage is applied 
for a larger fraction of time that in turn increases the rate of generation of 
spark which facilitates in slicing of composite. Whereas, for radial overcut, 
the contribution of wire feed rate is highly significant, i.e., 42.08%.
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Fig. 8 SEM of work material machined at the optimal conditions of Taguchi’s technique at 
electrolyte concentration 1.5 M, WFR 0.75 m/min, and DC of 70% (with magnetic field)

3. From Taguchi analysis, the optimal input factors to MRR are duty factor 80, 
electrolyte concentration 2.5 M, wire feed rate 0.75 m/min, and NaOH as 
electrolyte. 

4. From Taguchi analysis, the optimal input factors to ROC are duty factor 80, 
electrolyte concentration 2.5 M, wire feed rate m/min 0.75 m/min, and NaOH 
as electrolyte. 

5. ANOVA for MRR in stage I at 95% confidence level reveals that MRR 
values are enormously affected by duty factor with a contribution of 78.01%. 
Electrolytic concentrations are the second significant factor with a 10.03% 
contributions. A third wire feed rate with a contribution of 7.67%. 

6. ANOVA for ROC in stage I at 95% confidence level reveals that wire feed 
rate has a high significance with the contribution of 42.08%, and elec-
trolytic concentrations are the second maximum significant factor by 22.87% 
contributions whereas duty factor has 18.42% contribution only.

Stage II—Slicing of PMC in the presence of magnetic field 

7. Slicing of polymer matrix composites was successfully performed keeping 
process parameters such as voltage at 45 V at a constant value and magnetic
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Fig. 9 SEM of work material machined at the optimal condition of Taguchi’s technique at 
electrolyte concentration 1.5 M, WFR 0.75 m/min, and DC of 70% (without magnetic field)

flux intensity 0.4 T having a current-carrying coil of 1.92 A. Duty factor, 
electrolytic concentrations, and WFR varied through 60–70–80, 1.5 M–2 M– 
2.5 M, and 0.5–0.75–1 m/min, respectively, using Taguchi L9 orthogonal 
array.

8. Magnetic field lines reveal significant change especially in the radial overcut 
as an output factor that converges the multi-direction spark into a unidi-
rectional spark. Due to which the value of radial overcut decreases. The 
comparison of experiment with and without magnetic field lines reveal how 
gradually radial overcut decreases in the presence of the magnetic field. 

9. From Taguchi analysis, the optimal input factors to MRR are Duty Factor 
80, Electrolyte concentration 2.5 M, and Wire feed rate 0.75 m/min. 

10. From Taguchi analysis, the optimal input factors to ROC are duty factor 60, 
wire feed rate 0.75 m/min, and electrolyte concentration 2 M. 

11. ANOVA for MRR at 95% confidence level reveals that MRR values are 
hugely affected by duty factor with a contribution of 73.77%, and wire feed 
rate is the second most significant factor with 11.49% contribution.
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12. ANOVA for ROC at 95% confidence level reveals that ROC values are also 
dominantly affected by wire feed rate with a huge contribution of 55.76%, 
and electrolytic concentrations are the second significant factor by a 15.57% 
contributions. 

9 Future Scopes 

1. A study of thermal cracks, surface roughness, and heat-affected zones in TW-
ECDM can be done. 

2. The use of different wires with different surface textures and different materials 
and their effects on overcut and MRR can be studied in the WECDM process. 

3. Hybrid forms of TW-ECDM such as LASER-assisted TW-ECDM, ultrasonic 
vibration-assisted TW-ECDM can be studied. 

4. Environmental effects of the TW-ECDM, the study of fumes generated during 
the process, and ways to minimize the harmful effects if any can be studied. 

5. The effect of SiC particles of various sizes on TW-ECDM output parameters can 
be studied. 

6. WECDM assisted with electromagnet has copper wire gets heated up. These 
copper coil’s temperature can be controlled by using dielectric. 
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Reliability Prediction and Its Simulation 
for a Friction Stir Processing Tool 

Smriti Mishra, Prashant Bhardwaj, Neha Bhadauria, 
and Prashant Vashishtha 

Abstract Reliability estimation plays an important role in planning and implemen-
tation of condition-based proactive maintenance program and proposed the method 
which would help to reduce the losses in productivity. Approximate reliability of 
any system can be estimated easily with the help of trend exploration method. In 
this paper, stochastic Markov technique is used to evaluate the reliability of a high-
speed steel tool which was used in friction stir processing of an aluminum alloy. 
This tool was used on the vertical machining center for the friction stir processing 
at high rotational speed. The probe wear of the tool after every pass over the work-
piece was recorded for constant feed, speed, and depth of cut till the failure of the 
tool. Differential equations are generated based on Markov model for various failure 
stages and solved using Runge–Kutta method on MATLAB. This result is verified 
by Monte-Carlo simulation technique. 

Keywords Reliability ·Markov model ·Monte-Carlo simulation · Friction stir 
processing tool · Vertical machining center · Runge–Kutta method 

1 Introduction 

Remaining useful life of any mechanical part involves the time remaining before the 
machine part need any repair or replacement. Telecommunication network was used
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for reliability and availability determination with the help of simulation. Monte-Carlo 
technique was also used to solve the block layout problem. Efficiency of Monte-Carlo 
technique could be used to create and solve the approximate material handling cost of 
the system [4]. RUL estimation is linked with the condition-based maintenance and 
prognostic health management. Remaining useful life of any system is completely 
random and based on the information available in the health inspection system [22]. 
Multistate system reliability was evaluated by considering multiple possible state of 
the system. This layout allows both system and its component to consider multi-level 
performance. Multistate reliability system provides more realistic and more genuine 
representations of reliability [10]. Probabilistic Markovian approach was used for 
reliability analysis of any BCHP redundant system [24]. Multilayer feed forward 
neural networks, which were based on multi-valued neurons (MLMVN), used to 
predict the reliability and degradation behavior of the system. Reliability model is 
formulated in the form of time series to extract complex dynamic pattern to predict 
long-term system reliability [9]. Markovian approach was also used to evaluate the 
availability and reliability of the skim milk plant. System was repairable with expo-
nential failure and repair rate. Differential equations were derived from the transition 
diagram. These differential equations are solved by using normalizing conditions to 
compute the availability under steady-state condition [1]. Primary purpose of the 
prognostic and health management of the system is to enhance the reliability, avail-
ability, and maintainability of the system. Maintenance cost can also be reduced 
by estimating the RUL of the system. Author has proposed support vector regres-
sion technique and developed the model without considering the failure rate of the 
system [13]. Yeh et al. [25] considered a production system with association of 
cost and demand constraint to calculate the reliability and the production rate of 
the system [25]. A degradation pattern was proposed for RUL estimation of aircraft 
engine which was based on learning of degradation pattern. Through this paper, 
author tried to learn the relation which can reflect the degradation pattern by using 
neural network and learned network [19, 26]. Hidden Markov model can also be used 
for RUL estimation and parametric estimation of oil industry. This model is used for 
prediction of the failure time of the lubricating oil with healthy, unhealthy, and failed 
state three states in HMM. RUL was estimated by mean residual life function and 
probabilistic conditional reliability function [6, 8, 18]. Sensitivity analysis was done 
to create the optimal inventory order which can balance the economic condition of 
the industry during stock-pull and stock-push period [7]. Finite difference technique 
was also proposed for solving the stochastic partial differential equations of relia-
bility. This method was used to analyze the transition state probability value of the 
system [11]. Sarouhas in 2019 proposed a method for the estimation of reliability, 
availability, and maintainability of the milk production layout. Detailed statistics of 
the failure and repair rates was used to determine the best fitness indexes. Various 
probabilistic distributions, such as Weibull, exponential, and lognormal, were also 
evaluated with standard parameters [23]. Polynomial regression in combination with 
HMM model was also used for the estimation of RUL of a cutting tool. This model 
was also used for planning autonomous diagnostics and a prognostic of the cutting 
tool by using a hidden Markovian model [14, 16]. Some analysis have also done to
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enhance the failure rate by using the integration of motion time study and quality 
tools [3]. Sensitivity analysis was also done for the network charts to determine the 
optimal solution for the reduction of cost as well as time for the same [2]. Simu-
lation model was also used in oil industries for risk assessment process by using 
Bow-Tie risk model in which system quantifies all the dynamic interaction inside the 
system and its impact [12]. Age-based preventive maintenance technique was also 
used for availability prediction of an oil production system along with the principle 
of Petri nets [20]. A fuzzy Markov model can be also used for risk prediction as 
well as for reliability prediction of those system whose actual data are not available, 
i.e., off-shore, aerospace equipments, etc. [21]. Location algorithm-based Markov 
model can be used for location-based services also which can provide flexibility and 
convenience for daily life users [17]. From the above-mentioned literature survey, it 
is clear that various probabilistic and deterministic models such as hidden Markov 
model, semi-Markov model, and neural network were used for the evaluation of reli-
ability, remaining useful life. In this study, probabilistic approach was used for the 
estimation of RUL, and reliability of the system and Markovian model with the help 
of Runge–Kutta mathematical technique was used for the analysis purpose. 

2 Experimental Setup 

In the current study, friction stir processing was performed on Al 8090 workpiece. 
High-speed steel tool was used for this procedure. Tool was cylindrical in its shape 
with cylindrical-shaped threaded pin. Hardness of the tool was RC 44. Before starting 
the processing over the Al 8090, shoulder diameter of the tool was 20 mm; pin 
diameter was 5 mm, and length of the pin was 3.5 mm. Friction stir processing 
was performed on the workpiece having length of 200 mm; width was 100 mm, 
and thickness of the workpiece was 5 mm. For the processing of the alloy, rotational 
speed of the spindle was taken as 1000 rpm whereas transverse speed was 10 mm/min. 
Depth of cut on Al 8090 was 3.75 mm. This operation was performed on vertical 
machining center. A tool room microscope was installed near the spindle of VMC 
to capture the image of the probe wear of FSP tool. 4 passes were performed over 
the workpiece for the processing of Al 8090.The wear rate of the tool was recorded 
after each pass, and the tip wear rate was identified by calibrated digital images. One 
pass of friction stir processing on the Al 8090 was completed in 20 min. After the 
fourth pass, tip of the tool deteriorated completely. Total time taken by the process 
is approximately 80 min as 20 min was taken in single pass of the operation. This 
time was considered as the failure time of the FSP tool.
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3 System Description 

A probabilistic technique was used to evaluate the reliability of the tool by using 
the layout given below in which 4 passes of the friction stir processing tool on Al 
8090 was shown. An open-series Markov model was used to solve the differential 
equation of the system. The reliability block diagram used for experimental purpose 
is shown in Fig. 1. 

In this experiment, initial length of the pin was 5 mm. 4 passes was done on the 
Al workpiece, and the total time taken by the tool on VMC is 80 min, and after the 
experiment, length of the remaining pin was 1.75 mm. Initially, length of tip of tool 
was 5 mm. It was found that length of tip was when it fails 1.75 mm. Length was 
found 3.8 mm at t = 15 min. Length was found 2.9 mm at t = 55 min. It would be the 
third stage of degradation, and length of the tip was 1.75 mm at t = 80 min. So, time 
taken in complete machining is 80 min. After 80 minutes of continuous processing 
tool was failed completely. Reliability of the tool would be evaluated for 80 min. 
Failure rate for the tool can be calculated by using following equation: 

λ = 1 
nt 

(1) 

where 

n number of passes between two consecutive stages. 
t time taken for a single pass. 
λ1 (Failure rate between first and second stage) = 1/15 = 0.067. 
λ2 (Failure rate between second and third stage) = 1/40 = 0.025. 
λ3 (Failure rate between third and fourth stage) = 1/25 = 0.04. 

Figure 2 represents the image of the tool before and after failure.

λ1 λ2 λ3 

State 1 
(Initial) State 2 State 3 

State 4 
(Failure) 

Fig. 1 Various stages of tool failure 
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Fig. 2 a Tool image before failure. b Tool image after failure 

Markovian Approach: Markov model is a probabilistic model which is used for reli-
ability and availability evaluation for different enumerating system [5]. This model 
represents the condition of any repairable system from working to failed state by 
creating its behavior model. The transition model represents the stochastic proba-
bilistic behavior of the system, and different–different mathematical parameters are 
used to solve the model, and with the help of these parameters, availability can be eval-
uated. Reliability and availability of complex system can be predicted by generating 
different transition equations. These equations can be solved by any mathematical 
model [15]. 

Probability equations used for reliability evaluation by using Markovian approach 
are as under: 

dy1 
dt 

= −λ1y1 (2) 

dy2 
dt 

= −λ2 y2 + λ1y1 (3) 

dy3 
dt 

= −λ3y3 + λ2 y2 (4) 

dy4 
dt 

= λ3y3 (5) 

Runge–Kutta method was used for reliability evaluation in Matlab by using 
Markovian approach.
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Fig. 3 Reliability versus 
time graph in Markov 
method 

4 Matlab Program for Markov Method 

To evaluate the reliability of the tool for Markovian approach, following program is 
used: 

function dydt = rul(t,y) 
lmbda1 = 0.067; 
lmbda2 = 0.025; 
lmbda3 = 0.04; 
dydt = [−lmbda1 * y(1); 
−lmbda2 * y(2) + lmbda1 * y(1); 
−lmbda3 * y(3) + lmbda2 * y(2); 
lmbda3 * y(3)]; 
y0 = [1 0 0 0]  
tspan = [0 80] 
[t,y] = ode45(@rul,tspan,y0) 
R = y(:,1) + y(:,2) + y(:,3) 
plot(t,R) 

It is clear from Fig. 3 that reliability of the system decreases with time. 

5 Matlab Program for Monte-Carlo Method 

To evaluate the reliability of the tool for Monte-Carlo approach, following program 
is used:
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function montecarlo() 
clc 
totalRuns = 0; 
totalSuccess = 0; 
runs = 500; 
matrix = zeros(1,runs); 
for i = 1:1:runs 
x1 = random(‘uniform’,0,1); 
x2 = random(‘uniform’,0,1); 
x3 = random(‘uniform’,0,1); 
lambda1 = 0.067; 
lambda2 = 0.025; 
lambda3 = 0.04; 
t1 = (−1/lambda1) * log(x1); 
t2 = (−1/lambda2) * log(x2); 
t3 = (−1/lambda3) * log(x3); 
t = t1 + t2 + t3; 
if t < 80 
success = 0; 
else 
success = 1; 
end 
totalRuns = totalRuns + 1; 
totalSuccess = totalSuccess + success; 
reliability = totalSuccess/totalRuns; 
matrix(1,totalRuns) = reliability; 
fprintf(‘Success = %d Total Runs = %d \n’, success,totalRuns); 
fprintf(‘Reliability = %0.15f \n\n\n ‘,reliability); 
end 
x = 1:1:runs; 
y = matrix(x); 
plot(x,y); 

After the evaluation from Markov model, it was found that reliability of the system 
was 42%. And further, the result was validated by using the Monte-Carlo technique, 
and reliability of the system through Monte-Carlo technique was similar as Markov 
approach, and it was shown in Fig. 4.

6 Conclusion 

In the current study, reliability of friction stir processing tool was estimated by 
Markovian approach in Matlab by using Runge–Kutta method, and further, the result 
was verified by using Monte-Carlo technique. High-speed steel tool was taken for the
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Fig. 4 Reliability versus no. 
of runs graph in Monte-Carlo 
method

data generation, and it was processed on vertical machining center under different 
time interval with constant speed, feed, and depth of cut. Four-state Markov model 
was developed for analysis purpose which represents the degradation behavior of the 
tool. After the evaluation of reliability, remaining useful life of the layout could be 
predicted. After solving the four-state probabilistic model by Markovian approach, 
it was found that reliability of the tool was 42%. Monte-Carlo simulation approach 
was used for the verification of the result obtained from Markovian approach. It can 
be concluded that after processing of 80 min FSP tool would be fail, and under this 
condition, reliability of the tool was 42%, and remaining useful life of the tool was 
80 min. 
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Enhancement of Electrochemical 
Discharge Machining (ECDM) 
Characteristics with Tool Electrode 
Rotation 

Viveksheel Rajput, Mudimallana Goud, and Narendra Mohan Suri 

Abstract Electrochemical discharge machining (ECDM) process is a novel process 
that utilizes the mechanism of thermal melting and chemical dissolution to machine 
the non-conductive materials. The occurrence of poor micro-hole machining charac-
teristics in gravity-assisted tool feed is one of the challenges in ECDM process. The 
physical contact of the tool electrode with the work material results in ineffectual 
electrolyte availability, poor electrolyte flushing and non-uniform sparks. The present 
study attempts an experimental investigation for enhancing the micro-hole charac-
teristics with the application of tool electrode rotational effect. Material removal 
rate (MRR), hole circularity (HC), radial overcut (ROC), and heat-affected zone 
(HAZ) are selected as a response characteristic. The microscopy images emphasized 
that tool electrode rotation substantially improved the machining characteristic of 
the micro-holes when compared to characteristic obtained without the tool rotation. 
Tool electrode rotation helps in replenishment of electrolyte flushing and enables 
better consistencies of spark distribution. It is concluded that the tool electrode rota-
tion produces micro-holes with better hole circularity compared to stationary tools 
that produces poor hole circularity. Further, an improvement of 25.21% in MRR 
and 44.4% in ROC is obtained with the application of tool electrode rotation. The 
present study successfully describes the enhancement of ECDM characteristics with 
tool electrode rotation. 
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Nomenclature and Acronyms 

Notation 

µm Microns 
V Applied voltage unit in volts 
wt% Weight percentage of electrolyte concentration 
mg/min Milligram per minute 
wtb Work material weight before machining 
wta Work material weight after machining 
t Time 
g Weight unit in grams 
Dent Hole entrance diameter 
d Tool diameter 

Acronyms 

MEMS Micro-electro-mechanical systems 
ECM Electrochemical machining 
EDM Electric discharge machining 
ECDM Electrochemical discharge machining 
MRR Material removal rate 
HAZ Heat-affected zone 
ROC Radial overcut 
HC Hole circularity 
IEG Inter-electrode gap 
NaOH Sodium hydroxide 
3D Three-dimensional 

1 Introduction 

The sudden increment in the applications of the advanced materials (glass or quartz) 
with micro-characteristics in industries like aeronautical, bio-medical, and optics 
prompts the way toward the development of a more sophisticated techniques that can 
machine these materials. ECDM is known as the recognized process for machining 
advanced materials with ease by blending the material removal mechanism of electro-
discharge machining (EDM) and electrochemical machining (ECM) [2, 14]. The 
simplified diagram of ECDM process is presented in Fig. 1, consists of tool electrode 
(cathode) and auxiliary electrode (anode); both are separated by a small distance
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Fig. 1 Schematic diagram of ECDM process 

known as inter-electrode gap (IEG). The continuous DC power supply is supplied 
across the two electrodes in order to ignite the electrochemical reactions. It prompts 
the generation of hydrogen tiny bubbles at the cathode and oxygen bubbles at the 
anode. The density of hydrogen bubbles increases with the level increment in applied 
voltage. Thereafter, the hydrogen bubbles combine physically with each other to form 
a gas film that isolates the tool electrode. With tool electrode isolation, the flow of 
the current between the electrodes is ceased. Subsequently, it produces the immense 
electric field inside the gas film region. Then, a spark is generated from the tool 
electrode due to the electric breakdown of the gas film. Further, the work material is 
maintained under the tool electrode, and material is removed due to thermal heating 
and chemical dissolution. 

2 Research Background 

Kurafuji and Suda [12] were the first who demonstrated the glass material drilling 
with the help of electrical discharge. Basak and Ghosh [2, 3] demonstrated the mecha-
nism of sparks and material removal mechanism in ECDM process. ECDM exhibits 
various applications during glass micro-fabrication such as 3D micro-fabrication 
of glass materials for its utilization in micro-electro-mechanical systems (MEMSs) 
and other laboratories; and in kitchenware work [27]. They emphasized that crit-
ical voltage values are required for spark initiation. From the day of its beginning,
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many researchers have been made immense contribution toward the development 
of ECDM process [6, 9, 16, 25]. The application of gravity tool feed in ECDM 
successfully machines the non-conductive materials [19]. However, poor circularity 
and higher thermal cracks may occur in this method due to tool contact [17]. The 
geometrical characteristics of the micro-holes drilled with ECDM process rely on 
many input variables such as applied voltage, electrolyte concentration, tool feed 
method, and others [7]. Any increment in applied voltage and electrolyte concentra-
tion enhances the MRR but also increments the tendency of poor hole circularity, high 
ROC, and cracks [21]. The selection and control of input variables is very critical in 
enhancing the machining performance [7, 9]. Tool rotation also enhances the MRR, 
geometrical characteristics, and dimensional accuracies of the micro-holes when 
compared to ECDM without tool rotation [4, 5]. Tool electrode rotation prevents the 
occurrence of the sparks at a single point and results in a uniform sparks distribu-
tion. Tool electrode rotation assists in preventing the sparks only at a single point 
and produces uniform sparks distribution [10, 11]. It prevents the occurrence of 
stray corrosion that may results in better hole circularity. However, many experi-
mental investigations have been made for improving the machining performance of 
the ECDM process [1, 17]. Fan and Hourng [4] performed a study to explore the 
tool rotational effect on hole circularity and overcut during micro-hole fabrication 
process with ECDM. Results indicate that tool rotation produces micro-holes with 
better circularity, while a deteriorated hole shape is obtained without tool rotation. 
Lizo et al. (2018) also investigated the influence of tool rotational effect on MRR and 
radial overcut using graphite powder-mixed electrolyte during glass machining [15]. 
As a result, micro-holes with reduced overcut were obtained with the application of 
tool rotation. Huang et al. [8] emphasized that the tool electrode wear significantly 
reduces with the utilization of the tool electrode rotation. The centrifugal capability 
of the tool electrode rotation enhances the flushing ability and leads to uniform occur-
rence of the sparks around the tool surface. Table 1 highlights the critical analysis of 
the ECDM research findings during machining of glass work material.

2.1 Problem Formulation 

Despite having numerous studies in ECDM using gravity-assisted tool feed method, 
there are some challenges that need to be explored. The tool permanent contact 
and its stagnant nature (no rotation) may lead to poor hole circularity and high 
ROC. Enhancing the geometrical accuracies or micro-hole’s circularity is still a 
challenging task in gravity-assisted tool feed method. Thus, the high chances of 
hole edge deterioration will remain permanently with this tool feed method if not 
controlled or improved. The present investigation utilizes the application of tool 
rotation for improving the geometrical characteristics of the micro-holes.
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Table 1 Critical analysis of the ECDM research findings during the processing of glass work 
materials 

Objective Inferences Authors, year 

The geometrical 
characteristics were analyzed 
during micro-hole fabrication 

• The obtained characteristics 
depends upon the input variables 
used during machining 

• Higher level of applied voltage 
produces high thermal cracks and 
deteriorates the micro-hole edge 

Maillard et al. [13] 

To obtain deep micro-holes 
with high aspect ratio during 
micro-machining 

• Tool rotational effect significantly 
enhances the electrolyte 
availability and produces better 
circularity of the micro-holes 

• Lower level of concentration tends 
to reduce tapering of the holes and 
produces high aspect ratio 

Jui et al.  [10] 

Estimated the material 
removal rate based on thermal 
model. Study of machining 
temperature is performed 

• The geometry of the machined 
surface and variables used controls 
the machining temperature 

Ziki et al. [28] 

Evaluate the effect of textured 
tools on machining 
characteristics during 
micro-channeling operation 

• A stable gas film is obtained with 
textured tools because of the 
availability of the micro-cavities 

• A significant improvement in 
MRR, overcut, and machining 
depth is observed with the 
application of textured tools 

Singh and Dvivedi [23] 

A pressured tool feeding 
system is developed for 
effective machining gap to 
improve machining depth 

• The developed system 
successfully results in effective 
machining gap that causes 
constant availability of the 
electrolyte underneath the tool 
during the machining process 

• Improved machining depth is 
obtained with this method 

Singh and Dvivedi [24] 

Investigated the effect of 
mixed electrolytes on 
machining characteristics 

• The surface characteristics of the 
machined micro-channels increase 
with the increased etching action 
of the mixed electrolytes 

Sabahi and Razfar [22] 

The effect of tool surface 
roughness on gas film is 
evaluated 

• Tool material alters the tool 
wettability property that further 
gives variable gas film thickness. 
As a result, variable machining 
characteristics are obtained. 
Tungsten carbide tool produces 
better machining results compared 
to stainless steel and tungsten tool 

Yang et al. [26]

(continued)
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Table 1 (continued)

Objective Inferences Authors, year

Multi-response optimization 
of the input variables using 
gray relational analysis 
(GRA) 

• GRA techniques can be 
successfully utilized for 
optimizing the parameters that 
behave differently. Feed rate was 
identified as the most dominant 
input variables among the other 
variables 

Goud and Sharma [6] 

Investigate the different tool 
shapes on machining 
characteristics during 
micro-drilling with ECDM 
process 

• Tool shape effects the gas film 
stability and flow of electrolyte 
during the machining process 

• Pointed tool results in high MRR, 
while cylindrical tool results in 
better circularity 

Rajput et al. [18] 

Investigate the surfactant 
mixed electrolyte in ECDM 
process 

• Improves the etching action and 
results in better surface 
characteristics 

Rajput et al. [17]

3 Research Methods 

The experiments are performed on a developed gravity feed experimental setup inte-
grated to vertical milling machine as shown in Fig. 2, to study the tool rotational 
effect on machining characteristics by comparing it with the machining character-
istics obtained without tool rotation. The work material under study is soda lime 
glass for evaluating the geometrical characteristics of the micro-holes. The cylin-
drical shape tool electrode is utilized and made up of stainless steel having 1 mm 
diameter. Table 2 presents the input variables and other machining conditions used 
in the present study. The machined micro-holes are analyzed with the help of stereo 
microscope (make: Carl Zeiss and model: Stemi-305 Trino) from the top view side. 
The input variables considered in this study are applied voltage (V) and electrolyte 
concentration (wt%), while MRR, HC, ROC, and HAZ are selected as a response 
characteristic.

4 Results and Discussions 

The comparison of machining characteristics obtained with and without tool rotation 
is carried out to analyze the tool rotational effect during micro-hole drilling in ECDM. 
The responses considered are MRR, HC, ROC, and HAZ.
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Fig. 2 Developed gravity feed-assisted ECDM setup [18] 

Table 2 Machining conditions used in present investigation 

Variable Value Variable Value 

Electrolyte concentration 15–20 wt% Electrolyte level 1 mm  

Applied voltage 35 V Electrolyte NaOH 

Tool rotation 355 rpm Inter-electrode gap 35 m 

Tool material SS (Φ = 1000 µm) Machining time 2 min

4.1 Effect of Tool Rotation on MRR 

The material removal rate is measured as the weight difference in the work material 
before and after micro-hole drilling divided by the total machining time (t) as given  
in Eq. 1, where wtb is weight before machining and wta is weight after machining. 

MRR = ((wtb − wta)/t) (1) 

Figure 3 presents the plot of MRR obtained at different electrolyte concentrations 
with and without tool rotation. It is observed that MRR improves with the application 
of tool rotation since a more uniform sparks distribution is obtained in the machining 
zone. A more efficient occurrence of the sparks takes place at the cylindrical tool rim. 
Additionally, an improved circulation of electrolyte and sludge removal takes place 
with the help of rotation. It is also reported that more uniform etching action takes 
place with the help of tool rotation. Moreover, it is observed that MRR increments
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Fig. 3 Plot of MRR with ‘tool rotation’ and ‘no tool rotation’ at 35 V 

with the level increment of electrolyte concentration from 15 to 20 wt% due to the 
increment in electrolyte’s electrical conductivity. With any increment in electrolyte 
conductivity, there is an increment in the generation of the hydrogen and oxygen 
bubbles inside the electrolyte. It results in the rapid generation of the gas film around 
the tool electrode surface. Hence, a high intensity of sparks is observed with the 
increment in electrolyte concentration [20]. As a result, increment in MRR is noticed. 

4.2 Effect of Tool Rotation on Hole Circularity 

It is observed that tool rotation produces better hole circularity since it prevents the 
spark to occur only at a single point. Figure 4 presents the microscopy images of the 
micro-holes obtained with and without tool rotation. A much improvement in hole 
circularity is clearly seen with the utilization of tool rotation (Fig. 4b) compared to 
micro-hole obtained without tool rotation (Fig. 4a). The reason for better circularity is 
seen as the better replenishment of the electrolyte underneath the tool electrode or in 
the machining zone due to the rotational effect. As a result, a uniform distribution of 
the sparks is obtained. Thus, a better thermal heating effect is seen in the machining 
zone. Additionally, the tool rotational effect induces better removal of the sludge 
from the machining zone. It helps in retaining the fresh electrolyte in the machining 
zone.
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Fig. 4 Microscopy images showing hole circularity at 15 wt% and 35 V. a No tool rotation. b Tool 
rotation 

4.3 Effect of Tool Rotation on ROC 

ROC is defined as the extra material removed from the micro-hole edges compared 
to the utilized tool diameter as shown in Fig. 5b. The occurrence of side sparks or 
stray sparking generally results into the removal of the material in an inconsistent 
way. It causes high ROC. Figure 6 exhibits that the ROC of the micro-hole reduces 
significantly with the application of tool rotation because of prevention of side and 
stray sparking from the tool. A uniform material removal is observed all around 
the micro-hole edges that produces better circularity and better ROC as shown in 
Figs. 4, 6 and 7. Moreover, it is noticed that with the level increment in electrolyte 
concentration, there is an increment in the ROC values since high spark intensity is 
observed from the sides of the tool. It leads to the increment in ROC at higher level 
of electrolyte concentration. 

Fig. 5 Simplified diagram for calculating. a HAZ. b ROC Rajput et al. [19]
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Fig. 6 Plot of ROC with ‘tool rotation’ and ‘no tool rotation’ at 35 V 

Fig. 7 Microscopy images of micro-hole exhibits ROC at 15 wt% and 35 V. a No tool rotation. b 
Tool rotation 

4.4 Effect of Tool Rotation on HAZ 

HAZ happens due to the transference of the thermal energy within the work material 
and is calculated as the difference between the area (A1) and micro-hole area (A2) 
as shown in Fig. 5a. 

HAZ = A1 − A2 (2)  

The plot of HAZ with and without tool rotation is given in Fig. 8. It is observed that 
tool rotational effect significantly reduces the occurrence of HAZ because of uniform 
spark consistencies at the cylindrical rim of the tool. The microscopy images of the
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Fig. 8 Plot of HAZ with ‘tool rotation’ and ‘no tool rotation’ at 35 V 

micro-holes clearly indicate that HAZ is rarely occurred in a reduced manner with 
the application of tool rotation (Figs. 4b and 7b) when compared to the micro-holes 
obtained without the application of the tool rotation. Moreover, a further increment 
in HAZ with the increment in concentration is noticed because of increment in 
thermal energy on the top surface of the work material. Increment in electrolyte 
concentration displays similar concept of increment in generation of the bubbles 
inside electrolytes due to incremented electrical conductivity. Hence, higher spark’s 
frequencies occurred which resulted into a higher HAZ. 

4.5 Effect of Increase in Tool Rotation on Machining 
Characteristics 

It is observed that tool rotation enhances the machining characteristics or geomet-
rical characteristics during micro-hole drilling with gravity-assisted tool feed ECDM 
process. The effect of increment in tool rotation is investigated by increasing the tool 
rotation at three different levels (355,560 and 900 rpm). The levels of tool rotation 
are selected based on available rotations of the vertical milling machine. Figure 9 
presents the MRR and ROC of the micro-hole obtained at three different levels of 
tool rotation where level 1 is 355 rpm, level 2 is 560 rpm, and level 3 is 900 rpm, 
respectively. It is observed that increment in tool rotation enhances the geometrical 
characteristics of the micro-hole characteristics that may be due to increment in spark 
consistencies and fast replenishment of the electrolyte. However, there may also be 
chances that micro-hole characteristics may deteriorate at very high tool rotation 
owing to tool electrode contact with the work material.
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Fig. 9 Plot of MRR and ROC at different tool rotations at 15 wt% and 35 V 

5 Conclusions and Future Scope 

The present study evaluates the effect of tool rotation on machining characteristics of 
the micro-hole by comparing it with the characteristics obtained without tool rotation. 
The effect of increment in tool rotation is also observed of machining characteristics. 
The major conclusions withdrawn from the study are given herewith:

• Tool rotation enhances the machining characteristics of the micro-holes obtained 
with gravity-assisted tool feed ECDM process.

• Tool rotation produces better spark consistencies by preventing the spark to occur 
only at one point. A better replenishment of the fresh electrolyte is available in the 
machining zone. It maintains the better consistencies of the sparks and thermal 
heating in the machining zone.

• A significant improvement in MRR, ROC, HC, and HAZ is observed with 
the utilization of tool rotation in gravity-assisted tool feed ECDM process. 
An improvement of 25.21% in MRR and 44.4% in ROC is obtained with the 
application of tool electrode rotation.

• An increment in tool rotation further enhances the geometrical characteristics 
owing to more enhanced sparks distribution in the machining zone. 

The future work can be extended by using tool rotation with constant tool feed 
method. The investigation on the effect of input variables such as applied voltage 
and electrolyte concentration on machining characteristics should be carried out. An 
increment in the tool rotation up to very high level may deteriorate the micro-hole 
characteristics. Thus, an optimization of input variables can be performed to obtain 
the range of input variables for better machining characteristics of the micro-holes.
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Biomedical Waste Management 
and Circular Economy Actions 
in the COVID-19 Pandemic Situation 
in Jaipur District, India 

Manoj Sharma, Narayan Lal Jain, and Jayant Kishor Purohit 

Abstract Circular economy is gaining popularity across the world, but its imple-
mentation in Jaipur District, as in other developing nations, is lacking. The Covid-19 
epidemic has resulted in massive volumes of hazardous trash that require specific 
handling. The goal of this study was to evaluate CE and waste management efforts 
in Jaipur District, India during the Covid-19 epidemic. Two quarantine healthcare 
centers in Jaipur District were used as case studies, with data collected using quantita-
tive and qualitative approaches and evaluated to establish the problems of hazardous 
waste management in Jaipur District. A total of 220 questionnaires were sent to the 
employees, with 216 (98.18%) of them being returned. There were 118 males (55%) 
and 98 women (45%) among the respondents, who worked in a variety of fields, 
including health workers (n = 108; 50%), maintenance personnel (n = 62; 28.7%), 
and cleaners/waste handlers (n = 46; 21.29%). The majority of the participants 
(94.44%) said Covid-19 wastes should be separated, whereas 116 people (53.7%) 
thought managing personal protective equipment during a pandemic was reasonable. 
According to the findings, training and retraining of personnel on hazardous waste 
management at the examined healthcare institutions is critical to the implementa-
tion and enforcement of national policies for solid waste management. Rajasthan’s 
government must dispose of biological waste in one step, straight out of town, rather 
than in two steps, first in Jhalana, Jaipur, and then in Jamdoli, Jaipur. 
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1 Introduction 

Yuan [1] gives the proposed concept of a circular economy (CE) in China and formally 
accepted in 2002 by the central government of China. Feng [2] gave the core of CE 
is the circular (closed) flow of materials and the use of raw materials and energy 
through multiple phases. The “3R” principles—reduction, reuse, and recycling of 
materials and energy—are often cited to describe the three possible approaches in 
practice. 

In the linear economy of manufacturing, work is based on the take, make, and 
dispose principle in Jaipur as well as India due to a lack of legislative act or enforce-
ment for solid waste management (SWM) [3]. By the use of special attention 
and effective techniques of management, medical wastes can reduce. Hazardous 
waste management minimizes harmful effects on the human health and environment 
through use of proper techniques of treatment, storage, handling, transportation, and 
disposal [4]. 

In Jaipur district, solid waste is disposed by transportation in two stages by mini 
truck first to JHALANA which is located in city near K.V. 3 School and Malaviya 
National Institute of Technology (MNIT) where population is too high [5]. After 
that solid waste is collected again in trucks and discharged in open dumps which are 
located at near JAMDOLI, Jaipur. This place is located outside of Jaipur city where 
humans are minimal. 

According to 2011 census, the population of Jaipur district is 66.3 lakhs, and area 
is 11,152 km2. Based on population, output of solid waste in this district is 11.16 lakhs 
tons per annum. This model has suggested that Jaipur district will be produced solid 
waste 18.16 lakhs tons per annum by the year of 2030. So, if the SWM will not 
follow by this district, then it will increase day by day. Solid waste management is 
a public health service which controls the waste, recycle and reuse it. Poor waste 
management systems linked with a hot climate increase the environmental problems 
and health problems [6]. 

As of now, open-dump frameworks are among the significant dangers to well-
being and ecological feel, while they additionally debase regular assets and incre-
ment the danger of fire episodes, contamination of waterways and underground 
offices by leachate, and other grave medical problems [7, 8]. Disease transmission, 
fire danger, odor pollution, atmospheric and water pollution, esthetic pollution, and 
economic losses are some of the most prevalent concerns connected with poor solid 
waste management [9]. Through anaerobic decomposition, open-dump systems have 
significantly contributed to climate change, resulting in methane emissions and nega-
tively harming human quality of life. The fact that SWM is accompanied by a public 
health emergency, such as the Corona virus disease 2019 (Covid-19) pandemic, 
emphasizes the necessity of these services to the authorities even more [10, 11].
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Covid-19 is a disease caused by a novel corona virus strain that has never been 
detected in humans before, and it was designated a worldwide pandemic in February 
2020, immediately caused monumental challenges. The effect of Covid-19 is spread 
over in Jaipur as well as India. The Indian government is attempting to protect 
its citizens from the Corona virus by issuing SOPs for lockdown to all states and 
offering services such as home isolation, testing, and treatment, as well as establishing 
Covid-19 centers. But, the Government of Rajasthan in Jaipur city is not focused on 
producing hazardous waste materials and their management during lockdown. 

Hospitals, healthcare institutions, and individuals have been creating more waste 
than normal in response to the Covid-19 pandemic, including masks, gloves, and 
other protective equipment that may be contaminated with the virus [7]. Infected 
medical wastes may be subjected to uncontrolled disposal, increasing public health 
concerns, while their open burning or uncontrolled cremation may result in the release 
of different poisons. While SWM is an essential sanitary barrier for disease control, 
it is not without flaws [7]. Uncollected solid waste is a major source of disease 
transmission in cities. 

Following the emergence and spread of Covid-19 over the last several months, 
critical observations have revealed that the SWM situation in Jaipur City in terms of 
collection, recycling, and disposal has usually gotten hazardous for waste handlers 
[12]. There have been no recommendations or warnings released about the manage-
ment of municipal solid trash originating from the Covid-19 lockdown and limita-
tions, as well as Covid-19 wastes, which may escape the essential protocols in private 
and government hospitals in the treatment of such wastes. Covid-19 wastes should 
be monitored by developed nations, who should optimize current waste management 
methods while minimizing possible long-term environmental effects [7]. However, 
irregular clearance of Covid-19 medical wastes at multiple hospitals in Jaipur consti-
tutes a serious threat to the spread of the Covid-19 viral infection, which has been 
linked to the virus’s resurgence in and around hospitals during the current pandemic 
owing to ineffective management. 

In this aspect, waste management standards have been weak and obsolete, and 
trash storage and collection procedures have been mainly ineffective throughout the 
current epidemic, with no accurate recording of waste creation rates or waste compo-
sition. When toxic and hazardous wastes are dumped indiscriminately, municipal 
wastes are mixed up with them, resulting in an inefficient economy. To close the 
loop in a circular economy, it is necessary to recycle waste resources. Furthermore, 
waste energy recovery is critical for establishing a proper and safe waste manage-
ment system. Waste disposal should be phased out as much as possible, and if it is 
unavoidable, it should be handled efficiently to ensure that it is safe for human health 
and the environment [13]. 

During the Covid-19 epidemic, Fig. 1 shows unsegregated solid wastes in a 
hospital environment.
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Fig. 1 Unsegregated solid waste disposal during Covid-19 pandemic in SMS Hospital, Jaipur 

Because of reasons such as the lack of a regulatory framework to govern dangerous 
waste management practices and the insufficiency of the current infrastructure to 
adequately handle the volume and types of generated trash, Jaipur is becoming 
increasingly concerned about the circular economy [14]. The lack of implementa-
tion of existing laws and legislations, the need to upgrade obsolete legal instruments, 
insufficient budgetary provisions and funding mechanisms, and poor monitoring 
and evaluation mechanisms to guide environmentally safe SWM practices are all 
contributing to the country’s main issue with SWM [15]. 

The executive, legislature, and judiciary at the federal, state, and local government 
levels are all involved in Jaipur SWM policy. The policy covers the major sources 
of solid waste in Jaipur, ensuring that trash is segregated, collected, transported, 
stored, treated, and disposed of in accordance with legal requirements to preserve 
the environment and human health. 

The policy document was to be followed in terms of compliance and enforcement 
by the Federal Government of Jaipur’s 5R hierarchy for SWM (reduces, repair, reuse, 
recycle, and recover). Environmental standards are protected; rules and legislation 
are enforced; international treaties are followed, and standards are adhered to. As 
a result, Jaipur must transition to a more circular economy by mainstreaming its 
concepts and practices into local, in each ward road maps for a long-term transition 
from a linear to a circular economy, which appears to be critical at this time. 

In several parts of life, Jaipur implements circularity, such as micro-level engage-
ment in home trash reduction and reuse techniques, as well as the usage of informal 
marketplaces as garbage scavengers, merchants, and recyclers [14]. 

Covid-19 is a novel virus that has been labeled a pandemic by the World Health 
Organization (WHO). As a result, hazardous waste management requires specific 
attention and measures. In order to evaluate circularity and management activities 
during the epidemic in Jaipur City, this study was performed to address human issues, 
quantified with numbers using surveys, and evaluated using statistical tools.
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2 Materials and Methods 

This study was conducted in 2021 at the Swai Maan Singh Hospital (S.M.S.) and 
Rajasthan University of Health Science Hospital (RUHS), which are primarily two 
large Covid centers in Jaipur as the Covid-19 isolation facilities in Jaipur, Rajasthan 
State, India, with a focus on the recognition of the challenges in the management 
of such a waste category. Data were collected using quantitative and qualitative 
approaches, as well as a checklist [15]. In line with Creswell 2009, questionnaires 
were sent to healthcare professionals, maintenance workers, and cleaners/waste 
handlers at health institutions. Covid-19 healthcare wastes (identification, charac-
terization, and segregation in healthcare facilities), emergency preparedness and 
response, safety, health, and the environment were all covered in the checklist. 
Field observations and key informant interviews were used to achieve the qualitative 
approach. 

Data on the management and disposal of Covid-19 wastes, perceptions of medical 
wastes during the Covid-19 pandemic, and other technical questions were collected 
using a series of semi-structured questionnaires. The distribution of the study instru-
ment was done using simple random sampling among hospital employees (medical 
and healthcare professionals) and maintenance staff (ward attendants, cleaners, waste 
handlers, incinerator operators, and cleaning supervisors). 

A total of 220 questionnaires were distributed, with 160 being provided at the 
SMS and 56 being distributed in the RUHS. There were 216 surveys returned in all. 

3 Statistical Analysis 

Data from the examined Covid-19 isolation facilities were cleaned, edited, and 
frequency tables were created in SPSS version to illustrate the findings. 

4 Result and Discussion 

Jaipur City, Rajasthan State Covid-19 Centers and Infectious Waste Management. 
Table 1 shows the total bed availability in hospitals in Jaipur district during Covid-

19 in year 2021.
Table 2 shows the bio-data of the respondents: 120 of 216 (55.55%) were aged 

between 18 and 40 years of age while 96 of 216 (44.44%) were aged between 41 
and 65 years. 118 of 216 (55%) were male, while 98 of 216 (45%) were female.
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Table 2 Bio-data 

Characteristics N % 

Age of respondents (year) 18–40 120 55.55 

41–65 96 44.44 

Gender Male 118 55 

Female 98 45 

Table 3 Status of cases of COVID in Rajasthan till 31.05.2021 

State/UTS Total cases Active Discharged Deaths Active ratio Discharge 
ratio 

Death ratio 

Jaipur 1,84,653 37 1,82,861 1754 0.02% 99.03% 0.95% 

Note The above information is courtesy Medical & Health Department Government of Rajasthan 

Table 3 shows the status of cases of Covid in Jaipur as 31.05.2021. 
Table 4 included technical questions about respondents’ discipline, solid waste 

rating prior to Covid-19, attention paid to the disposal and management of personal 
protective equipment (PPE) during and prior to Covid-19, separation of Covid-19 
hazardous waste from other solid wastes, extent of PPE use during the pandemic, 
and whether PPE was purchased from personal purse.

Table 5 No of beds available in Jaipur district, Rajasthan, India during Covid-19 
(attached at last).

The number of the confirmed cases increased to 184,653 with 182,861 discharged 
patients and 1754 deaths as of May 31st, 2021. 

The infected patients in Jaipur are confined at the RUHS Hospital isolation unit in 
Jaipur, the state capital. The S.M.S, on the other hand, is the state’s largest government 
hospital, and it sees suspected cases that are later verified at the diagnostic facility. 
Various steps have been put in place by the state to limit the epidemic and manage 
its extremely contagious medical waste. 

The present investigation found that both study sites had double-chambered 
storage facilities for processing hazardous trash. As a result, all trash coming from 
the hospital must be burned openly by waste managers. Furthermore, neither of the 
research sites separates trash; thus, all of the waste generated by the isolation centers 
is regarded as infectious waste and sent to the dump yard. 

5 Conclusion 

During the present pandemic in Jaipur District, Rajasthan State, India, this study 
intended to analyze the circular economy and problems in the management of Covid-
19 wastes at two important locations. According to the findings, there are significant
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Table 4 Included technical questions 

Characteristics Number Percentage 

Discipline 

Healthcare worker (doctors, nurses, etc.) 108 50 

Cleaner/waste handler 62 28.7 

Maintenance staff 46 21.29 

Prior to Covid-19, solid waste was rated 

Poor 63 29.16 

Good 135 62.5 

Very good 15 6.94 

Excellent 3 1.38 

Is the appropriate attention being paid to the disposal and management of PPE at this time? 

Yes 205 94.9 

No 11 5.09 

Before Covid-19, how would you evaluate the disposal and management of personal protective 
equipment (PPE)? 

Poor 57 26.38 

Good 128 59.25 

Very good 29 13.42 

Excellent 2 0.92 

Should Covid-19 wastes be segregated from other solid wastes, in your opinion? 

Yes 204 94.44 

No 12 5.55 

Do you utilize more personal protective equipment (PPE) during Covid-19 than before the 
pandemic? 

Yes 205 94.9 

No 11 5.09 

Do you purchase personal protective equipment with your own funds? 

Yes 49 22.68 

No 167 77.31 

How would you rate the Covid-19 disposal and management of expired PPE? 

Poor 27 12.5 

Good 116 53.7 

Very good 58 26.85 

Excellent 15 6.94 

Is it possible to prevent the spread of Covid-19 using present waste management practices?

(continued)
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Table 4 (continued)

Characteristics Number Percentage

Yes 170 78.7 

No 46 21.29 

Do you think you are paying more attention to how you dispose of your worn PPE today than 
you were before Covid-19? 

Yes 208 96.29 

No 8 3.7 

Is it possible to dispose of Covid-19 wastes in separate trash bins? 

Yes 118 54.62 

No 98 45.37 

Is it possible for Covid-19 to spread through solid waste? 

Yes 200 92.59 

No 16 7.4 

How often does your company’s solid trash be hauled away to be disposed of? 

Daily 152 70.37 

Twice daily 56 25.92 

Every two days 6 2.77 

More than two days 2 0.92

flaws in the handling of hazardous wastes. The two regions employ linear economy 
and use double-chambered storage facilities for final waste disposal. 

The majority of respondents (59.25%) rated the management of used Covid-19 
PPE as good, 94.9% agreed to more used PPE during the pandemic than before; 
some (22.68%) use their own money to provide PPE for their own safety; 78.7% 
believe current waste management practices are effective in preventing Covid-19 
spread, and the majority (96.29%) pay more attenuation during the pandemic than 
before. The respondents in this survey appear to be aware of the hazards that may 
arise from improper waste management; nonetheless, healthcare providers must do 
more in terms of providing sufficient PPE and trash management. Government of 
Rajasthan has to dispose the biomedical waste in one step directly out of city instead 
of two steps in Jhalana, Jaipur, and then to out of city Jamdoli, Jaipur.



158 M. Sharma et al.

Ta
bl
e 
5 

N
o 
of
 b
ed
s 
av
ai
la
bl
e 
in
 J
ai
pu
r 
di
st
ri
ct
, R

aj
as
th
an
, I
nd
ia
, d

ur
in
g 
C
ov
id
-1
9 
as
 o
n 
31
.0
5.
20
21
 

B
ed
s 
av
ai
la
bi
lit
y 
in
 h
os
pi
ta
ls
 in

 J
ai
pu
r 
D
is
tr
ic
t, 
R
aj
as
th
an
, I
nd
ia
 

S.
 

N
o 

D
is
tr
ic
t

H
os
pi
ta
l n

am
e

G
en
er
al
 b
ed
s

O
xy

ge
n 
be
ds

IC
U
 b
ed
s 
w
ith

ou
t 

ve
nt
ila
to
r 

IC
U
 b
ed
s 
w
ith

 
ve
nt
ila
to
r 

H
os
pi
ta
l h

el
pl
in
e 
N
o

D
is
t. 
co
nt
ro
l 

ro
om

 N
o 

T
O

A
T

O
A

T
O

A
T

O
A
 

To
ta
l

28
15

93
27

22
31

78
44

31
34

92
4

16
90

8
62

9
76

55
3 

1
Ja
ip
ur

A
A
R
Y
A
 

H
os
pi
ta
l J
L
N
 

M
A
R
G
 

0
0

0
0

0
0

0
0

0
0

0
0

N
A

01
41

–2
60

58
58

 

2
Ja
ip
ur

A
PE

X
 H
os
pi
ta
ls
 

Pv
t L

td
 

18
0

18
20

0
20

20
0

20
10

0
10

83
06

17
77

64
01

41
–2

60
58

58
 

3
Ja
ip
ur

A
an
ch
 H
os
pi
ta
l

0
0

0
17

0
17

11
0

11
4

0
4

89
49

19
20

03
01

41
–2

60
58

58
 

4
Ja
ip
ur

A
dv
an
ce
d 

N
eu
ro
lo
gy

 a
nd

 
Su

pe
rs
pe
ci
al
ity

 
H
os
pi
ta
l 

0
0

0
13

0
13

4
0

4
3

0
3

01
41

–2
72

42
58

01
41

–2
60

58
58

 

5
Ja
ip
ur

A
m
er
 M

ed
ic
al
 

an
d 
R
es
ea
rc
h 

H
os
pi
ta
l, 

M
an
sa
ro
va
r 

3
0

3
36

0
36

11
0

11
10

0
10

80
00

12
63

20
01

41
–2

60
58

58
 

6
Ja
ip
ur

A
si
an
 C
an
ce
r 

H
os
pi
ta
l 

0
0

0
20

0
20

0
0

0
0

0
0

94
13

84
96

02
01

41
–2

60
58

58
 

7
Ja
ip
ur

A
so
pa
 H
os
pi
ta
l

0
0

0
7

0
7

7
0

7
1

0
1

01
41

–2
24

61
61

01
41

–2
60

58
58

 

8
Ja
ip
ur

A
st
hm

a 
B
ha
w
an

0
0

0
35

0
35

7
0

7
0

0
0

83
02

19
93

57
01

41
–2

60
58

58

(c
on

tin
ue
d)



Biomedical Waste Management and Circular Economy Actions … 159

Ta
bl
e
5

(c
on
tin

ue
d)

B
ed
s
av
ai
la
bi
lit
y
in

ho
sp
ita
ls
in

Ja
ip
ur

D
is
tr
ic
t,
R
aj
as
th
an
,I
nd
ia

S. N
o

D
is
tr
ic
t

H
os
pi
ta
ln

am
e

G
en
er
al
be
ds

O
xy

ge
n
be
ds

IC
U
be
ds

w
ith

ou
t

ve
nt
ila
to
r

IC
U
be
ds

w
ith

ve
nt
ila
to
r

H
os
pi
ta
lh

el
pl
in
e
N
o

D
is
t.
co
nt
ro
l

ro
om

N
o

T
O

A
T

O
A

T
O

A
T

O
A

To
ta
l

28
15

93
27

22
31

78
44

31
34

92
4

16
90

8
62

9
76

55
3

9
Ja
ip
ur

A
va
ni
 M

at
er
ni
ty
 

an
d 
G
en
er
al
 

H
os
pi
ta
l, 
22
 

G
od
am

 

10
0

10
20

0
20

6
0

6
0

0
0

N
A

01
41

–2
60

58
58

 

10
Ja
ip
ur

B
.L
. C

ho
ud

ra
y 

H
os
pi
ta
l K

al
w
ad
 

ro
ad
 J
ho

tw
ar
a 

22
1

21
20

0
20

4
0

4
4

0
4

95
71

17
83

73
01

41
–2

60
58

58
 

11
Ja
ip
ur

B
D
M
 K
ot
pu

tli
70

1
69

30
2

28
0

0
0

0
0

0
91

16
53

45
00

01
41

–2
60

58
58

 

12
Ja
ip
ur

B
al
aj
i S

on
i 

H
os
pi
ta
l, 
B
ag
ru
 

32
0

32
14

0
14

4
0

4
0

0
0

N
A

01
41

–2
60

58
58

 

13
Ja
ip
ur

B
ha
gw

an
 

M
ah
av
ee
r 

C
an
ce
r 
H
os
pi
ta
l 

28
1

27
10

0
10

0
0

0
2

0
2

01
41

–2
70

01
07

01
41

–2
60

58
58

 

14
Ja
ip
ur

B
ha
nd

ha
ri
 

H
os
pi
ta
l a
nd
 

R
es
ea
rc
h 
C
en
te
r, 

Ja
ip
ur
 

7
0

7
36

0
36

7
0

7
7

0
7

80
03

29
51

63
01

41
–2

60
58

58
 

15
Ja
ip
ur

C
K
B
ir
la
 

H
os
pi
ta
l 

0
0

0
6

0
6

12
1

11
1

0
1

95
49

02
29

94
01

41
–2

60
58

58

(c
on

tin
ue
d)



160 M. Sharma et al.

Ta
bl
e
5

(c
on
tin

ue
d)

B
ed
s
av
ai
la
bi
lit
y
in

ho
sp
ita
ls
in

Ja
ip
ur

D
is
tr
ic
t,
R
aj
as
th
an
,I
nd
ia

S. N
o

D
is
tr
ic
t

H
os
pi
ta
ln

am
e

G
en
er
al
be
ds

O
xy

ge
n
be
ds

IC
U
be
ds

w
ith

ou
t

ve
nt
ila
to
r

IC
U
be
ds

w
ith

ve
nt
ila
to
r

H
os
pi
ta
lh

el
pl
in
e
N
o

D
is
t.
co
nt
ro
l

ro
om

N
o

T
O

A
T

O
A

T
O

A
T

O
A

To
ta
l

28
15

93
27

22
31

78
44

31
34

92
4

16
90

8
62

9
76

55
3

16
Ja
ip
ur

C
H
C
 A
M
E
R

1
0

1
5

0
5

0
0

0
0

0
0

N
A

01
41

–2
60

58
58

 

17
Ja
ip
ur

C
H
C
 B
as
si

20
0

20
10

0
10

0
0

0
0

0
0

14
29

29
42

13
01

41
–2

60
58

58
 

18
Ja
ip
ur

C
H
C
 B
ic
ho

on
50

0
50

18
0

18
0

0
0

0
0

0
90

79
11

64
98

01
41

–2
60

58
58

 

19
Ja
ip
ur

C
H
C
 J
A
L
SU

10
1

9
9

0
9

0
0

0
0

0
0

90
24

35
45

99
01

41
–2

60
58

58
 

20
Ja
ip
ur

C
H
C
 J
A
M
W
A
 

R
A
M
G
A
R
H
 

10
0

10
10

0
10

0
0

0
0

0
0

98
29

32
03

43
01

41
–2

60
58

58
 

21
Ja
ip
ur

C
H
C
 J
ob

ne
r

10
0

10
10

0
10

0
0

0
0

0
0

01
42

5–
25

42
20

01
41

–2
60

58
58

 

22
Ja
ip
ur

C
H
C
 

K
ot
hk

ha
w
ad
a 

10
0

10
10

0
10

0
0

0
0

0
0

98
29

20
80

32
01

41
–2

60
58

58
 

23
Ja
ip
ur

C
H
C
 

N
A
R
H
E
D
A
 

20
0

20
20

1
19

0
0

0
0

0
0

95
30

17
80

90
01

41
–2

60
58

58
 

24
Ja
ip
ur

C
H
C
 P
A
W
TA

5
0

5
5

0
5

0
0

0
0

0
0

N
A

01
41

–2
60

58
58

 

25
Ja
ip
ur

C
H
C
 P
ha
gi

50
0

50
10

0
10

1
0

1
0

0
0

88
24

26
69

29
01

41
–2

60
58

58
 

26
Ja
ip
ur

C
H
C
 P
hu

le
ra

5
0

5
5

0
5

0
0

0
0

0
0

N
A

01
41

–2
60

58
58

 

27
Ja
ip
ur

C
H
C
 R
en
w
al

0
0

0
10

0
10

0
0

0
0

0
0

01
42

4–
22

61
04

01
41

–2
60

58
58

 

28
Ja
ip
ur

C
H
C
 S
A
M
O
D

20
0

20
13

0
13

17
0

17
0

0
0

89
47

94
79

69
01

41
–2

60
58

58
 

29
Ja
ip
ur

C
H
C
 

SH
A
H
PU

R
A
 

18
0

18
18

4
14

0
0

0
0

0
0

91
16

15
24

42
01

41
–2

60
58

58
 

30
Ja
ip
ur

C
H
C
 S
IR
SI

9
0

9
6

0
6

0
0

0
0

0
0

N
A

01
41

–2
60

58
58

(c
on

tin
ue
d)



Biomedical Waste Management and Circular Economy Actions … 161

Ta
bl
e
5

(c
on
tin

ue
d)

B
ed
s
av
ai
la
bi
lit
y
in

ho
sp
ita
ls
in

Ja
ip
ur

D
is
tr
ic
t,
R
aj
as
th
an
,I
nd
ia

S. N
o

D
is
tr
ic
t

H
os
pi
ta
ln

am
e

G
en
er
al
be
ds

O
xy

ge
n
be
ds

IC
U
be
ds

w
ith

ou
t

ve
nt
ila
to
r

IC
U
be
ds

w
ith

ve
nt
ila
to
r

H
os
pi
ta
lh

el
pl
in
e
N
o

D
is
t.
co
nt
ro
l

ro
om

N
o

T
O

A
T

O
A

T
O

A
T

O
A

To
ta
l

28
15

93
27

22
31

78
44

31
34

92
4

16
90

8
62

9
76

55
3

31
Ja
ip
ur

C
H
C
 S
am

bh
ar

15
0

15
10

0
10

0
0

0
0

0
0

14
25

22
94

12
01

41
–2

60
58

58
 

32
Ja
ip
ur

C
H
C
 T
un
ga

6
0

6
4

0
4

0
0

0
0

0
0

73
74

00
45

99
01

41
–2

60
58

58
 

33
Ja
ip
ur

C
H
C
 V
IR

A
T
 

N
A
G
A
R
 

10
0

10
5

0
5

0
0

0
0

0
0

01
42

2–
24

35
31

01
41

–2
60

58
58

 

34
Ja
ip
ur

C
K
S 
H
os
pi
ta
ls

5
0

5
10

0
10

10
0

10
10

0
10

72
30

00
13

67
01

41
–2

60
58

58
 

35
Ja
ip
ur

C
ra
dl
e 
C
hi
ld
re
n 

H
os
pi
ta
l V

ai
sa
li 

N
ag
ar
 

0
0

0
6

0
6

6
0

6
2

0
2

01
41

–6
76

16
28

01
41

–2
60

58
58

 

36
Ja
ip
ur

C
hi
ra
yu

 
H
os
pi
ta
l, 
Ja
ip
ur
 

0
0

0
57

0
57

19
0

19
9

0
9

72
30

02
50

66
01

41
–2

60
58

58
 

37
Ja
ip
ur

C
ov
id
 C
ar
e 

C
en
te
r, 
R
ad
ha
 

So
am

i S
at
sa
ng
 

B
ea
s,
 B
ilw

a 

0
0

0
0

0
0

0
0

0
0

0
0

70
23

55
77

68
01

41
–2

60
58

58
 

38
Ja
ip
ur

C
ri
tic

on
ix
 

K
ha
nd

ak
a 

H
os
pi
ta
l 

0
0

0
15

0
15

7
0

7
3

0
3

99
28

18
02

83
01

41
–2

60
58

58
 

39
Ja
ip
ur

D
es
hb

an
dh

u 
E
nt
 

H
os
pi
ta
l 

10
0

10
10

0
10

8
2

6
0

0
0

01
41

 4
02

40
43

01
41

–2
60

58
58

 

40
Ja
ip
ur

D
an
as
hi
va
m
 

H
os
pi
ta
l, 
Ja
ip
ur
 

8
0

8
16

0
16

7
0

7
1

0
1

01
41

–2
23

22
0

01
41

–2
60

58
58

(c
on

tin
ue
d)



162 M. Sharma et al.

Ta
bl
e
5

(c
on
tin

ue
d)

B
ed
s
av
ai
la
bi
lit
y
in

ho
sp
ita
ls
in

Ja
ip
ur

D
is
tr
ic
t,
R
aj
as
th
an
,I
nd
ia

S. N
o

D
is
tr
ic
t

H
os
pi
ta
ln

am
e

G
en
er
al
be
ds

O
xy

ge
n
be
ds

IC
U
be
ds

w
ith

ou
t

ve
nt
ila
to
r

IC
U
be
ds

w
ith

ve
nt
ila
to
r

H
os
pi
ta
lh

el
pl
in
e
N
o

D
is
t.
co
nt
ro
l

ro
om

N
o

T
O

A
T

O
A

T
O

A
T

O
A

To
ta
l

28
15

93
27

22
31

78
44

31
34

92
4

16
90

8
62

9
76

55
3

41
Ja
ip
ur

D
ee
p 
H
os
pi
ta
l 

an
d 
R
es
ea
rc
h 

C
en
te
r, 
Ja
ip
ur
 

12
0

12
28

0
28

12
0

12
4

0
4

01
41

–2
46

63
30

01
41

–2
60

58
58

 

42
Ja
ip
ur

D
ha
nw

an
tr
i 

H
os
pi
ta
l a
nd
 

R
es
ea
rc
h 
C
en
te
r, 

Ja
ip
ur
 

0
0

0
10

0
10

12
0

12
8

0
8

63
75

28
57

63
01

41
–2

60
58

58
 

43
Ja
ip
ur

E
SI
C
 M

od
el
 

H
os
pi
ta
l, 
Ja
ip
ur
 

14
0

0
14

0
60

0
60

0
0

0
0

0
0

14
12

22
80

38
01

41
–2

60
58

58
 

44
Ja
ip
ur

E
te
rn
al
 H
os
pi
ta
l, 

Ja
ip
ur
 

5
0

5
63

0
63

41
0

41
4

0
4

01
41

–5
17

40
00

, 2
77

40
00

, 
95

49
65

15
55

 
01

41
–2

60
58

58
 

45
Ja
ip
ur

Fo
rt
is
 H
os
pt
ia
l

0
0

0
91

0
91

30
1

29
4

0
4

96
02

54
17

10
01

41
–2

60
58

58
 

46
Ja
ip
ur

G
P 
Sh

ek
ha
w
at
i 

H
os
pi
ta
l 

0
0

0
42

0
42

22
0

22
6

0
6

+
91

 7
72

8–
85

29
29

01
41

–2
60

58
58

 

47
Ja
ip
ur

G
up
ta
 C
he
st
 a
nd
 

G
en
er
el
 H
os
pi
ta
l 

K
al
w
ad
 R
oa
d 

H
os
pi
ta
l K

al
w
ad
 

R
oa
d 

30
0

30
26

0
26

5
0

5
2

0
2

N
A

01
41

–2
60

58
58

 

48
Ja
ip
ur

H
C
G
 C
an
ce
r 

H
os
pi
ta
l 

0
0

0
30

0
30

0
0

0
0

0
0

N
A

01
41

–2
60

58
58

(c
on

tin
ue
d)



Biomedical Waste Management and Circular Economy Actions … 163

Ta
bl
e
5

(c
on
tin

ue
d)

B
ed
s
av
ai
la
bi
lit
y
in

ho
sp
ita
ls
in

Ja
ip
ur

D
is
tr
ic
t,
R
aj
as
th
an
,I
nd
ia

S. N
o

D
is
tr
ic
t

H
os
pi
ta
ln

am
e

G
en
er
al
be
ds

O
xy

ge
n
be
ds

IC
U
be
ds

w
ith

ou
t

ve
nt
ila
to
r

IC
U
be
ds

w
ith

ve
nt
ila
to
r

H
os
pi
ta
lh

el
pl
in
e
N
o

D
is
t.
co
nt
ro
l

ro
om

N
o

T
O

A
T

O
A

T
O

A
T

O
A

To
ta
l

28
15

93
27

22
31

78
44

31
34

92
4

16
90

8
62

9
76

55
3

49
Ja
ip
ur

H
ea
rt
 a
nd
 

G
en
er
al
 H
os
pi
ta
l 

5
0

5
15

0
15

15
2

13
5

0
5

93
52

23
81

11
01

41
–2

60
58

58
 

50
Ja
ip
ur

Im
pe
ri
al
 

H
os
pi
ta
l a
nd
 

R
es
ea
rc
h 
C
en
te
r 

0
0

0
5

0
5

0
0

0
3

0
3

95
49

00
67

77
01

41
–2

60
58

58
 

51
Ja
ip
ur

In
du

s 
H
os
pi
ta
l

38
0

38
50

0
50

4
0

4
8

0
8

96
80

03
03

56
01

41
–2

60
58

58
 

52
Ja
ip
ur

Ja
in
 E
N
T
 

H
os
pi
ta
l 

3
3

0
0

0
0

0
0

0
0

0
0

N
A

01
41

–2
60

58
58

 

53
Ja
ip
ur

Je
ev
an
 R
ak
sh
a 

M
al
ti 
Sp

ec
ili
ty
 

H
os
pi
ta
l 

K
ha
tip

ur
a 
R
oa
d 

30
1

29
35

0
35

5
0

5
3

0
3

01
41

66
55

89
2,
 9
00

19
69

74
0 

01
41

–2
60

58
58

 

54
Ja
ip
ur

Ja
ip
ur
 D
ur
be
en
 

H
os
pi
ta
l S

od
al
a 

15
8

7
25

0
25

4
0

4
0

0
0

98
29

04
39

53
01

41
–2

60
58

58
 

55
Ja
ip
ur

Ja
ip
ur
 N
at
io
na
l 

U
ni
ve
rs
ity

 
In
st
itu

te
 f
or
 

M
ed
ic
al
 

Sc
ie
nc
es
 a
nd
 

R
es
ea
rc
h 
C
en
te
r 

Ja
ip
ur
 

32
0

0
32

0
22

0
22

30
0

30
28

0
28

01
41

 7
19

90
12

01
41

–2
60

58
58

(c
on

tin
ue
d)



164 M. Sharma et al.

Ta
bl
e
5

(c
on
tin

ue
d)

B
ed
s
av
ai
la
bi
lit
y
in

ho
sp
ita
ls
in

Ja
ip
ur

D
is
tr
ic
t,
R
aj
as
th
an
,I
nd
ia

S. N
o

D
is
tr
ic
t

H
os
pi
ta
ln

am
e

G
en
er
al
be
ds

O
xy

ge
n
be
ds

IC
U
be
ds

w
ith

ou
t

ve
nt
ila
to
r

IC
U
be
ds

w
ith

ve
nt
ila
to
r

H
os
pi
ta
lh

el
pl
in
e
N
o

D
is
t.
co
nt
ro
l

ro
om

N
o

T
O

A
T

O
A

T
O

A
T

O
A

To
ta
l

28
15

93
27

22
31

78
44

31
34

92
4

16
90

8
62

9
76

55
3

56
Ja
ip
ur

Ja
ip
ur
ia
 h
os
pi
ta
l

20
6

43
16

3
50

0
50

3
3

0
21

0
21

14
12

55
33

58
01

41
–2

60
58

58
 

57
Ja
ip
ur

Ja
n 
K
al
ya
n 

H
os
pi
ta
l C

ho
m
u 

0
0

0
0

0
0

0
0

0
0

0
0

N
A

01
41

–2
60

58
58

 

58
Ja
ip
ur

Je
ev
an
 R
ek
ha
 

H
os
pi
ta
l 

0
0

0
25

0
25

6
0

6
3

0
3

01
41

–5
15

50
50

01
41

–2
60

58
58

 

59
Ja
ip
ur

Jy
ot
i N

ur
si
ng

 
H
om

e 
Ja
ip
ur
 

10
0

10
30

0
30

3
0

3
2

0
2

93
14

40
40

24
01

41
–2

60
58

58
 

60
Ja
ip
ur

K
.R
.M

 H
os
pi
ta
l

15
0

15
40

0
40

9
0

9
2

0
2

91
66

21
23

36
01

41
–2

60
58

58
 

61
Ja
ip
ur

K
ha
nd

ak
a 

H
os
pi
ta
l 

6
0

6
8

0
8

3
0

3
3

0
3

N
A

01
41

–2
60

58
58

 

62
Ja
ip
ur

K
ha
nd
el
w
al
 

H
ea
rt
 I
ns
tit
ut
e 

V
id
hy
ad
ha
r 

N
ag
ar
 

0
0

0
7

0
7

2
0

2
1

0
1

77
37

01
43

88
01

41
–2

60
58

58
 

63
Ja
ip
ur

K
ri
sh
iv
 H
os
pi
ta
l 

V
ai
sh
al
i 

0
0

0
22

0
22

15
0

15
13

2
11

92
51

02
37

75
, 8
98

08
29

09
0

01
41

–2
60

58
58

 

64
Ja
ip
ur

M
.J
.F
. H

os
pi
ta
l 

C
ho

m
u 

10
0

10
10

0
10

5
0

5
5

0
5

98
29

26
90

04
01

41
–2

60
58

58

(c
on

tin
ue
d)



Biomedical Waste Management and Circular Economy Actions … 165

Ta
bl
e
5

(c
on
tin

ue
d)

B
ed
s
av
ai
la
bi
lit
y
in

ho
sp
ita
ls
in

Ja
ip
ur

D
is
tr
ic
t,
R
aj
as
th
an
,I
nd
ia

S. N
o

D
is
tr
ic
t

H
os
pi
ta
ln

am
e

G
en
er
al
be
ds

O
xy

ge
n
be
ds

IC
U
be
ds

w
ith

ou
t

ve
nt
ila
to
r

IC
U
be
ds

w
ith

ve
nt
ila
to
r

H
os
pi
ta
lh

el
pl
in
e
N
o

D
is
t.
co
nt
ro
l

ro
om

N
o

T
O

A
T

O
A

T
O

A
T

O
A

To
ta
l

28
15

93
27

22
31

78
44

31
34

92
4

16
90

8
62

9
76

55
3

65
Ja
ip
ur

M
an
as
 H
os
pi
ta
l 

H
ee
ra
pu

ra
 R
oa
d 

0
0

0
0

0
0

0
0

0
0

0
0

81
04

04
01

63
01

41
–2

60
58

58
 

66
Ja
ip
ur

M
ex
w
el
l M

ul
it 

Sp
ec
ili
ty
 a
nd
 

G
en
er
al
 H
os
pi
ta
l 

Pe
et
al
 F
ac
to
ry
 

0
0

0
0

0
0

0
0

0
0

0
0

N
A

01
41

–2
60

58
58

 

67
Ja
ip
ur

M
ah
ar
aj
 V
in
ay
ak
 

G
en
er
al
 H
os
pi
ta
l 

23
0

23
15

0
15

12
0

12
4

0
4

97
85

40
07

23
, 8
87

54
84

88
8,
 

82
09

11
29

88
 

01
41

–2
60

58
58

 

68
Ja
ip
ur

M
ah
ar
aj
a 

A
ga
rs
en
 

H
os
pi
ta
l 

0
0

0
0

0
0

11
0

11
7

1
6

97
84

83
78

30
01

41
–2

60
58

58
 

69
Ja
ip
ur

M
ah
at
m
a 

G
an
dh
i H

os
pi
ta
l 

Ja
ip
ur
 

0
0

0
35

0
0

35
0

50
0

50
80

2
78

83
06

99
88

91
01

41
–2

60
58

58
 

70
Ja
ip
ur

M
ah
ila
 

C
hi
ki
ts
al
ay
a 

Sa
ng
an
er
i G

at
e 

20
20

0
20

0
20

10
0

10
10

0
10

01
41

–2
61

78
24

01
41

–2
60

58
58

 

71
Ja
ip
ur

M
an
ip
al
 

H
os
pi
ta
ls
 J
ai
pu
r 

10
0

10
50

0
50

15
3

12
15

3
12

80
03

89
89

07
01

41
–2

60
58

58

(c
on

tin
ue
d)



166 M. Sharma et al.

Ta
bl
e
5

(c
on
tin

ue
d)

B
ed
s
av
ai
la
bi
lit
y
in

ho
sp
ita
ls
in

Ja
ip
ur

D
is
tr
ic
t,
R
aj
as
th
an
,I
nd
ia

S. N
o

D
is
tr
ic
t

H
os
pi
ta
ln

am
e

G
en
er
al
be
ds

O
xy

ge
n
be
ds

IC
U
be
ds

w
ith

ou
t

ve
nt
ila
to
r

IC
U
be
ds

w
ith

ve
nt
ila
to
r

H
os
pi
ta
lh

el
pl
in
e
N
o

D
is
t.
co
nt
ro
l

ro
om

N
o

T
O

A
T

O
A

T
O

A
T

O
A

To
ta
l

28
15

93
27

22
31

78
44

31
34

92
4

16
90

8
62

9
76

55
3

72
Ja
ip
ur

M
an
je
et
 I
ns
tit
ut
e 

of
 C
ri
tic

al
 c
ar
e 

V
id
dh
ya
dh
ar
 

N
ag
ar
 

0
0

0
20

5
15

20
2

18
0

0
0

92
51

10
11

10
01

41
–2

60
58

58
 

73
Ja
ip
ur

M
ar
ud

ha
r 

H
os
pi
ta
l 

5
0

5
2

0
2

2
0

2
1

0
1

01
41

–2
35

69
44

, 
72

21
00

01
23

 
01

41
–2

60
58

58
 

74
Ja
ip
ur

M
ax
w
el
l 

H
os
pi
ta
l 

23
0

23
23

0
23

7
0

7
7

0
7

01
41

–2
28

36
83

01
41

–2
60

58
58

 

75
Ja
ip
ur

M
et
ro
 M

A
S 

H
os
pi
ta
l J
ai
pu
r 

18
0

18
18

0
18

7
0

7
3

0
3

76
65

00
96

41
01

41
–2

60
58

58
 

76
Ja
ip
ur

M
et
ro
 c
ity

 
H
os
pi
ta
l, 

Jh
ot
w
ar
a 

5
0

5
14

0
14

9
0

9
1

0
1

96
67

05
99

13
01

41
–2

60
58

58
 

77
Ja
ip
ur

M
ili
ta
ry
 H
os
pi
ta
l 

12
0

12
10

1
0

10
1

0
0

0
7

0
7

88
90

01
44

18
01

41
–2

60
58

58
 

78
Ja
ip
ur

M
on
ic
a 
ho
sp
ita
l

6
0

6
12

0
12

6
0

6
1

0
1

93
52

79
06

68
01

41
–2

60
58

58
 

79
Ja
ip
ur

M
on
ile
k 

H
os
pi
ta
l 

45
0

45
45

0
45

4
0

4
7

0
7

89
49

37
94

59
, 7
22

10
00

12
3

01
41

–2
60

58
58

 

80
Ja
ip
ur

N
IM

S 
H
os
pi
ta
l 

Ja
ip
ur
 

14
0

0
14

0
25

1
24

30
0

30
55

0
55

97
84

71
70

00
01

41
–2

60
58

58

(c
on

tin
ue
d)



Biomedical Waste Management and Circular Economy Actions … 167

Ta
bl
e
5

(c
on
tin

ue
d)

B
ed
s
av
ai
la
bi
lit
y
in

ho
sp
ita
ls
in

Ja
ip
ur

D
is
tr
ic
t,
R
aj
as
th
an
,I
nd
ia

S. N
o

D
is
tr
ic
t

H
os
pi
ta
ln

am
e

G
en
er
al
be
ds

O
xy

ge
n
be
ds

IC
U
be
ds

w
ith

ou
t

ve
nt
ila
to
r

IC
U
be
ds

w
ith

ve
nt
ila
to
r

H
os
pi
ta
lh

el
pl
in
e
N
o

D
is
t.
co
nt
ro
l

ro
om

N
o

T
O

A
T

O
A

T
O

A
T

O
A

To
ta
l

28
15

93
27

22
31

78
44

31
34

92
4

16
90

8
62

9
76

55
3

81
Ja
ip
ur

N
ar
ay
an
a 

M
ul
tis
pe
ci
al
ity

 
H
os
pi
ta
l, 
Ja
ip
ur
 

2
0

2
4

0
4

2
0

2
2

0
2

01
41

71
22

20
0,
 8
69

69
50

07
7 

01
41

–2
60

58
58

 

82
Ja
ip
ur

O
m
 H
os
pi
ta
l a
nd
 

T
ra
um

a 
C
en
te
r 

10
0

10
15

0
15

22
0

22
3

0
3

99
50

37
01

10
/8
76

40
11

01
0

01
41

–2
60

58
58

 

83
Ja
ip
ur

Pi
nk

 V
in
ay
ak
 

H
os
pi
ta
l 

D
ul
es
va
r 
G
ar
da
n 

25
0

25
25

0
25

5
0

5
3

0
3

72
06

62
30

53
01

41
–2

60
58

58
 

84
Ja
ip
ur

Po
oj
a 
ho
sp
ita
l

0
0

0
4

0
4

5
2

3
5

1
4

96
94

00
01

16
01

41
–2

60
58

58
 

85
Ja
ip
ur

R
.N
. M

ul
ti 

Sp
ec
ia
lit
y 

H
os
pi
ta
l N

ir
m
an
 

N
ag
ar
 

6
0

6
13

0
13

2
0

2
1

0
1

N
A

01
41

–2
60

58
58

 

86
Ja
ip
ur

R
A
J 
K
hu

ra
na
 

M
em

or
iy
al
 

A
dr
as
h 
N
ag
ar
 

10
0

10
10

0
10

8
0

8
0

0
0

+
91

 8
10

46
55

74
5

01
41

–2
60

58
58

 

87
Ja
ip
ur

R
K
B
 M

ax
im

a 
H
os
pi
ta
l 

0
0

0
38

0
38

0
0

0
0

0
0

80
00

65
49

09
01

41
–2

60
58

58
 

88
Ja
ip
ur

R
U
H
S 
H
os
pi
ta
l

62
8

3
62

5
44

2
23

41
9

39
0

39
12

5
39

86
N
A

01
41

–2
60

58
58

 

89
Ja
ip
ur

R
ad
ha
 H
os
pi
ta
l

12
0

12
14

0
14

3
0

3
1

0
1

97
82

91
00

99
01

41
–2

60
58

58

(c
on

tin
ue
d)



168 M. Sharma et al.

Ta
bl
e
5

(c
on
tin

ue
d)

B
ed
s
av
ai
la
bi
lit
y
in

ho
sp
ita
ls
in

Ja
ip
ur

D
is
tr
ic
t,
R
aj
as
th
an
,I
nd
ia

S. N
o

D
is
tr
ic
t

H
os
pi
ta
ln

am
e

G
en
er
al
be
ds

O
xy

ge
n
be
ds

IC
U
be
ds

w
ith

ou
t

ve
nt
ila
to
r

IC
U
be
ds

w
ith

ve
nt
ila
to
r

H
os
pi
ta
lh

el
pl
in
e
N
o

D
is
t.
co
nt
ro
l

ro
om

N
o

T
O

A
T

O
A

T
O

A
T

O
A

To
ta
l

28
15

93
27

22
31

78
44

31
34

92
4

16
90

8
62

9
76

55
3

90
Ja
ip
ur

R
aj
 E
N
T
 

H
os
pi
ta
l J
ai
pu
r 

0
0

0
0

0
0

0
0

0
0

0
0

N
A

01
41

–2
60

58
58

 

91
Ja
ip
ur

R
aj
as
th
an
 

H
os
pi
ta
l 

0
0

0
30

0
30

61
0

61
6

0
6

86
96

66
64

17
01

41
–2

60
58

58
 

92
Ja
ip
ur

R
ak
sh
a 
H
os
pi
ta
l 

Jh
ot
w
ar
a 

5
0

5
15

0
15

6
0

6
0

0
0

79
76

19
61

21
01

41
–2

60
58

58
 

93
Ja
ip
ur

R
ai
lw
ay
 H
os
pi
ta
l 

60
0

60
30

0
30

5
0

5
5

0
5

14
12

22
25

73
01

41
–2

60
58

58
 

94
Ja
ip
ur

R
am

an
ji 

H
os
pi
ta
l 

28
3

25
13

0
13

8
0

8
1

0
1

14
12

97
39

26
01

41
–2

60
58

58
 

95
Ja
ip
ur

R
eg
en
 h
os
pi
ta
l

15
0

15
35

0
35

21
0

21
5

0
5

91
16

8 
89

91
1

01
41

–2
60

58
58

 

96
Ja
ip
ur

R
un

gt
a

0
0

0
61

0
61

7
0

7
15

0
15

01
41

–4
03

99
99

01
41

–2
60

58
58

 

97
Ja
ip
ur

S.
K
.G
 H
os
pi
ta
l 

an
d 
R
es
ea
rc
h 

C
en
te
r 

V
id
hy
dh
ar
 N
ag
ar
 

5
0

5
5

0
5

4
0

4
1

0
1

96
72

06
49

54
01

41
–2

60
58

58
 

98
Ja
ip
ur

S.
R
.K
. H

os
pi
ta
l 

L
al
ko
th
i 

6
0

6
15

0
15

10
0

10
1

0
1

14
14

92
23

33
01

41
–2

60
58

58

(c
on

tin
ue
d)



Biomedical Waste Management and Circular Economy Actions … 169

Ta
bl
e
5

(c
on
tin

ue
d)

B
ed
s
av
ai
la
bi
lit
y
in

ho
sp
ita
ls
in

Ja
ip
ur

D
is
tr
ic
t,
R
aj
as
th
an
,I
nd
ia

S. N
o

D
is
tr
ic
t

H
os
pi
ta
ln

am
e

G
en
er
al
be
ds

O
xy

ge
n
be
ds

IC
U
be
ds

w
ith

ou
t

ve
nt
ila
to
r

IC
U
be
ds

w
ith

ve
nt
ila
to
r

H
os
pi
ta
lh

el
pl
in
e
N
o

D
is
t.
co
nt
ro
l

ro
om

N
o

T
O

A
T

O
A

T
O

A
T

O
A

To
ta
l

28
15

93
27

22
31

78
44

31
34

92
4

16
90

8
62

9
76

55
3

99
Ja
ip
ur

S.
R
.K
. H

os
pi
ta
l 

L
al
ko
th
i 

0
0

0
0

0
0

0
0

0
0

0
0

N
A

01
41

–2
60

58
58

 

10
0

Ja
ip
ur

Sa
dh
na
 H
os
pi
ta
l 

K
ha
tip

ur
a 
R
oa
d 

14
0

14
6

0
6

6
0

6
1

0
1

N
A

01
41

–2
60

58
58

 

10
1

Ja
ip
ur

SD
H
 D
ud
u

5
0

5
0

0
0

0
0

0
0

0
0

14
28

27
72

33
01

41
–2

60
58

58
 

10
2

Ja
ip
ur

SD
M
 H
os
pi
ta
l

52
0

52
20

2
18

2
0

2
2

1
1

/9
92

96
07

05
0

01
41

–2
60

58
58

 

10
3

Ja
ip
ur

Sh
an
ti 
H
os
pi
ta
l 

B
al
aj
i V

ih
ar
, 

N
iw
ar
u 
R
oa
d 

5
0

5
3

0
3

2
0

2
0

0
0

N
A

01
41

–2
60

58
58

 

10
4

Ja
ip
ur

Sh
re
e 
N
id
an
 

H
os
p 
A
jm

er
 

R
oa
d 

14
4

10
5

0
5

2
0

2
2

0
2

N
A

01
41

–2
60

58
58

 

10
5

Ja
ip
ur

SM
S 
M
ed
ic
al
 

C
ol
le
ge
 J
ai
pu

r 
0

0
0

50
0

50
0

0
0

35
27

8
14

12
56

98
98

01
41

–2
60

58
58

 

10
6

Ja
ip
ur

Sa
ke
t H

os
pi
ta
l 

(A
 U
ni
t o

f 
Sa
ke
t 

M
ed
ic
ar
e 
an
d 

R
es
ea
rc
h 
C
en
te
r 

Pv
t L

td
) 

12
0

12
46

0
46

16
0

16
6

0
6

01
41

–2
78

50
75

01
41

–2
60

58
58

(c
on

tin
ue
d)



170 M. Sharma et al.

Ta
bl
e
5

(c
on
tin

ue
d)

B
ed
s
av
ai
la
bi
lit
y
in

ho
sp
ita
ls
in

Ja
ip
ur

D
is
tr
ic
t,
R
aj
as
th
an
,I
nd
ia

S. N
o

D
is
tr
ic
t

H
os
pi
ta
ln

am
e

G
en
er
al
be
ds

O
xy

ge
n
be
ds

IC
U
be
ds

w
ith

ou
t

ve
nt
ila
to
r

IC
U
be
ds

w
ith

ve
nt
ila
to
r

H
os
pi
ta
lh

el
pl
in
e
N
o

D
is
t.
co
nt
ro
l

ro
om

N
o

T
O

A
T

O
A

T
O

A
T

O
A

To
ta
l

28
15

93
27

22
31

78
44

31
34

92
4

16
90

8
62

9
76

55
3

10
7

Ja
ip
ur

Sa
rd
ar
 S
in
gh
 

M
em

or
ia
l 

H
os
pi
ta
l 

10
0

10
10

0
10

0
0

0
0

0
0

80
03

07
72

23
01

41
–2

60
58

58
 

10
8

Ja
ip
ur

Sa
te
lli
te
 C
ha
ks
u

20
0

20
5

0
5

0
0

0
0

0
0

82
09

84
38

7
01

41
–2

60
58

58
 

10
9

Ja
ip
ur

Sa
te
lli
te
 

Sa
ng
an
er
 

10
0

10
7

0
7

0
0

0
0

0
0

14
12

72
32

73
01

41
–2

60
58

58
 

11
0

Ja
ip
ur

Se
vy
am

 H
os
pi
ta
l 

ci
vi
l l
in
e 

4
0

4
8

0
8

0
0

0
0

0
0

80
03

21
40

00
01

41
–2

60
58

58
 

11
1

Ja
ip
ur

Se
w
ay
ta
n 

H
os
pi
ta
l S

od
al
a 

20
0

20
6

0
6

12
0

12
2

0
2

29
43

14
2

01
41

–2
60

58
58

 

11
2

Ja
ip
ur

Sh
al
by
 h
os
pi
ta
l

0
0

0
70

0
70

0
0

0
0

0
0

79
47

08
03

07
01

41
–2

60
58

58
 

11
3

Ja
ip
ur

Sh
iv
 A
da
rs
h 

H
os
pi
ta
l 

B
in
da
yk

a 

3
0

3
15

0
15

5
0

5
2

0
2

98
87

15
19

62
01

41
–2

60
58

58
 

11
4

Ja
ip
ur

Sh
iv
 D
ha
ra
 

C
ho

m
u 

15
0

15
10

0
10

5
0

5
0

0
0

87
39

87
90

00
01

41
–2

60
58

58
 

11
5

Ja
ip
ur

Sh
iv
 T
ri
de
nt
 

H
os
pi
ta
l V

ai
sa
li 

N
ag
ar
 

17
4

13
17

4
13

12
0

12
1

0
1

86
19

21
70

18
01

41
–2

60
58

58

(c
on

tin
ue
d)



Biomedical Waste Management and Circular Economy Actions … 171

Ta
bl
e
5

(c
on
tin

ue
d)

B
ed
s
av
ai
la
bi
lit
y
in

ho
sp
ita
ls
in

Ja
ip
ur

D
is
tr
ic
t,
R
aj
as
th
an
,I
nd
ia

S. N
o

D
is
tr
ic
t

H
os
pi
ta
ln

am
e

G
en
er
al
be
ds

O
xy

ge
n
be
ds

IC
U
be
ds

w
ith

ou
t

ve
nt
ila
to
r

IC
U
be
ds

w
ith

ve
nt
ila
to
r

H
os
pi
ta
lh

el
pl
in
e
N
o

D
is
t.
co
nt
ro
l

ro
om

N
o

T
O

A
T

O
A

T
O

A
T

O
A

To
ta
l

28
15

93
27

22
31

78
44

31
34

92
4

16
90

8
62

9
76

55
3

11
6

Ja
ip
ur

Sh
re
e 
A
m
be
 

H
os
pi
ta
l N

ew
ar
u 

R
oa
d 

14
0

14
0

0
0

11
0

11
1

0
1

94
62

35
41

94
01

41
–2

60
58

58
 

11
7

Ja
ip
ur

Si
dd
ha
m
 E
N
T
 

H
os
pi
ta
l 

5
0

5
9

0
9

3
0

3
2

0
2

77
42

11
00

99
01

41
–2

60
58

58
 

11
8

Ja
ip
ur

Si
r 
C
ho
tu
 R
am

 
H
os
pi
ta
l, 

V
ai
sh
al
i N

ag
ar
 

0
0

0
0

0
0

0
0

0
0

0
0

94
13

79
07

90
01

41
–2

60
58

58
 

11
9

Ja
ip
ur

So
m
an
i H

os
pi
ta
l 

7
0

7
7

0
7

7
0

7
0

0
0

N
A

01
41

–2
60

58
58

 

12
0

Ja
ip
ur

So
ni
 H
os
pi
ta
l

10
0

10
41

0
41

7
0

7
1

0
1

90
01

66
99

77
01

41
–2

60
58

58
 

12
1

Ja
ip
ur

Sp
ar
sh
 H
os
pi
ta
l

10
0

10
30

0
30

17
0

17
3

0
3

77
32

90
90

36
01

41
–2

60
58

58
 

12
2

Ja
ip
ur

St
ar
 W

om
en
 a
nd
 

G
en
er
al
 H
os
pi
ta
l 

70
0

70
15

0
15

0
0

0
0

0
0

82
39

25
22

72
01

41
–2

60
58

58
 

12
3

Ja
ip
ur

Ta
go

re
 h
os
pi
ta
l

28
0

28
25

0
25

5
0

5
2

0
2

96
10

48
88

80
01

41
–2

60
58

58
 

12
4

Ja
ip
ur

U
ni
qu
e 
Sa
ng
ee
ta
 

V
ai
sh
al
i 

10
0

10
15

1
14

8
0

8
2

0
2

95
11

85
84

25
01

41
–2

60
58

58
 

12
5

Ja
ip
ur

U
rm

il 
ho
sp
ita
l

0
0

0
20

1
19

8
0

8
2

0
2

72
21

07
22

60
01

41
–2

60
58

58

(c
on

tin
ue
d)



172 M. Sharma et al.

Ta
bl
e
5

(c
on
tin

ue
d)

B
ed
s
av
ai
la
bi
lit
y
in

ho
sp
ita
ls
in

Ja
ip
ur

D
is
tr
ic
t,
R
aj
as
th
an
,I
nd
ia

S. N
o

D
is
tr
ic
t

H
os
pi
ta
ln

am
e

G
en
er
al
be
ds

O
xy

ge
n
be
ds

IC
U
be
ds

w
ith

ou
t

ve
nt
ila
to
r

IC
U
be
ds

w
ith

ve
nt
ila
to
r

H
os
pi
ta
lh

el
pl
in
e
N
o

D
is
t.
co
nt
ro
l

ro
om

N
o

T
O

A
T

O
A

T
O

A
T

O
A

To
ta
l

28
15

93
27

22
31

78
44

31
34

92
4

16
90

8
62

9
76

55
3

12
6

Ja
ip
ur

V
ed
an
ta
 

Su
pe
rs
pe
ci
al
ity

 
H
os
pi
ta
l 

14
0

14
4

0
4

11
0

11
1

0
1

93
58

84
55

71
01

41
–2

60
58

58
 

N
ot
e 
T
he
 a
bo
ve
 in

fo
rm

at
io
n 
is
 c
ou
rt
es
y 
M
ed
ic
al
 &

 H
ea
lth

 D
ep
ar
tm

en
t G

ov
er
nm

en
t o

f 
R
aj
as
th
an
 

So
ur
ce
 h
ttp

s:
//C

ov
id
in
fo
.r
aj
as
th
an
.g
ov
.in

/C
ov
id
-1
9h
os
pi
ta
l-
w
is
eb
ed
po
si
tio

n-
w
ho
le
R
aj
as
th
an
.a
sp
x

https://Covidinfo.rajasthan.gov.in/Covid-19hospital-wisebedposition-wholeRajasthan.aspx


Biomedical Waste Management and Circular Economy Actions … 173

References 

1. Yuan Z, Bi J, Moriguichi Y (2006) The circular economy: A new development strategy in 
China. J Ind Ecol 10(1–2):4–8 

2. Feng Z (2004) Circular economy overview. People’s Publishing House, Beijing, China, pp 
18–25 

3. Sharma M, Jain NL, Purohit JK. A Review of Circular Economy in Manufacturing Sector 
4. Olukanni DO, Mokuolu OA, Lasode OA, Ahove MA, Ojowuro OM (2019) Circular economy: 

Nigeria perspective. Springer, pp 279–297 
5. Sharma M, Purohit JK (2019) Indicators for sustainable manufacturing for industries—a review. 

In: International conference on recent trends and innovation in engineering 
6. Mokuolu OA, Akindele RS, Olawumi HO (2016) Development of improved solid hospital 

waste management practices in a Nigerian Tertiary Hospital. Niger J Technol 35(3):674–680 
7. Nzeadibe TC, Ejike-Alieji AU (2020) Solid waste management during Covid-19 pandemic: 

policy gaps and prospects for inclusive waste governance in Nigeria. Local Environ 25(7):527– 
535 

8. Oruonye ED, Ahmed AY (2020) Covid-19 and challenges of management of infectious medical 
waste in Nigeria: a case of Taraba State. Int J Waste Resour 10(3):381–385 

9. Onoh RC, Adeke AS, Umeokonkwo CD, Ekwedigwe KC, Agboeze J, Ogah EO (2019) 
Knowledge and practices of health-care waste management among health workers in Lassa 

10. Sharma M, Purohit JK (2020) Achieving sustainable mass customization capabilities—a review 
UGC CARE 10(6):299–304 

11. Hantoko D, Li X, Pariatamby A, Yoshikawa K, Horttanainen M, Yan M (2021) Challenges and 
practices on waste management and disposal during COVID-19 pandemic. J Environ Manage 
286:112140 

12. Ezirim I, Agbo F (2018) Role of national policy in improving health care waste management 
in Nigeria. J Health Pollu 8(19) 

13. Chidiebere OA, Abubakar M, Shabako JG (2018) municipal solid waste management in African 
cities: a case study of Lagos State, Nigeria. Malays J Civ Eng 30(1) 

14. Sumathi VR, Natesan U, Sarkar C (2008) GIS-based approach for optimized siting of municipal 
solid waste landfill. Waste Manage 28(11):2146–2160 

15. Creswell JW (2009) Research design: qualitative and mixed methods approaches, 3rd edn



Atomization Casting of Al–Si Alloys 
and Their Characterization 

Krishna Vijay, Utkarsh Mishra, and Subodh Kumar Sharma 

Abstract Atomization casting provides the low-cost casting process with better 
attributes and performance. It acts as a major competitor for existing technologies, 
such as normal casting and powder casting route. The economy benefit in this process 
is derived from a step integrated operation of converting superheated molten alloy 
directly into a semi-finished product. Atomization casting converts a molten stream 
into a spray of droplets by high pressure gas atomization. The grain refinement is 
occurred in Al-6%Si and Al-12%Si atomization cast alloys. 

Keywords Atomization casting ·Mechanical property · Convergent divergent 
nozzle 

1 Introduction 

Aluminum alloys are widely used due to its light weight property and good response 
to various finishing process. It is widely used in automobile and aerospace. 

Silicon provides the improved wear resistance to its alloys [1]. Al–Si alloys are 
widely used in various application such as in connecting rods, cylinder sleeve, piston 
rings, lightweight optics, etc., due to its attractive properties. Hypereutectic Al–Si 
alloys produced by conventional method have large grain growth is found [2] because 
of slow cooling, which create the difficulty in the machining of the material. In case 
of rheocasting, some grain refinement occurs in Al–Si alloys as compared to that of 
conventional casting [3].
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These droplets produced in atomization cool rapidly in flight and arrive at the 
preform with sufficient liquid content to spread on the preform surface to form a 
dense surface layer with a very fine and uniform microstructure [4]. 

2 Experimental 

2.1 Setup 

The setup (schematic) of atomization casting is described in Fig. 1. The picture 
of atomization casting is shown in Fig. 2. The photograph of rotating and tilting 
substrate is described in Fig. 3. The nozzle is placed on the top of the setup, and the 
resistance heating furnace is put above the nozzle. The alloy was heated to melt in 
the crucible. A stopper rod was placed to prevent the melt flow through the delivery 
tube before passing gas from the atomizer. The stopper rod was removed after the 
gas flow in atomizer to start the atomization of molten metal. The atomized droplets 
were collected over the copper disk of thickness 7 mm and diameter 190 mm which 
could be inclined at desired angle and could also be rotated at varying r.p.m. 

Fig. 1 Schematic 
arrangement of atomization 
casting
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Fig. 2 Photograph of 
atomization casting setup

2.2 Microstructure 

Approximately on Kg of alloy is taken for preparation of atomization cast sample. 
The alloy were heated to 200 °C above its liquidus temperature. The melting point 
of different composition of Al–Si alloys can be obtained from the phase diagram of 
Al–Si alloy. Nitrogen gas was supplied for atomization. The deposition was carried 
out for Al-6%Si, Al-12%Si and a nitrogen gas pressure of 7 kg/cm2. The preforms 
were made for 400 mm distance of substrate from atomizer. 

Samples from the different parts of cast deposits were cut for its microstructural 
figure. These samples were prepared using technique mentioned elsewhere [2]. 

2.3 Hardness 

Brinell hardness number of these samples were measured using Brinell hardness 
testing machine at 15.625 kg load for Al-6%Si and Al-12%Si. The indentation at 
five places were taken, and the value is averaged to get a final reading of hardness.
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Fig. 3 Photograph of 
substrate which can be 
rotated or inclined

2.4 Tensile Properties 

Tensile properties were measured by universal testing machine. Tensile testing 
specimen were taken from the central region of the preform. 

3 Result and Discussion 

The photograph of microstructure of ingot metallurgy cast Al-6%Si is shown in Fig. 4. 
The microstructural feature of as cast Al-6%Si shows the fine eutectic ferrous silicon 
particles along the grain boundaries. The grains are found to have dendritic structure. 
The length is around 40–60 μm and width is around 5–10 μm. The atomization cast 
microstructure of Al-6%Si is shown in Fig. 5. Figure 5a and b show microstructure at 
central and peripheral regions, respectively. Grains are finer at the peripheral region. 
It shows uniform equiaxed grains of Al-6%Si. The silicon is uniformly distributed 
throughout the casting. The size of grains is 3–8 μm.
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Fig. 4 Microstructure of I/M cast Al-6%Si

Figure 6 shows the microstructure of I/M cast Al-12%Si alloy. The optical 
microscopy shows the Si particle, α-Al and needle shape eutectic Si. The optical 
microscopy of spray cast sample shows uniform variation of silicon in eutectic phase 
throughout the casting as shown in Fig. 7. This shows the uniform distribution of 
eutectic silicon in the matrix. The EPMA results of spray formed Al-12%Si shows 
that the percentage of Si in Si-rich phase is ~85.4% Si and percentage of Al in α-Al 
is 90.2%. The size of eutectic silicon is 3–8 μm. The equiaxed grains are obtained 
in spray casting.

Hardness of spray deposit was studied as a function of % Si. The Brinell hardness 
number is higher for atomization cast Al–Si alloys than that of I/M cast Al–Si alloys 
and hardness increases with the increase in percentage of Si. The minimum and 
maximum Brinell hardness number is 56.8 and 70 for 6% Si 12% Si, respectively as 
compared to I/M cast samples (51 and 65 for I/M cast samples). 

The yield strength of spray deposit was studied as a function of % Si. For example, 
the yield strength of Al-6Si alloy for spray cast and I/M cast are 44.15 and 40.97 MPa, 
respectively. And for Al-12Si it is 65 MPa and 73 MPa, respectively, for I/M cast and 
atomization cast alloys. The yield strength increases with the increase in Si content. 

4 Conclusion 

Grain refinement occurs in the atomization cast Al–Si alloys in contrast to that of 
ingot metallurgy cast alloys. The uniform distribution of secondary phase is observed 
in atomization casting. The grain refinement is more at periphery than that of central 
region.



180 K. Vijay et al.

Fig. 5 a Microstructure of atomization-deposited Al-6%Si at central region and b at peripheral 
region of preform showing grain refinement by atomization casting

The hardness of atomization cast Al–Si alloys is comparably good than that of 
ingot metallurgy cast alloys is observed.
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Fig. 6 Microstructure of I/M cast Al-12%Si showing needle shape of Si-rich grains 

Fig. 7 Microstructure of atomization-deposited Al-12%Si showing grain refinement of Si-rich 
grains
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Analysing Effects of HVOF Powder 
Coating on the Tribological Properties 
of Inconel 800 Under Non-lubricated 
Conditions 

Sushant Bansal, Ayush Saraf, Ramakant Rana, and Roop Lal 

Abstract The objective that this paper holds is of analysing the significant effects 
of coating on Inconel 800 specimen used as the material of the piston ring and 
being worked at under non-lubricated conditions. The sole aim of the paper is to 
carry out such experiments which helps in studying the tribological behavioural 
dynamics of the working on the interface of the HVOF powder-coated Inconel 800 
piston ring material and the SS 304 metal as the cylinder material. With the working 
parameters already defined for the working of the experiment, such as the track 
distance travelled, the load applied and the sliding velocity over the whole period 
of wear for different diameters of specimen used, the values of wear, coefficient of 
friction and the variation in temperature, throughout the experimental duration will 
be measured. The pin and disc interface will be provided with no lubrication, and the 
experiment will be run under non-lubricated working condition. The pre-testing and 
post-experiment testing of the specimen pins, the plate and the powder for coating 
will also be done so as to analyse the material composition properties using the help 
of EDAx before and after the undergoing of the experimental process as well as after 
the spray coating process is done upon the specimen pins, hardness testing of the 
specimens will also be performed in order to know material’s hardness. This study 
solely helps in a much clearer and supportive understanding of the prospect of the 
surface coating processes on the surface, which leads to a systematic reduction in the 
friction and also the enhances the wear resistance of the IC engines’ interface taken 
into consideration. 
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1 Introduction 

The objective that this paper caters to ID to provide an experimental analysis of 
the notable effects on the surface of the specimen material, i.e. Inconel 800 by 
various tests. As of now, not many credible researches have been done for observing 
the variations in the tribological properties of the aforementioned material while 
observing its working with respect to another material such as SS 304 or any other 
[1–4]. 

The linear reciprocating setup is considered to study and observe the effects of the 
material specimens in contact. The pin represents the piston ring material, whereas 
the plate represents the wall linings of the engine cylinder. The experiment help 
determines and calculate the expected improvement in the wear results, so as to 
observe an increment in the levels of efficiency of the engine cylinder’s piston ring 
materials. 

Wear measurements were taken into account, and the analysis was done for the 
cylinder and piston ring representing material specimen during their constant inter-
action with each other, when the automotive engine was operated under artificially 
created dusty environmental conditions [5–9]. Tests were conducted on linear recip-
rocating test rig with boundary-lubricated cast iron materials and the values of specific 
wear rates were observed. 

Brief Overview of Reciprocating Type Tribometer Setup 

Reciprocating type wear test setup or reciprocating Tribometer is used for measure-
ment of wear and frictional properties of a material. This type of test differs from PIN-
ON-DISC setup mainly due to differences in the type of relative motion which the 
materials undergo with respect to each other [10–12]. Reciprocating type Tribometer 
uses reciprocating motion either between the cylindrical pin and square plates or ball 
on plate depending upon the type and motion required, i.e. sliding-type reciprocation 
or rolling-type reciprocation. 

HVOF Coating 

High Velocity Oxygen Fuel Coating machine or HVOF is a thermal-based spray 
coating machine that utilizes heat in form of flames or any other heat source to form 
a coating of any material or a mixture of materials in powder form upon the final 
workpiece which is to be coated [13–15]. 

The basic principle of the functioning of an HVOF machine is based on the basic 
thermal spraying process which is explained below: 

The HVOF process uses high velocity gas by burning of combustion product in 
the combustion chamber, this high velocity gas is used to coat the base material with 
supersonic speed and with very high striking energy for producing a very high dense 
surface quality of the coating upon the base material at relatively low temperatures as 
compared to other techniques [14–17]. The particles of the coating powder and the 
substrate (One which is being coated) form a bond between each other which may 
be adhesive, due to adherence, any chemical reaction, due to diffusion, or it may also
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be a partial fusion between the two surfaces. This bonding of the coating particles 
and the substrate leads to the formation of a coating that is relatively uniform and is 
continuous [16–22]. 

2 Methodology 

2.1 Specimen Preparation Pin and Selection 

Inconel alloy 800 is an amalgamation of three metals, namely Chromium, Iron and 
Nickel. This alloy has the capability of maintaining the stability and also of keeping 
up its austenitic structure despite experiencing prolonged exposures to high temper-
atures [23, 24]. Amongst many other characteristics, a namely few of the alloy are 
good strength, and high resistance to oxidizing, reducing and aqueous environments 
(Fig. 1). 

The dimension of Inconel alloy 800 used for the experiment was 10 mm in diameter 
and 50 mm in length.

• An uncut rod of Inconel 800 material was selected and acquired as the specimen 
for the pins. Following this, the Wire Electrical Discharge Machining process 
was employed upon them to have the pins machined as per the desired and 
required dimensions. Pins were then collected back after the machining process 
with dimensions 10 mm in diameter and 50 mm in length. These pins were 
then subjected to the Surface Grinding finishing process to obtain a clean and 
smooth surface. The final specimen resulted from the before mentioned processes 
in conjunction were the Inconel 800 pins, uncoated.

• Similarly, the pins were cut and prepared for the coated specimens’ preparation. 
These pins were then subjected to Sandblasting process to obtain a clear and 
smooth finished surface. This provided us with the specimen pins now ready 
for the application of the HVOF coating process upon them. Selected coating 
powders were thermally sprayed upon the surface of the specimen pins via the

Fig. 1 Uncoated pin before 
the experiment 
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Fig. 2 Plate specimen 
before the experimentation 

High Velocity Oxy-Fuel process, leading to the surface of the pins getting coated 
by them. The final specimen resulted from the before mentioned processes in 
conjunction were the Inconel 800 pins, coated.

2.2 Specimen Preparation Plate 

This grade of stainless steel belongs to the 300 series of the stainless steel and the 
austenitic class similar to the 200 series and primarily has the inclusion of a higher 
content of Nickel added to its alloy than the 200 series [25–28]. The material has 
high corrosion resistance and a high tensile strength as well (Fig. 2). 

The dimension of the plate used for the experiment on the linear reciprocating 
Tribometer was 40 mm * 40 mm.

• An AISI 304 grade stainless steel plate was selected and acquired as the material 
for the specimen of the plate against which the Inconel 800 pins were to be tested. 
Following this, the Wire Electrical Discharge Machining process was employed 
upon it to have the plates machined as per the required dimensions, i.e. 40 mm 
in breadth and 40 mm in length. The plates were then subjected to the Surface 
Grinding finishing process to obtain a clean and smooth surface. 

2.3 EDAx Test for Specimens 

(1) The following are the graph and table of composition of Inconel 800 metal 
specimen, obtained as a result of the EDAx test (Fig. 3; Table 1).

(2) Similarly, following are the graph and table of composition of SS 304 metal 
specimen, obtained as a result of the EDAx test (Fig. 4; Table 2).
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Fig. 3 EDAx graph for Inconel 800 

Table 1 EDAx test of 
Inconel 800 

Element Weight % 

Carbon 0.747 

Aluminium 0.234 

Silicon 0.481 

Chromium 18.36 

Manganese 0.566 

Iron 40.98 

Nickel 34.41 

Titanium 0.381 

Molybdenum 3.84

Fig. 4 EDAx graph for SS 304

2.4 Powder Selection 

It is an extremely hard refractory ceramic material, like tungsten carbide and has one 
the highest melting and boiling point of a naturally occurring metal which allows it 
to withstand temperatures as high as up to 3000 °C without any substantial changes
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Table 2 EDAX test of SS 
304 

Element Weight % 

Oxygen 1.704 

Silicon 0.721 

Chromium 18.515 

Manganese 2.011 

Iron 69.133 

Nickel 7.914

Fig. 5 Titanium carbide 
powder 

to its properties; Titanium Carbide Nanoparticles are very hard that makes it an 
attractive substance for coating [27–32]. It is also resistant to wear over long periods 
of time ensuring longer life for the material (Fig. 5). 

2.5 Coating Process Using HVOF 

HVOF coating process begins with the introduction of the material selected for the 
coating application in powder state along with a High Velocity Oxy-Fuel such as 
Hydrogen and Oxygen into the combustion chamber [33–36]. An ignition source is 
introduced into the chamber which results in the combustion of the Oxygen and Oxy-
Fuel, and the resultant gas along with the powder mixture is sprayed upon the surface 
of the specimen via a nozzle at high speed and pressure. Since the temperature of 
the resultant gas is very high, it results in the powder mixture melting and achieving 
either a melted or partially melted state (Figs. 6 and 7).
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Fig. 6 HVOF coating setup in precision manufacturing lab, DTU 

Fig. 7 Coated pin before the experimentation 

3 Experimentation 

3.1 Design of Experiment (DOE) 

3.1.1 Design Using Taguchi Method 

Taguchi design is the use of statistical methods developed and employed to improve 
the quality of the product. A planned set of experiments in which various parameters 
of interest selected, varying over a specified range, is the optimum process to obtain 
data sets of desired results as close to accuracy as possible. Since the number of 
experiments and resources required are prohibitively large, Taguchi design eliminates 
this by using only a subset of the complete set of experiments as it tests selected
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parameter pairs in combinations which allows us to gain the same necessary results 
and lets us know which factors are affecting the quality of the product the most 
[37, 38]. 

It employs outer array/orthogonal array experiments, which simulate the random 
environment in which the product would function and allows the analysis of different 
chosen parameters by providing their respective impact on the mean and variance of 
the process performance along with the optimum settings of control parameters that 
are to be dictated. 

3.1.2 Selection of Orthogonal Array 

The purpose of the orthogonal arrays is to provide with a set of minimum experiments 
as well as Signal-to-Noise ratios (S/N). These are the log functions of the desired 
output, and they serve as the working objective functions for the optimization and 
also help in data analysis and prediction of optimum results. 

The selection of orthogonal arrays is dependent upon the number of independent 
design variables and levels as each array is meant for only specific value of them. In 
this experiment, we chose 4 different independent variables: load, distance, frequency 
and stroke with each variable having 3 set values. And the corresponding array for 
experimenting with 4 independent variables with 3 set values each is the L9 array, 
which is the one used for this experiment. It was assumed that there was no interaction 
between any two factors (Table 3). 

Table 3 Experiment design matrix 

Experiment number Independent variables 

Load (N) Distance (m) Frequency (Hz) 

1 10 50 20 

2 10 100 25 

3 10 150 30 

4 20 50 30 

5 20 100 20 

6 20 150 25 

7 30 50 25 

8 30 100 30 

9 30 150 20
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3.2 Linear Tribology Test 

For emulation of cylinder-piston interface and evaluating the property such as wear 
resistance for different material interfaces, tribological test was performed. Pin-On-
Disc Setup provided us with a continuous reciprocating type contact motion between 
the pin and plate contact which coincides with the application of this interface as a 
piston and cylinder form when used in automobiles. It provided us with an accurate 
and effective way to produce results which were as close to being real as possible. 

Bolting of disc onto the setup ensured secure operation of setup during the exper-
imentation. Tribometer was used with a normal load range of 5–50 N, frequency 
range of 1–50 Hz and stroke range of 1–20 mm. 

The experiments were performed for a constant temperature and by varying the 
other parameters individually for a set of iterations in the following ranges: 

Frequency: 20–30 Hz. 

Load: 10–30 N. 

Distance: 50–150 m. 

The experimental process involved is explained below in brief: 

(1) The material whose wear resistance is to be checked is set up as a cylindrical 
pin which is the reciprocating part of this setup, and the material which is to be 
used to calibrate the wear resistance of the pin is used as a square shape plate. 

(2) A specific load is applied onto the pin and temperature is set for defining constant 
conditions for the testing of wear. 

(3) The pin is then set in reciprocating motion at a constant frequency, and the 
measurement of coefficient of friction and amount of wear on the pin is known 
(Figs. 8 and 9). 

PIN 
HOLDE 

PLATE 

LOAD 

Fig. 8 Linear reciprocating type Tribometer
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Fig. 9 Top and side view of linear reciprocating Tribometer 

4 Results and Discussion 

4.1 Specific Wear Rate 

Shown above are the enlarged microscopic images of the contact surfaces of the 
uncoated as well as coated pin surfaces along with that of the plate (Figs. 10, 11, 12 
and 13). 

Fig. 10 Enlarged microscopic images of AISI 304 after wear
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Fig. 11 Enlarged microscopic images of worn-out uncoated Inconel 800 pin 

Fig. 12 Enlarged 
microscopic image of wear 
on plate due to coated pin

5 Conclusion 

The present investigation has been carried out to analyse and investigate the impact 
of HVOF coating on tribological behaviour of pins of Inconel metal to find the vari-
ation between the metal’s tribological properties under both, coated and uncoated 
conditions. Also, to find conditions for better wear properties and appropriate coeffi-
cient of friction, while conducting the tribological testing on the linear reciprocating 
Tribometer. From this study, following conclusions can be obtained:

(i) EDAx testing was done in order to determine the compositions of both, the pin 
and the plate metal specimens.



194 S. Bansal et al.

Fig. 13 Enlarged 
microscopic image of wear 
on coated pin

(ii) The values of specific wear for all iterations reveal better wear resistant surface 
of the HVOF coated pins in comparison with the uncoated pins. 

(iii) Microscopic examination of the surfaces of the pins, after the experimentation, 
shows that the amount of metal removed was more in uncoated surface. 
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Use of a Generative Design Approach 
for UAV Frame Structure Optimization 
and Additive Manufacturing 

Pratik Yadav, Vinay Yadav, Vishal Francis, and Narendra Kumar 

Abstract Additive manufacturing (AM) has changed the way products are designed 
and manufactured by providing enormous design freedom. AM is suitable for manu-
facturing of complex geometries in less span of time. By democratizing design and 
manufacturing, AM has assisted the growth of the maker movement. In recent years, 
generative approaches have become increasingly popular in a variety of technolog-
ical domains. The present research focuses on design and analysis of UAV frame 
structure using generative design methodology. The work presented discusses the 
overall procedural steps for design and analysis using Fusion 360. 

Keywords Drones · Optimization · Additive manufacturing · Generative design 

1 Introduction 

In contrast to subtractive manufacturing approaches, such as traditional machining, 
additive manufacturing builds a part in layer-by-layer fashion. Additive manufac-
turing is utilized for manufacturing of end-use parts by various industries. The 
technology works on the principle of layer manufacturing. There are various AM 
processes which can be classified based on the form of material which AM systems 
can process.
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Fig. 1 Classification of additive manufacturing [1] 

Figure 1 shows the classification of AM processes. Some of the different types of 
process are explained in short as follows: 

(1) Binder jetting 
This method involves depositing successive layers of powder mixture and a 
liquid binder as an adhesive using a 3D printing style head that moves on the x, 
y, and z axes. 

(2) Directed energy deposition 
A wide variety of materials, including ceramics, metals, and plastics, can be 
utilized for direct energy deposition additive manufacturing. As a bed moves 
up, a laser, electric arc, or electron beam gun positioned on an arm melts wire, 
filament feedstock, or powder. 

(3) Material Extrusion 
Spun plastics are either projected or pulled via a heated nozzle positioned on 
a moving arm in this popular AM method. As the nozzle travels laterally and 
the bed moves up, melted material is built layer by layer. Temperature range or 
chemical adhesive is used to keep the layers together. 

(4) Powder bed fusion 
Direct metal laser melting (DMLM), direct metal laser sintering (DMLS), elec-
tron beam melting (EBM), selective laser sintering (SLS), and selective heat 
sintering are all examples of powder bed fusion procedures (SHS). Fine layers
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of material are melted or partially melted using electron beams, lasers, or heated 
print heads, and the superfluous powder is blown to pieces. 

(5) Sheet Lamination 
Laminated object manufacturing (LOM) and ultrasonic additive manufacturing 
(UAM) are the two types of sheet lamination methods. The employment of 
alternate layers of paper and glue in laminated object production is ideal for 
making things with visual or aesthetic appeal. Ultrasonic welding (UAM) is a 
low-energy, low-temperature procedure that can be used to connect small metal 
sheets. It can be utilized with a variety of metals, including aluminum, stainless 
steel, and titanium [1]. 

1.1 Digital Flow Work of Additive Manufacturing 

Figure 2 is the complete process followed in additive manufacturing. Following are 
some steps used in this workflow which are explained. 

CAD Preparation 

The first step is to create a CAD model which resembles the part to be manufactured. 
The CAD model can be prepared in any CAD packages, and it may also be prepared 
with reverse engineering equipment. 

STL Format Conversion 

STL file format is used by most of the AM system. The CAD file is converted to STL 
format. This file describes the original CAD model’s exterior enclosed surfaces and 
serves as the foundation for calculating the slices. 

Data Preparation 

The STL file is corrected for any error, and the model is oriented and sliced to generate 
the codes.

Fig. 2 Digital workflow of additive manufacturing [1] 
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Machine Setup 

Prior to beginning the setup, the AM machine must be correctly set up. Such char-
acteristics might include material restrictions, energy supply, layer thickness, and 
timings, among others. 

Build 

The part is fired, and the fabrication process is initiated. At this moment, only a 
cursory examination of the machine is required to confirm that no problems have 
occurred, such as material shortages, power outages, or software malfunctions. 

Removal 

Once the part is completed, it needs to be removed from the machine. Proper care 
has to be given while removal of complicated structures. 

Post-processing 

Parts that have been extracted from the system may require extra cleaning before 
they can be used. Parts may be weak or contain supportive features that must be 
eliminated at this stage. As a result, time and careful, expert physical manipulation 
are frequently required [2]. 

1.2 Important Parameters to Be Considered for AM 

The important parameters to be considered while manufacturing with AM are listed 
below: 

(1) Cost: Due to the use of technology like lasers, they might be more expensive 
than others. 

(2) Material: Certain devices can only handle few materials, but others can handle 
a variety of materials, including hybrids. 

(3) Maintenance: Because some equipment is more complicated than others, they 
will require different maintenance. 

(4) Speed: AM machines are fasters compared to many other technologies. 
(5) Versatility: Some machines feature complicated setup options that can be used 

to optimize part quality against other factors such as production speed. Other 
machines have fewer setup options, making them easier to operate but possibly 
less adaptable. 

(6) Layer thickness: Due to material processing factors, some devices have a layer 
thickness constraint. The construction speed would be slowed if these layers 
were thinner. 

(7) Accuracy is influenced by in-plane resolution in addition to layer thickness. 
This can have an impact on a part’s minimum particle size and plate thickness 
[2].
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2 Generative Design 

Designers of complicated artifacts, such as buildings or products, must consider a 
variety of options. Currently, the majority of this research is done with pencil and 
paper during the conceptual stage of design. At this point of the design process, 
CAD is rarely employed. In its current form, it is mostly an implementation tool, 
but it is also becoming more of an analysis tool, and it is most beneficial at the 
end of the design phase [3–6]. This is a big part of what generative design is all 
about. Though it is still relatively unknown among engineers, generative design is on 
the verge of becoming mainstream in architecture. It has been accepted by some of 
the world’s most prestigious architecture firms. Most architecture programmers now 
include it, especially at the master’s level. Within CAD environments, architects may 
now explore thousands of design options thanks to generative design. Considering 
the absence of a defined description and formal procedures for execution, architects 
and design scholars now realize its importance. A specific application of generative 
design on top of history-based customizable CAD systems is proposed in this research 
(Fig. 3). 

The primary motivations for using generative design (GD) technologies in design 
are to employ computing performance to assist human designers and (or) to automate 
portions of the design process. Aside from attaining efficiency (many design instances 
in a limited amount of time), cost reduction (reduced time and labor), optimization, 
correctness, consistency, and other goals, one of the key aims is to explore a broader 
design space and assist design creation [3, 7–13].

Fig. 3 Generative design flow work [3] 
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Fig. 4 Dimensions of the structure for the case study [17] 

3 Case Study 

The frame structure of a quadcopter was selected as the case study due to importance 
of its design optimization [14, 15] (refer Fig.  1). 

The base and the arms are the two elements of the body frame. Two identical 
portions make up the upper and lower foundation frames [16–18] (Fig. 4). 

4 Generative Design Analysis 

Define, Generate, and Explore are the three key stages in the generative design 
process. Define essentially means finding the flaws or issues that must be addressed 
in order to solve the situation. The computer analyzes the use’s design and limitations 
and explores alternative options. When the computer and the user talk and make 
decisions, this is referred to as the explore process. As previously stated, generative 
architecture makes use of AI technologies (Fig. 5).

Table 1 shows the comparison of parameters between the proposed design and 
DJIF450. After many iterations, unconventional designs were generated, four of 
which were considered to be the most appropriate and relevant based on our needs 
(Fig. 6).

The generative design can create complex design solutions since the methodology 
adopts removing the material from block maintaining the design’s singularity. The 
preserved geometries like holes are left vacant. The design is rejected if it does not 
fit the required objective. The selected designs are shown in Fig. 7.
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Fig. 5 Software outputs of design

Table 1 Parameters of compared frames 

Parameter 1st structure 2nd structure 3rd structure 

Mass of frame (g) 287 329 372 

Minimum factor of safety 18.5 3.21 3.301 

Manufacturing method Additive 
manufacturing 

Additive 
manufacturing 

Additive 
manufacturing 

Volume (mm3) 271,150 310,444 

Max Von Mises stress 1.1 6.2 21.33 

Material used ABS plastic ABS plastic Polyamide nylon 

Max displacement global 
(mm) 

0.15 0.82 4.016 

Fig. 6 Few design iterations
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Fig. 7 Outcomes of various frames/structures 

The selected drone frame (Fig. 8) utilizing the generative approach seems better 
regard to the weight and load bearing capacity. Figures 9, 10 and 11 show the analysis 
of stress, preserved geometry, and obstacle of selected design. Compared to base 
structure (case study), generative design drones had a lower likelihood and probability 
of failure on the basis of data and material parameters. In Fig. 9, the stress value is 
around 11 times that of frame 1, indicating resistance is higher than that of a regularly 
constructed drone frame.

5 Conclusion 

Generative design is a sophisticated method for design generation that generates 
multiple solutions for most engineering challenges, mimicking the natural world’s 
evolutionary history. As a result of these computational processes, several astonishing 
and diverse structures with an organic nature are generated. Using two generatively 
produced drone frames, a full comparison between traditional and generative design 
methodologies is made. It was found that the design proposed is better, and generative 
design methodology can serve as a potential candidate for designing of components.
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Fig. 8 The selected design 

Fig. 9 Stress evaluation of frames
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Fig. 10 Preserved geometry analysis 

Fig. 11 Analysis of obstacle geometry
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Study on Welding Parameters in TIG 
Welding of Incoloy-800: An Investigation 
with Designed Experiments and ARAS 
Method 

Ravi Pratap Singh, Ravinder Kataria, Himanshu Bisht, Narendra Kumar, 
and Mohit Tyagi 

Abstract In the intended research, an effort was made to combine Incoloy-800 
using TIG welding. Various welding factors like as current, speed, and gas flow rate 
are tested to see what influence they have on the output reactions such as tensile 
strength, length, and impact toughness. For single-response optimization, Taguchi 
Technique is used; for multi-response optimization, ARAS approach is used. For 
example, at 120 A, 6 mm/s and 10Lpm, the observed result is 303.57 MPa, which is 
3.87% lower than the projected value in tensile strength when using the same single-
response optimization. There is a 4.66% discrepancy between the observed and 
projected impact toughness of 55.96 J and the best welding current of 120 A; the best 
welding speed of 10 mm/s; and the best gas flow of 18Lpm. The measured elongation 
is 1.62 mm, with a 3.57% deviation from the predicted value, and the optimized 
parameters are welding current (WC) 120 A, welding speed (WS) 8 mm/s, and gas 
flow rate (GFR) 14 Lpm. To optimize impact toughness and tensile strength, ARAS 
uses multi-response optimization techniques. ARAS Utility Grade is 0.6641, which 
is 4.53% lower than the predicted value for the optimal input process parameters of 
120 A welding current, 6 mm/s welding speed, and 10Lpm gas flow rate. 
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1 Introduction 

Iron, nickel, and cobalt, or a combination of iron, cobalt, and nickel, are all common 
building blocks for superalloys, which may also include alloying metals including 
molybdenum, cobalt, tungsten, chromium, iron, aluminum, zirconium, niobium, tita-
nium, and tantalum. Because of their outstanding qualities, superalloys are often 
used in industry. In addition to providing remarkable toughness and creep resistance, 
superalloys also provide enhanced strength at elevated temperatures and good corro-
sion resistance and oxidation. At least half of the nickel in Ni-based superalloys 
comes from nickel, which is also a substantial component of Ni–Fe base alloys. To 
increase surface stability, more alloying elements such as aluminum and chromium 
are added [1–3]. Ni-based superalloys typically include between 5 and 15% Co, 10 
to 20% Cr, 8% Ti and Al combined, and modest amounts of additional additives 
such as molybdenum, tungsten, mg, zr, and nb in order to enhance their properties. 
Formed nickel-based superalloys often have an Al/Ti ratio of 8–10%, a Cr/Co ratio 
of 5–15%, and trace amounts of boron, magnesium, zirconium, and carbon in small 
amounts. Additional materials include molybdenum, tungsten, and niobium. The 
use of chromium and aluminum is also important to maintain the surface’s stability. 
Inconel-718 is the most common commercially available superalloy, consisting of 
up to 45% of forged nickel-based alloy production and 25% of cast nickel-based 
alloys. The present study centered on the investigation of process parameters for 
the tool wear rate (TWR) while machining Cu-based SMA, i.e., Cu–Zn–Ni, at the 
EDM. This article introduced and assessed the pilot analysis. The chemistry of TWR 
was investigated, as well as the variations in drug removal when testing on various 
criteria. To highlight the changes in TWR, picture representations were presented. 
Because of their exceptional characteristics, connecting these created superalloys has 
long thought to be a challenge. As a consequence, the TIG welding process has been 
recognized as a suitable solution for combining these superalloys while still giving 
typical advantages. There are several types of welds, but one of the most common 
is TIG (also known as Gas Tungsten Arc welding), which uses tungsten electrodes 
to fuse metals together. Protecting weld pools from air contamination is commonly 
done using shielding gases like argon and helium. 

Shielding gas flow affects the output of MIG welding and laser-arc hybrid welding 
on 6NO1 aluminum, according to Yang et al. [4]. MIG welding process stability is 
reduced when the shielding gas flow rate is increased. A broader weld bead width 
and a brighter look of the weld bead were noticed with a high shielding gas flow rate. 
It was discovered via computational fluid dynamic (CFD) study that increasing the 
advance gas flow rate minimizes weld oxidation and expands the region of high argon 
concentration. Wei et al. [5] used high-speed double wire MIG welding on A7N01-
T4 aluminum alloy. The fusion zone showed a dendritic pattern of equiaxed grains 
at a welding speed of 1200 mm/min, whereas the weld zone displayed a fine crystal 
structure of equiaxed grains. Elongated columnar structure was found in the weld 
zone near to the fusion zone, whereas coarse microstructure was found in the HAZ. 
Araujo et al. [6] examined laser welding of Inconel-718, a nickel-based superalloy. At
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1300 °C, it was discovered that significant and persistent liquation occurred at grain 
boundaries. The grain size grew as the overheating duration increased, resulting in a 
decrease in the extent of the grain border. Srirangan and Paulraj [7] used Taguchi gray 
relation analysis on Incoloy-800HT superalloy for TIG welding process parameter 
optimization. All of these variables were used to control the weld process. The 
experiments focused on determining the material’s impact toughness, yield strength, 
and ultimate tensile strength (UTS). A number of optimization-based studies on TIG 
welding procedures using current and old methodologies have been noted in the prior 
literature [8–17]. Variety of different experimentation and the parallel optimization 
have been undertaken by the several investigators for attempting upon the modeling 
and optimization of the joining and machining perspectives of the advanced material 
[18–27]. These further optimizations and modeling-based studies have enabled the 
applicability and wide acceptability of these advanced methods for their exploration 
into the real-life exposure for industrial solicitations [28–35]. 

An emphasis on TIG welding for joining Incoloy-800 was necessary in light of 
what has been said so far. Tests are done to examine whether welding factors like gas 
flow rate, speed, and current have an influence on weld characteristics such as elon-
gation and toughness. Taguchi’s Technique is used for single-response optimization, 
whereas the Additive Ratio Assessment (ARAS) approach is used for multi-response 
optimization. 

2 Materials and Methods 

To weld Incoloy-800 plates with dimensions of 100 × 50 × 5 mm, direct current 
straight polarity (DCSP) or direct current electrode negative (DCEN) welding may 
be used (DCEN). Welding speed (WS), gas flow rate (GFR), and welding current 
(WC) were the three parameters that needed to be provided. As a noise-shielding 
welding gas, argon was used. The lower and maximum limits of the input process 
parameters were determined via a series of pilot studies. Studies were conducted 
using Taguchi L9 orthogonal arrays. Strength, elongation, and impact toughness of 
different weld reactions were examined under varied input process circumstances. 
The chemical makeup of Incoloy-800 is shown in Table 1. Table 2 displays the various 
control variables employed in the investigation and the amounts at which they were 
used in the current study. 

Table 1 Chemical composition of Incoloy-800 

Fe Cr Ni C Mn Si Cu Al Ti S 

39.5 min 19–23 30–35 0.10 
max 

1.50 
max 

1.00 
max 

0.075 
max 

0.15–0.60 0.15–0.60 0.015 
max
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Table 2 Factors and levels 

Factor Unit Level 1 Level 2 Level 2 

Welding current (WC) A 100 120 140 

Gas flow rate (GFR) L/min 10 14 18 

Welding speed (WS) mm/s 6 8 10 

The experiment table’s layout is shown in Table 3. Using the Taguchi Method, 
the experiment table is designed, which is subsequently built. On the basis of this 
newly created table, more tests are carried out. In order to avoid distortion during the 
welding process, the metals that will be joined together by TIG welding must first 
be held together using adhesive. Samples for tensile strength and impact toughness 
testing are cut from the welded plates and tested in the laboratory. The work material 
following the TIG welding process is shown in Fig. 1. 

Table 3 Design of experiment table with parameter levels 

S.No. Welding current (WC) Welding speed (WS) Gas flow rate (GFR) 

1 1 1 1 

2 1 2 2 

3 1 3 3 

4 2 1 2 

5 2 2 3 

6 2 3 1 

7 3 1 3 

8 3 2 1 

9 3 3 2 

Fig. 1 Incoloy-800 plates after TIG welding
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Fig. 2 Tensile testing setup 

Tensile Testing 

A tensile test, often known as a tension test, falls under the category of destructive 
testing and is one of the most frequent and essential form of mechanical testing 
(Fig. 2). 

In most cases, tensile tests are carried out using electromechanical or universal 
testing machines. They are straightforward to carry out and are completely standard-
ized. Specimens for the tensile test are cut in accordance with ASTM E-8 specifica-
tions. As shown in Fig. 3, the ASTM E-8 tensile testing standard is employed in the 
industry [36–41]. TIG welding was used to create the samples in Fig. 4, which were 
then cut out for tensile testing.

Impact Toughness Testing 

In order to determine the amount of energy a material absorbs during a fracture, 
the Charpy test is used. In order to perform the impact toughness test, we used 
welded samples of 20,050 mm to cut a 20,010 mm-long starting sample. The impact 
toughness test was then carried out on this specimen. Afterward, final impact tough-
ness samples measuring 5510 mm were cut from the sample. Samples for the impact 
toughness test were cut from a parting wheel using a diamond blade. Figure 5 depicts 
the samples that were prepared for the impact testing. The specimen for the toughness 
or impact test is cut out according to the ASTM A370 subsize (55 mm × 10 mm × 
5 mm) standard.
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Fig. 3 ASTM E-8 standard 

Fig. 4 Samples for tensile test

3 Results and Discussions 

On Incoloy-800, researchers are experimenting with the effects of welding process 
factors like as welding speed (WS), gas flow rate (GFR), and welding current (WC) 
on output parameters such as impact toughness. In order to determine the optimum 
potential TIG welding combination for the superalloy Incoloy-800, an experiment 
was conducted. For a variety of process settings, Table 4 shows the mean and S/N 
ratios for output response tensile strength.
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Fig. 5 Samples for impact 
test

Table 4 Mean and S/N ratios for tensile strength 

S.No. Welding current 
(WC) (A) 

Welding speed 
(WS) (mm/s) 

Gas flow rate 
(GFR) (Lpm) 

Tensile strength 
(Mpa) (means) 

Tensile strength 
(S/N ratio) 

1 100 6 10 417.913 52.4198 

2 100 8 14 199.500 45.9804 

3 100 10 18 164.050 44.2681 

4 120 6 14 331.675 49.6543 

5 120 8 18 404.462 52.1320 

6 120 10 10 359.250 51.0952 

7 140 6 18 425.450 52.5748 

8 140 8 10 460.250 53.2346 

9 140 10 14 181.925 45.1214 

The accompanying table does not provide any light on the underlying factors that 
led to the change. Using the ANOVA (Analysis of Variance) method, this information 
may be gathered. Analysis of variance (ANOVA) is a mathematical method for 
comparing the means of different groups in a sample. 

Tables 5 and 6 show the results of the Analysis of Variance for the Means and the 
S/N ratio, respectively. Table 5: The tables also reveal which control factor is statis-
tically significant and which control factor is not statistically significant. While all 
of the control parameters, except for welding current, have a statistically significant 
influence on the output response Tensile strength, Table 5 demonstrates that all of 
them have a statistically significant effect.

There is a normal probability plot for Means and S/N ratios in Figs. 6 and 7, as well  
as a normal probability plot for the S/N ratio for TIG-welded Incoloy-800 weld joints. 
The normal probability plot shows how closely our data resembles the distribution of 
probability in the normal distribution. As the data approaches a straight line, there is a 
greater likelihood that the data will conform to the conventional normal distribution.
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Table 5 Analysis of variance for means for tensile strength 

Source DF Seq SS Adj SS Adj MS F P 

WC 2 20,134 20,134.3 10,067.1 51.25 0.019* 

WS 2 40,209 40,208.7 20,104.3 102.34 0.010* 

GFR 2 45,895 45,895.0 22,947.5 116.82 0.008* 

Residual error 2 393 392.9 196.4 

Total 8 106,631 

R2 0.9963 R2 (adjusted) 0.9853 

*Significant 

Table 6 Analysis of variance for S/N ratios for tensile strength 

Source DF Seq SS Adj SS Adj MS F P 

WC 2 19.598 19.598 9.7991 14.06 0.066** 

WS 2 36.613 36.613 18.3065 26.26 0.037* 

GFR 2 42.642 42.642 21.3211 30.59 0.032* 

Residual error 2 1.394 1.394 0.6971 

Total 8 100.248 

R2 0.9861 R2 (adjusted) 0.9444 

*Significant 
**Not Significant

Fig. 6 Normal probability plot (means) for Tensile strength
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Fig. 7 Normal probability plot (S/N ratios) for tensile strength 

Figures 8 and 9 provide plots of the Mean and S/N ratios for Incoloy-800 TIG-
welded plate tensile strength. The charts show that tensile strength rises with welding 
current and ultimately falls. Because greater tensile strength is needed, the choice 
bigger which is better in the signal to noise ratio is selected.

Effects of Variable Process Parameters on Tensile Strength of Incoloy-800 

Increasing the welding current causes the tensile property to increase initially 
before decreasing. When the welding current is raised to a certain level, ductility 
increases, resulting in this behavior. Greater welding current causes grain expansion, 
which causes grains to become stress free (from fine grains to coarse grains, then 
columnar grains, and eventually equiaxed stress-free grains) and elongated, resulting 
in increased ductility. Tensile strength improves as ductility increases, but it begins 
to decline at a certain point. 

TIG welding requires careful manipulation of the tungsten electrode and filler 
material. Controlling the welding speed is thus critical. The change in tensile char-
acteristics with increasing welding speed is equivalent to the variation in welding 
current. It grows initially and then declines. At low speeds, heat buildup rises, which 
assists in grain expansion and, as a result, enhances ductility. The reason for the 
improvement in tensile strength is due to the higher ductility. Argon is a gas that acts 
as a shielding agent. Argon, being a noble gas that does not react, offers shielding to 
the weld zone and protects it from ambient pollution. The higher the gas flow rate, 
the better the welding joint. A better weld junction equals a better plate fusion. As 
the flow rate of gas rises, the tensile strength of a material also increases. At various 
levels of input process parameters, the mean and S/N ratios of the impact toughness
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Fig. 8 Main effects plot for means for tensile strength 

Fig. 9 Main effects plot for S/N ratios for tensile strength
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of Incoloy-800 superalloy are presented in Table 7. Tables 8 and 9 provide the S/N 
ratio and the analysis of variance for the mean values. The tables show which control 
elements are most important and which ones are not very important. When it comes 
to welding current, Tables 8 and 9 place it above welding speed and gas flow rate. 

Normal probability charts for Mean and SN output response ratios and impact 
toughness of TIG-welded Incoloy-800 weld joints can be shown in Figs. 10 and 11. 
With the help of this graph, we can see how closely our data resembles the expected 
distribution. For Impact Toughness, Figs. 12 and 13 show the Means Main Effects 
plot and the S/N ratio. In the graphs, you can see how changes in process variables 
affect the material’s hardness. As the speed of the welding process increases, so does 
the material’s toughness.

Effects of Studied Process Parameters on Impact Toughness of Incoloy-800 

The impact toughness of Incoloy-800 rises initially and subsequently diminishes as 
welding current values increase. The finer structure of the material transforms to 
coarse structure as the welding current increases, reducing its impact toughness.

Table 7 Mean and S/N ratios for impact toughness 

S.No. Welding 
Current (WC) 
(A) 

Welding Speed 
(WS) (mm/s) 

Gas Flow Rate 
(GFR) (Lpm) 

Impact 
toughness (J) 
(Means) 

Impact 
toughness (S/N 
Ratio) 

1 100 6 10 40.30 32.0636 

2 100 8 14 47.85 33.5969 

3 100 10 18 46.50 33.2620 

4 120 6 14 56.90 34.9890 

5 120 8 18 63.80 36.0030 

6 120 10 10 60.50 35.6334 

7 140 6 18 43.35 32.7321 

8 140 8 10 37.15 31.3907 

9 140 10 14 43.40 32.6916 

Table 8 Analysis of variance for means for impact toughness 

Source DF Seq SS Adj SS Adj MS F P 

WC 2 618.42 618.42 309.209 29.25 0.033* 

WS 2 18.63 18.63 9.314 0.88 0.532** 

GFR 2 42.31 42.31 21.154 2.00 0.333** 

Residual error 2 21.14 21.14 10.570 

Total 8 700.49 

R2 0.9698 R2 (adjusted) 0.8793 

*Significant 
**Not significant
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Table 9 Analysis of variance for SN ratios for impact toughness 

Source DF Seq SS Adj SS Adj MS F P 

WC 2 17.7815 17.7815 8.8908 19.80 0.048* 

WS 2 0.5619 0.5619 0.2809 0.63 0.615** 

GFR 2 1.5309 1.5309 0.7654 1.70 0.370** 

Residual error 2 0.8981 0.8981 0.4491 

Total 8 20.7724 

R2 0.9568 R2 (adjusted) 0.8271 

*Significant 
**Not significant

Fig. 10 Normal probability plot (means) for impact toughness

Increases in welding speed contribute to increases in impact toughness because 
when speed is low, heat build-up is greater, resulting in coarse grain structure, and 
coarse grains have less strength than finer grains. 

Increasing the flow of shielding gas results in better and more stable welding 
because the weld zone is protected from air contamination, resulting in greater impact 
toughness. Table 10 displays the mean and standard deviation for elongation of TIG-
welded Incoloy-800 plates in the present study. Tables 11 and 12 demonstrate the 
Analysis of Variance for SN ratios and Means for output response elongation under 
various process parameters. It also shows which control factors are important and 
which are not. In the Analysis of Variance for Means, weld current is shown to be a 
major control factor.
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Fig. 11 Normal probability plot (S/N ratio) for impact toughness 

Fig. 12 Main effects plot for means for impact toughness
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Fig. 13 Main effects plot for S/N ratios for impact toughness

Table 10 Mean and S/N ratios for elongation 

S.No. Welding current 
(WC) (A) 

Welding speed 
(WS) (mm/s) 

Gas flow rate 
(GFR) (Lpm) 

Elongation 
(mm) (Means) 

Elongation (S/N 
ratio) 

1 100 6 10 1.34 17.9048 

2 100 8 14 1.175 26.1083 

3 100 10 18 0.93 36.9897 

4 120 6 14 1.585 19.4885 

5 120 8 18 1.74 24.9485 

6 120 10 10 1.79 16.1618 

7 140 6 18 2.04 21.4267 

8 140 8 10 1.99 24.9485 

9 140 10 14 1.895 33.4679

Weld joints made of Incoloy-800 and TIG welded in this study are shown in 
Figs. 14 and 15 as normal probability graphs for the SN ratio and mean output 
response elongation, respectively. The normal probability plot is showing how closely 
the data matches a normal distribution (see below). Figures 16 and 17 show the S/N 
ratio and Means Main Effects plot for Elongation. Elongation fluctuates depending 
on various process factors, as seen in the graphs.
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Table 11 Analysis of variance for means for elongation 

Source DF Seq SS Adj SS Adj MS F P 

WC 2 1.06616 1.06616 0.53308 20.34 0.047* 

WS 2 0.02336 0.02336 0.01168 0.45 0.692** 

GFR 2 0.04304 0.04304 0.02152 0.82 0.549** 

Residual error 2 0.05242 0.05242 0.02621 

Total 8 1.18497 

R2 0.9558 R2 (adjusted) 0.8230 

*Significant 
**Not significant 

Table 12 Analysis of variance for SN ratios for elongation 

Source DF Seq SS Adj SS Adj MS F P 

WC 2 87.56 87.56 43.78 1.58 0.388** 

WS 2 131.20 131.20 65.60 2.36 0.297** 

GFR 2 112.60 112.60 56.30 2.03 0.330** 

Residual error 2 55.53 55.53 27.77 

Total 8 386.89 

R2 0.8565 R2 (adjusted) 0.4259 

**Not significant

Fig. 14 Normal probability plot (means) for elongation
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Fig. 15 Normal probability plot (S/N ratio) for elongation 

Fig. 16 Main effects plot for means for elongation
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Fig. 17 Main effect plot for S/N ratios for elongation 

Effects of Variable Process Parameters on Elongation of Incoloy-800 

Increased welding current causes grain development. Grain growth causes a rise 
in ductility. Increased ductility leads to increased elongation. However, there will 
be no extension beyond a certain point, and the specimen will break. Increased 
welding speed results in less heat accumulation, which results in finer grains and more 
brittleness, i.e., very little elongation, but at low speeds, heat accumulation rises and 
finer structure transforms to coarse, which enhances elongation. This control factor 
has no influence on the elongation of the material. With a rise in gas flow rate, the 
welding joint improves and hence has a high strength. 

Single-Response Optimization using Taguchi Method 

Tensile Strength (A2 B1 C1) 

Different TIG welding process parameters were used to test Incoloy-800’s tensile 
strength. Welding current (WC), welding speed (WS), and gas flow rate (GFR) were 
employed as input process parameters. The goal of the optimization procedure is to 
raise the tensile strength of the final product. At optimal settings, the welding current 
was 120 A; the welding speed was 6 mm/s; and the gas flow rate was 10 Lpm (A2 
B1 C1) (Table 13).

Impact toughness (A2 B3 C3) 

The impact toughness of Incoloy-800 was studied at different process parameter 
values in order to establish the ideal value of input process parameters for impact
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Table 13 Tensile strength at optimized values 

Optimized values Predicted value (MPa) Observed value (MPa) Percentage (%) error 

A2 B1 C1 315.80 303.57 3.87

Table 14 Impact toughness at optimized values 

Optimized values Predicted value (J) Observed value (J) Percentage (%) error 

A2 B3 C3 58.70 55.96 4.66 

toughness. Input process parameters included welding current (WC), welding speed 
(WS), and gas flow rate (GFR). Optimum impact toughness is the goal of the opti-
mization approach. The ideal welding parameters were found to be 120 A welding 
current, 10 mm/s welding speed, and 18 Lpm gas flow (A2 B3 C3) (Table 14). 

Elongation (A2 B2 C2) 

Tests were conducted on Incoloy-800’s elongation at different process parameter 
values in order to establish the most effective elongation input parameters. These 
parameters were utilized as inputs for the WC, WS, and GFR. By optimizing, we 
want to keep it at its nominal levels at all times. The welding current was 120 A, 
the welding speed was 8 mm/s, and the gas flow rate was 14Lpm when the process 
parameters were optimized (A2 B2 C2). Table 15 displays the anticipated value at 
the optimal level of input process parameters as well as the actual value at this level, 
as well as the percentage error involved. 

Multi Response Optimization Using Additive Ratio Assessment (ARAS) Method 

The ARAS approach is based on measured capacity and the utility idea. The stages 
involved in implementing the ARAS approach are listed below. 

1. For advantageous characteristics; 

r j y  = [x j y  − min .(x j y  )]/[max .(x j y) − min .(x j y  )] 
( j = 1, 2, 3, . . .  ,  m; y = 1, 2, 3, . . .  ,  p) (1) 

For non-advantageous characteristics, the normalization process is of two 
stages. Perform primarily the reciprocal of individual condition with respect to 
involved substitutes as: 

x∗ 
j y  = 

1 

x j y  
(2)

Table 15 Elongation at optimized values 

Optimized values Predicted value (mm) Observed value (mm) Percentage (%) error 

A2 B2 C2 1.68 1.62 3.57 
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and then compute the further values as: 

R = [r j y]m×n =
x∗ 
j y

∑m 
j=1 x

∗ 
j y  

(3) 

2. The weighted standardized matrix (D), as defined by: 

D = [  f j y]m×n = r j y  × wy (4) 

3. The ideal function (Sj) for  the  jth substitution is computed. The higher the Sj 
score, the better the substitution. 

Sj = 
p∑

y=1 

f j y (5) 

4. Calculate the utility grade (Uj) of each substitution. It is determined by a compar-
ison of the alternatives with the most effective option (So). The reasoning used 
to calculate the value of Uj is as follows: 

U j = 
Sj 

So 
(6) 

The best option is the one with the highest utility score among the alternatives. 

Normalized Matrix for Raw Data 

It was necessary to normalize raw data in order to remove undesired characteristics 
from the case study as specified in Eqs. (2) and (3). Table 16 shows the normalized 
response data. 

Table 16 Normalized matrix for response data 

S.No. WC WS GFR Tensile strength Impact 
toughness 

Normalized IT Normalized TS 

1 1 1 1 40.30 417.913 0.11819887 0.857066172 

2 1 2 2 47.85 199.5 0.40150094 0.119682647 

3 1 3 3 46.50 164.05 0.35084428 0 

4 2 1 2 56.90 331.675 0.74108818 0.565918298 

5 2 2 3 63.80 404.462 1 0.811654288 

6 2 3 1 60.50 359.25 0.87617261 0.65901418 

7 3 1 3 43.35 425.45 0.2326454 0.882511816 

8 3 2 1 37.15 460.25 0 1 

9 3 3 2 43.40 181.925 0.23452158 0.060347738
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Weighted Normalized Matrix 

Tensile strength and impact toughness are the two output responses examined in 
this scenario. There is a 0.5 weighting assigned to each response, which means that 
all of the attributes are equal in importance. Using equation, the weighted normal-
ized matrix is then generated (4). Under different input process settings, Table 17 
displays a weighted standardized matrix for responsiveness, tensile strength, and 
impact toughness. 

Computation for the Optimality Function (Ideal Function and Utility Grade) 

Weighed tensile strength and impact toughness values are combined to provide the 
best performance. There is a significant difference between the lowest and highest 
computed values for experimental runs nine and five, respectively. The higher the 
optimum function score, the better the substitution. The estimated values of Ideal 
function and Utility Grade are shown in Table 18. 

Table 17 Weighted standardized matrix for response data 

S.No. WC WS GFR Tensile strength Impact 
toughness 

Weighted IT Weighted TS 

1 1 1 1 40.30 417.913 0.0590994 0.42853309 

2 1 2 2 47.85 199.5 0.2007505 0.05984132 

3 1 3 3 46.50 164.05 0.1754221 0 

4 2 1 2 56.90 331.675 0.3705441 0.28295915 

5 2 2 3 63.80 404.462 0.5 0.40582714 

6 2 3 1 60.50 359.25 0.4380863 0.32950709 

7 3 1 3 43.35 425.45 0.1163227 0.44125591 

8 3 2 1 37.15 460.25 0 0.5 

9 3 3 2 43.40 181.925 0.1172608 0.03017387 

Table 18 Calculated values of ideal function and utility grade 

Exp. runs Ideal function (Sj) Utility grade (Uj) 

1 0.487633 0.538300 

2 0.260592 0.287700 

3 0.175422 0.193700 

4 0.653503 0.721500 

5 0.905827 1.000000 

6 0.767593 0.847400 

7 0.557579 0.615600 

8 0.500000 0.552000 

9 0.147435 0.162800 

The bold data denotes reflecting the highest and lowest values of the ideal function
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Table 19 ARAS utility grade 

WC WS GFR ARAS grade 

100 6 10 0.53834 

100 8 14 0.28769 

100 10 18 0.19367 

120 6 14 0.72147 

120 8 18 1.00000 

120 10 10 0.84742 

140 6 18 0.61556 

140 8 10 0.55200 

140 10 14 0.16277 

Table 20 Analysis of variance of means for utility grade 

Source DF Seq SS Adj SS Adj MS F P 

WC 2 0.44783 0.44783 0.22392 29.29 0.033* 

WS 2 0.09517 0.09517 0.04758 6.22 0.138** 

GFR 2 0.11213 0.11213 0.05607 7.33 0.120** 

Residual error 2 0.01529 0.01529 0.00765 

Total 8 0.67042 

R2 0.9772 R2(adjusted) 0.9088 

*Significant 
**Not significant 

The estimated values Uj are clearly between 0 and 1. The computed values may be 
sorted in ascending order, which is the desired precedence order. The utility function 
values may be used to calculate the complicated relative efficiency of the viable 
option (Tables 19 and 20). 

The ARAS Utility Grade function’s Means and S/N ratios are shown in Figs. 18 
and 19, respectively. This phenomenon has been shown to be true when the welding 
current is increased and subsequently decreased. As the welding speed rises, it 
decreases. The gas flow rate begins to decrease and then begins to increase again 
(Table 21).

According to the ARAS Method, the ideal welding configuration is A2 B1 C1, 
i.e., 120 A welding current (WC), 6 mm/s welding speed (WS), and 10 Lpm gas 
flow rate (GFR) (multi-response optimization technique). Observed results deviate 
by 4.53% from expected values after further testing at the optimal setting.
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Fig. 18 Main effects plot for means 

Fig. 19 Main effect plot for SN ratios 

Table 21 Validation of multi-response optimization settings 

Optimized values Predicted value Observed value Percentage (%) error 

A2 B1 C1 0.6957 0.6641 4.53
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4 Conclusions 

The following interferences are observed after performing the experimental investi-
gation: 

1. Tensile strength improves initially and then drops as the welding current 
increases. Increasing welding current up to a certain level causes ductility to 
rise. Stress-free and long-grain welds are the consequence of higher welding 
current’s effect on grain formation. 

2. The impact toughness of Incoloy-800 rises initially and subsequently diminishes 
as welding current values increase. The finer structure of the material transforms 
to coarse structure as the welding current increases, reducing its impact tough-
ness. Increased welding current causes grain development. Grain growth causes 
a rise in ductility. Increased ductility leads to increased elongation. However, 
there will be no extension beyond a certain point, and the specimen will break. 

3. The change in tensile characteristics with increasing welding speed is equivalent 
to the variation in welding current. It grows initially and then declines. At low 
speeds, heat buildup rises, which aids in grain expansion and, as a result, enhances 
ductility. The reason for the improvement in tensile strength is due to the higher 
ductility. Increases in welding speed contribute to increases in impact toughness 
because when speed is low, heat buildup is greater, resulting in coarse grain 
structure, and coarse grains have less strength than finer grains. 

4. Increased welding speed results in less heat accumulation, which results in finer 
grains and more brittleness, i.e., very little elongation, but at low speeds, heat 
accumulation rises and finer structure transforms to coarse, which enhances 
elongation. 

5. Gas shields the weld zone and prevents contamination from the environment. 
The higher the gas flow rate, the better the welding joint. When a result, as the 
gas flow rate rises, so does the tensile strength. Increasing the flow of shielding 
gas results in better and more stable welding because the weld zone is protected 
from air contamination, resulting in greater impact toughness. 
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Optimization of Titanium Grade-5 
(Ti6Al4V) Alloy on Die Sinking EDM 
by Using Copper Tungsten Electrode 

Rakesh Kumar Rout, Rajiv Kumar Garg, and Dilbagh Panchal 

Abstract Die sinking EDM of Ti6Al4V has been carried out with copper tungsten 
electrode. The Input current (Ip), Pulse on Time (T on) and Spark Gap Voltage (Sv) 
have been taken as the input factors. The MRR, EWR, and Ra have been optimized. 
The Response Surface Methodology (Box-Bhenken Design) has been used as DOE 
for analysis and optimization. The three levels of input factors has been taken as per 
DOE, Input current (Ip), Pulse on Time (T on), Spark Gap Voltage (Sv), and the levels 
were taken on which, machining has been performed, i.e., 10 A, 15 A, 20 A, 100 µs, 
150 µs, 200 µs, 15 V, 20 V, and 25 V. The analysis of variance has been performed 
for MRR, EWR, and Ra by RSM, Quadratic equations for model analysis and 3D 
surface models have been optimized by RSM. 

Keywords EDM · Ip · T on · Sv · RSM · DOE · BBD 

1 Introduction 

Die-sinking EDM is an unconventional machining methods that has been broadly 
used in modern manufacturing industries. In EDM, a pulsed voltage has flanked by 
the electrode and the workpiece, generating a plasma channel due to dielectric fluid. 
Extremely high temperature ranging from 6000 to 12,000 K, has been generated 
locally resulting removal of materials from the workpiece [1–4]. The fundamental 
achievement of EDM has its ability to machine any complex geometry at high dimen-
sional precision. Due to the exceptional qualities of titanium and its alloys it has been 
employed in diversity of high-end applications in the field of aerospace, biomedical, 
and automotive industries. The exceptional strength, low weight, great corrosion 
resistance, low wear rate, high fatigue property, and high biocompatibility are the 
primary advantages of titanium alloys [5–12]. Despite it has been categorized as less 
machinability material due to its intrinsic features of inadequate thermal conductivity

R. K. Rout · R. K. Garg (B) · D. Panchal 
Department of Industrial and Production Engineering, Dr. B R Ambedkar National Institute of 
Technology, Jalandhar, India 
e-mail: gargrk@nitj.ac.in 

© The Author(s), under exclusive license to Springer Nature Singapore Pte Ltd. 2023 
R. P. Singh et al. (eds.), Advances in Modelling and Optimization of Manufacturing 
and Industrial Systems, Lecture Notes in Mechanical Engineering, 
https://doi.org/10.1007/978-981-19-6107-6_17 

235

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-19-6107-6_17&domain=pdf
mailto:gargrk@nitj.ac.in
https://doi.org/10.1007/978-981-19-6107-6_17


236 R. K. Rout et al.

Fig. 1 Die-sinking EDM 

and elevated chemical sensitivity. Because of the aforesaid reasons, titanium alloy 
(Ti6Al4V) has been machined by using die-sinking EDM is an enormous concern, 
and as a result substantial research is being conducted with the goal of optimizing the 
process. Many researches had already tried to establish Ip, T on, and Df machining 
parameters to MRR, TWR, and Ra. The schematic diagram (Fig. 1) represents the 
machining process of die-sinking EDM [13–19]. 

2 Literature Analysis 

EDM of alumina for analysis of MRR and Ra has been carried out by using RSM. 
Ip, T on, and Sv have been taken as input factors to complete the experiment [1]. The 
investigational study has been performed on Ti6Al4V ELI at high accuracy EDM 
with graphite electrode has been conducted. Ip and T on have been taken as input 
factors ranging from 25 to 65 A and 25 to 200 µs correspondingly. Tool material 
removal rate (TMRR), MRR, tool wear ratio (TWR), and surface roughness are the 
corresponding responses for measuring machining effectiveness [4]. Furthermore, 
optical microscope and SEM has been used to examine the machined surfaces in order 
to study their surface features as well as their cross sections in order to determine the 
AWLT and HAZ thickness [2, 3]. An ANOVA was used to determine how process 
parameters affect the machining output for the aforementioned performance metrics. 
The optimizing of Al-TiC has been performed with a copper hollow tube electrode 
for finding process parameters of EDM. Experiment has been carried out and the
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findings were statistically analyzed by using RSM. For determination of wear ratio 
between electrode and workpiece, Ip, T on, and Pf have been taken as input factors 
for process parameters [4]. Finally, the optimal values for these variables have been 
established where T on ranged from 50 to 600 µs and Pf ranged from 3 to 9 kgf/cm2. 
With the help of design of experiments, a set of five experiments has been carried out 
to replace a 20-set of trials. The set of five reflects the cumulative effect on the input 
factors. The MINITAB 17 has been used to conduct the wear ratio and RSM has 
been taken as design of experiment (DOE) [4]. The composites of AI-TiC have been 
machined by EDM with Ip, T on, and Pf as input factors for finding the significant 
value by using RSM. 15 A, 600 µs, and 6 kgf/cm2 have been found the best settings 
for machining TiC reinforced aluminum composites [4]. A silicon–titanium nitride 
ceramic composite has been machined by EDM with copper electrode. The Ip, Sv, 
T on, and T off has been taken as the input factors and MRR, EWR has been optimized 
by using RSM (Box Behnken Design) for output responses. The analysis of variance 
has been performed and Ip has been found as a significant input factor for MRR 
and EWR [5, 6]. Differences in T off had no effect on the responses. When Ip and 
T on were larger the material abrasion loss has been found more and when the Sv 
and Ip were low, the EWR has been found lesser. Optimum value of machining 
factor has been calculated. Ip, Sv, T on, and T off, as well as the products Ip 2 and Sv 2 

have the positive influence on EWR. At 4 A, 6 µs, 10 µs, and 40 V EWR has been 
found lesser. About 46.73% of Sv and 41.21% of Ip have a significant impact on 
the electrode abrasion rate [5, 7]. The Ti-6246 has been machined by utilizing an 
EDM with a graphite electrode and EDM oil as dielectric fluid. Ip, T on, and T off has 
been chosen as process variables. The experiment has been designed as per RSM 
Box-Behnken Design approach [8]. The optimization process has been carried out 
by using a desirability technique [9]. 4.5 A, 50.07 µs, and 100 µs have been taken 
as input factors, respectively. Surface roughness of 0.99 mm has been considered as 
best response value [20–26]. 

3 Research Methods 

The machining of Titanium Grade-5 (Ti6Al4V) has been carried out by using copper 
tungsten electrode. The input parameters are Ip, T on, and Sv. MRR, TWR and surface 
roughness has been considered as responses. RSM (Box-Behnken Design) has been 
taken as an optimization method. Material removal rate and tool removal rate has 
been measured before and after machining by scientific digital weight measuring 
instrument and surface roughness has been measured by using surfaceness tester. 
Analysis of variance and 3D surface modeling for MRR, TWR, and surface rough-
ness has been performed by using RSM (BBD). The input parameters and levels 
are responsible for responses. Table 1 is showing the selected parameters and their 
working units.
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Table 1 Parameters and their 
units 

Name Units Low High 

Input current (Ip) A 10 20 

Pulse on time (Ton) µs 100 200 

Spark gap voltage (Sv) V 15 25 

4 Result and Discussion 

The Ti6Al4V has been machined by copper tungsten electrode, and the data which 
has been collected during machining operation with respect to input parameters has 
been tabulated for analysis and optimization (Table 2). 

MRR = 
Wbm − Wam 

t 
g/min 

TWR = 
Tbm − Tam 

t 
g/min 

where 

Wbm and W am Weight of workpiece pre and post machining 
T bm and T am Weight of electrode pre and post machining 
t time.

4.1 Work Material (Ti6Al4V) Machined by Copper Tungsten 
Electrode 

4.1.1 Responce1: MRR Graphical Columns 

The graphical column represents the MRR values depending upon the input 
parameters in each run (Fig. 2).

4.1.2 ANOVA for MRR 

The F-value 9.94 makes the model significant and p-value 0.33% represents the more 
of F value due to noise. 

Coefficient of factor indicates the change in responses per change in input factors. 
Here, the VIF value is 1. More than 1 in VIF value indicates multi co linearity in 
model (Tables 3 and 4).
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Table 2 Design matrix for experiments 

Std Run Factor1 input 
current (Ip) 

Factor2 pulse 
on time (Ton) 

Factor3 spark 
gap voltage 
(Sv) 

MRR 
(g/min) 

TWR 
(g/min) 

Ra (µm) 

5 1 10 150 15 0.0061 0.0042 1.884 

1 2 10 100 20 0.0065 0.0043 1.884 

15 3 15 150 20 0.0061 0.0043 1.886 

17 4 15 150 20 0.0063 0.0049 1.873 

12 5 15 200 25 0.0076 0.0057 1.776 

7 6 10 150 25 0.0063 0.0047 1.749 

9 7 15 100 15 0.0051 0.0031 1.874 

6 8 20 150 15 0.0059 0.0033 1.868 

10 9 15 200 15 0.0063 0.0049 1.992 

3 10 10 200 20 0.0053 0.0041 1.863 

13 11 15 150 20 0.0067 0.0037 1.835 

11 12 15 100 25 0.0047 0.0042 1.878 

4 13 20 200 20 0.0079 0.0061 1.843 

2 14 20 100 20 0.0041 0.0038 1.866 

8 15 20 150 25 0.0083 0.0059 1.856 

16 16 15 150 20 0.0064 0.0041 1.876 

14 17 15 150 20 0.0069 0.0045 1.876
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Fig. 2 MRR graphical data
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Table 3 Response ANOVA table for MRR 

Source Squares total Df Square 
average/mean 

F-value p-value 

Model 0.0000 9 1.945E−06 9.94 0.0031 Significant 

A-current 5.000E−07 1 5.000E−07 2.55 0.1541 

B-pulse on 
time 

5.611E−06 1 5.611E−06 28.66 0.0011 

C-spark gap 
voltage 

1.531E−06 1 1.531E−06 7.82 0.0267 

AB 6.250E−06 1 6.250E−06 31.92 0.0008 

AC 1.210E−06 1 1.210E−06 6.18 0.0418 

BC 7.225E−07 1 7.225E−07 3.69 0.0962 

A2 4.003E−08 1 4.003E−08 0.2044 0.6648 

B2 1.658E−06 1 1.658E−06 8.47 0.0227 

C2 2.213E−08 1 2.213E−08 0.1130 0.7466 

Residual 1.370E−06 7 1.958E−07 

Lack of fit 9.625E−07 3 3.208E−07 3.15 0.1486 Not significant 

Error 4.080E−07 4 1.020E−07 

Cor total 0.0000 16 

Table 4 Response table for coded factors coefficients 

Factor Estimate 
coefficient 

Df Error 
standard 

95% CI (low) 95% CI 
(high) 

Fit variance 

Intercept 0.0065 1 0.0002 0.0060 0.0069 

A-current 0.0003 1 0.0002 −0.0001 0.0006 1.0000 

B-pulse on 
time 

0.0008 1 0.0002 0.0005 0.0012 1.0000 

C-spark gap 
voltage 

0.0004 1 0.0002 0.0001 0.0008 1.0000 

AB 0.0012 1 0.0002 0.0007 0.0018 1.0000 

AC 0.0006 1 0.0002 0.0000 0.0011 1.0000 

BC 0.0004 1 0.0002 −0.0001 0.0009 1.0000 

A2 0.0001 1 0.0002 −0.0004 0.0006 1.01 

B2 −0.0006 1 0.0002 −0.0011 −0.0001 1.01 

C2 0.0001 1 0.0002 −0.0004 0.0006 1.01
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4.1.3 Quadratic Equation for MRR 

MRR = 0.020808 − 0.001257 ∗ Ip − 0.000017 ∗ Ton − 0.000613 ∗ Sv 
+ 5.0000E − 06 ∗ Ip ∗ Ton + 0.000022 ∗ Ip ∗ Sv + 1.70000E 
quad  − 06 ∗ Ton ∗ Sv + 3.90000E − 06 ∗ I 2 p − 2.51000E − 07 ∗ T 2 on 

+ 2.90000E − 06 + S2 v . 

The Normal versus Residual plot for MRR has been represented here (Fig. 3). 
The plot represents the Actual versus predicted values of MRR (as shown in 

Fig. 4).
The 3D surface diagram represents that at high T on and high Ip, MRR has been 

found more. At high Ip and low T on MRR has been found less (as explored in Fig. 5).
Here, 3D surface diagram represents that at high voltage and high current MRR 

is more (as shown in Fig. 6).
The 3D surface diagram represents that at high voltage and high spark gap voltage 

MRR is more (as shown in Fig. 7).
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Fig. 3 Normal versus residual plot for MRR 
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Fig. 4 Actual versus predicted plot for MRR

4.1.4 Response: TWR Graphical Columns 

The Graphical column represents the values of TWR with respect to input factors 
for run (Fig. 8).

4.1.5 ANOVA for TWR 

F-value 5.84 makes the model significant and p-value 1.49% more of F-value. Lack 
of Fit 0.9 makes the model not significant and has 51% chance of making the Lack 
of Fit significant (as detailed in Table 5).

4.1.6 Coefficients in Terms of Coded Factors 

The coefficient factor indicates the chance of variance of responses per change in 
unit factors. The VIF value is 1, VIF value more than 1 makes the model multi co 
linearity (as shown in Table 6).
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Fig. 5 3D plot of responses selected

4.1.7 Quadratic Equation for TWR 

TWR = 0.013600 − 0.000945 ∗ Ip − 0.000032 ∗ Ton − 0.000245 ∗ Sv 
+ 2.50000E − 06 ∗ Ip ∗ Ton + 0.000021 ∗ Ip ∗ Sv 

− 3.00000E − 07 ∗ Ton ∗ Sv + 6.50000E − 06 ∗ I 2 p + 4.50000E 
− 08 ∗ T 2 on + 2.50000E − 06 ∗ S2 v . 

The plot represents the Normal versus residual values of TWR depending upon 
the input parameters. 

The above diagram represents the predicted versus actual values of TWR (as 
reflected in Fig. 9).

The 3D surface model represents that at high current and high voltage the TWR 
is maximum. And at low current and low voltage, the TWR is minimum (as reflected 
in Figs. 10 and 11).

Here, the above 3D surface model represents that at high Sv and high T on, electrode 
wear has been found maximum. And at less Sv and T on, the electrode wear has been 
found minimum (as reflected in Fig. 12).
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Fig. 6 3D plot for current and spark gap voltage

5 Conclusion 

The following conclusions can be drawn; 

1. Input current Ip, Spark Gap Voltage Sv has significant influence on both MRR 
and TWR. At 15 A, 150 µs and 20 V the Maximum MRR has been found. At 
20 A, 100 µs and 20 V the MRR has been found less. 

2. At 20 A, 200 µs and 20 V the TWR has been found maximum. At 15 A, 100 µs 
and 15 V the TWR has been found less. 

3. AT 10 A, 150 µs and 25 V the Surface Roughness value is less. T on has a 
significant influence on Ra value. Lesser pulse on time has been observed batter 
at high current and voltage.
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Table 5 Response ANOVA table for TWR 

Source Squares total Df Square 
average/mean 

F-value p-value 

Model 0.0000 9 1.118E−06 5.84 0.0149 Significant 

A-current 4.050E−07 1 4.050E−07 2.12 0.1891 

B-pulse on 
time 

3.645E−06 1 3.645E−06 19.04 0.0033 

C-spark gap 
voltage 

3.125E−06 1 3.125E−06 16.32 0.0049 

AB 1.562E−06 1 1.562E−06 8.16 0.0244 

AC 1.103E−06 1 1.103E−06 5.76 0.0475 

BC 2.250E−08 1 2.250E−08 0.1175 0.7418 

A2 1.112E−07 1 1.112E−07 0.5808 0.4709 

B2 5.329E−08 1 5.329E−08 0.2784 0.6141 

C2 1.645E−08 1 1.645E−08 0.0859 0.7779 

Residual 1.340E−06 7 1.914E−07 

Lack of fit 5.400E−07 3 1.800E−07 0.9000 0.5151 Not significant 

Error 8.000E−07 4 2.000E−07 

Cor total 0.0000 16

Table 6 Coded factors coefficients 

Factor Estimate 
coefficient 

Df Error 
standard 

95% CI (low) 95% CI 
(high) 

Fit variance 

Intercept 0.0043 1 0.0002 0.0038 0.0048 

A-current 0.0002 1 0.0002 −0.0001 0.0006 1.0000 

B-pulse on 
time 

0.0007 1 0.0002 0.0003 0.0010 1.0000 

C-spark gap 
voltage 

0.0006 1 0.0002 0.0003 0.0010 1.0000 

AB 0.0006 1 0.0002 0.0001 0.0011 1.0000 

AC 0.0005 1 0.0002 7.708E−06 0.0010 1.0000 

BC −0.0001 1 0.0002 −0.0006 0.0004 1.0000 

A2 0.0002 1 0.0002 −0.0003 0.0007 1.01 

B2 0.0001 1 0.0002 −0.0004 0.0006 1.01 

C2 0.0001 1 0.0002 −0.0004 0.0006 1.01



Optimization of Titanium Grade-5 (Ti6Al4V) Alloy on Die Sinking … 247

Externally Studentized Residuals 

N
or

m
al

 %
 P

ro
ba

bi
lit

y 

Normal Plot of Residuals

-2.00 -1.00 0.00 1.00 2.00 

1 

5 

10 

20 

30 

50 

70 

80 

90 

95 

99 

Fig. 9 Predicted versus actual values of TWR
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Fig. 11 Current versus gap voltage graph for TWR
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A Critical Review on Industry 5.0 and Its 
Medical Applications 

Shubhangi Chourasia, Ankit Tyagi, Qasim Murtaza, R. S. Walia, 
and Prince Sharma 

Abstract In the modern era, academicians, industrialists, and researchers are more 
concerned about Industry 4.0 as it is on the verge to get obsolete, which led to the 
development of Industry 5.0. Many modernists have discussed the fifth revolution 
concept and its applications in various fields such as manufacturing, health care 
system, and hospitality. The idea of Industry 5.0 is entirely based on human–robot 
co-working and bio-economy based on intelligent manufacturing systems and digital 
technologies. The present paper initially provides a brief overview role and compo-
nents of Industry 5.0 in medical applications. Then the article briefly discussed the 
application of Industry 5.0 and the benefits and limitations of Industry 5.0. 

Keywords Industry 5.0 · Human–robot · Digital innovation · Artificial intelligence 

1 Introduction 

Advanced additive manufacturing technologies have many possibilities and capabil-
ities in the design of freedom. However, in the daily routine work of the designer, 
adopting a strategy for components or parts is not essential and straightforward
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to examine the all-mechanical properties of materials along with their character-
istics according to the applications. The redesigning of components is based on 
additive processes rather than subtractive processes [1]. In the present scenarios, 
customers’ expectations are changing rigorously, and they want the personalization 
of the goods, which would contain unique and distinctive properties and devouring 
human touch. This mindset of customers can only be attained when industries will 
adopt the dynamic concept of Industry 5.0. The innovative idea of Industry 5.0 is to 
work from the concept of mass customization to mass personalization. According to 
this concept, products and services are provided to customers as per their require-
ments, that is why the manufacturing industries, as well as medical health care 
systems, are moving ahead for implementation of Industry 5.0, which is enabled 
latest technologies like machine learning, IoT, IOS, AI, and cloud computing. 

The term Industry 5.0 is coined in 2015 and is also known as the “fifth industrial 
revolution of India,” which is visualized to have an enormous scope in sustainable 
civil society, medical health care system, manufacturing, and daily human life [2]. 
In the fifth industrial revolution (I 5.0), a particular focus is kept on the personal-
ized need and requirements of the customer. Formerly, the fourth industrial revo-
lution (I 4.0) was embedded with mass customization of products and services, 
which was not sufficient. In industrial revolution 5.0, human to machines refers to 
significant interaction to make work easy, improved, and faster with the enabling 
of software and use of high tech technologies such as machine learning, algorithms, 
special software’s which are connected to the web to bring changes in old system [3]. 
There is massive involvement of automated and semi-automated robots to perform 
the welding, loading, unloading in manufacturing areas, and as surgical assistants 
during the surgery to examine the patients in rural area locations by providing them 
telepresence in the health care system and touring manufacturing facilities [4]. 

1.1 Need of the Study 

In the modern era, academicians, industrialists, and researchers are more concerned 
about Industry 4.0 as it is on the verge to get obsolete, which led to the development 
of Industry 5.0. Advanced additive manufacturing technologies have many possibil-
ities and capabilities in the design of freedom. However, in the daily routine work 
of the designer, adopting a strategy for components or parts is not essential and 
straightforward to examine the all-mechanical properties of materials, their charac-
teristics according to the applications. The concept of Industry 5.0 is entirely based 
on human–robot co-working and bio-economy based on intelligent manufacturing 
systems and digital technologies. So, there is a need to identify and explore Industry 
5.0 and its medical and health care application.
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1.2 Research Questions 

The present research addresses the following questions: 

1. To study the role and components of Industry 5.0 in medical applications. 
2. Provides brief discussion about the application of Industry 5.0. 
3. To introduce the future scope along with benefits and limitations of Industry 5.0. 

2 Literature Review 

The machines and humans are interlinked with each other to get improve productivity 
as well as human efficiency. Figure 1 shows the transformation journey of the indus-
trial revolution first to the industrial revolution 5. Figure 1 shows various industrial 
revolutions from the 1800 years to future predictions. It is a matter to notice that the 
time between reach the first industrial revolution to third industrial was 100 years. 
In contrast, it took almost only forty years to touch the fourth revolution from the 
third industrial revolution. After seeing the progress of industrial revolutions in the 
graph’s timeline, it is easy to predict that to reach the mount of the fifth revolution, 
and industries will take less time than before [5].

Industry 5.0 came with steam and waterpower utilization, and Industry 2.0 
announced the concept of mass production in manufacturing which assisted the water-
produced power; the 3rd industrial revolution brought significant advancements in 
digital and electronic devices. The fourth industrial revolution is connected to the 
world with artificial intelligence, clouding system, the Internet of Things, and other 
technologies. In contrast, the fifth revolution helps connect industries with intelligent 
systems such as IoT, AI, and cybersystems to achieve widespread automation. The 
sole aim of this revolution is to improve and enhance the overalls efficiency of the 
production system with the help of robots. In Industry 5.0, humans and machines are 
in a convergence relationship where the imagination of humans toward the work is 
converted into the task with the aid of robots [6–8]. The robots perform the work that 
human desire. Presently, two unique visions arise from Industry 5.0. The first vision 
is the co-working of humans and robots. In this current vision, humans and robots 
work together when and where possible. The human performs the creative tasks, and 
the rest work will complete by the robots. The following vision of Industry 5.0 is 
centered on the bio-economy [9]. In bio-economy, biological resources are practices 
for industrial drives, which will help attain stability between the capital economy, 
industry, and ecosystem/ecology. Table 1 depicts the explicit comparison between 
visions of Industry 4.0 and Industry 5.0.

Industry 5.0 is an emerging field nowadays, which provides a human and machine-
friendly environment to industries enabled with many high techs technologies such as 
multi-agent systems, artificial intelligence, IoT, and digital environment. In contrast, 
different features of Industry 5.0 are depicted in Fig. 2.
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Industry 5.0 (Future) 
(Human Robot Co-Working, Bio-economy)
-Robotics & AI
-Renewable energy
-Bionincs 

Industry 4.0 (2011) 
(Cyber-Physical Systems)
-IoT
-Robotics & AI
-Cloud computing
-Big Data 

Industry 3.0 (1969) 
(First Programmable Logic Controller)
-Electronics
-Automated Production
-IT System 

Industry 2.0 (1870) 
(First assembly Line)
-Division of work-Electrical Energy
-Mass Production 

Industry 1.0 (1784) 
(First Mechanical Loom)
-Mechanical manufracturing system
-Water and stem power 

Fig. 1 Journey of industry revolution [5]

3 Application of Industry 5.0 

3.1 Industry 5.0 in the Medical Field 

In today’s time, every patient wants personalization in medical services, such as blood 
measuring portable machines, sugar level measuring devices, and other body parts 
measuring parameters that fill their requirements. The emerging high-tech technolo-
gies provide real-time data of patients to doctors. All the relevant data of individual 
patients are recorded and set into discrete medical records, which helps data/facts 
mining for single patients and patients. All these are intelligent devices based on 
machine learning, IoT, and AI interconnected among themselves and provide accu-
rate information to doctor then. The only doctor can give the proper treatment as per 
the need of the specific patient. Industry 5.0 uses much software to monitor health 
and daily lifestyles. Artificial intelligence is introduced in Industry 5.0, which is
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Table 1 A brief comparison between the Industry 4.0 and Industry 5.0 vision 1st and 2nd [5] 

S.No. Agendas Industry 4.0 Industry 5.0 in 1st 
vision 

Industry 5.0 in 2nd 
vision 

1 Motivation Based on smart 
manufacturing 

Co-working of 
humans and robots 
together 

Moved to 
bio-economy 

2 Technologies Artificial intelligence 
(AI) 
Cloud computing 
Robotics engineering 
and AI 
Big data 

Collaboration of 
humans and robots 
with use of renewable 
resources 

Electrical power used 
as resources and 
renewable power 
sources 

3 Aim Based on mass 
production 

Based on intelligent 
production for society 

Based on 
sustainability models 

4 Research areas Based on business 
administration 
Organizational 
research 
Innovation in ideas 
Process improvement 

Smart working 
environment 
Based on business 
administration 
Organizational 
research 
Innovation in ideas 
Process improvement 

Based on waste 
prevention, 
agriculture, and 
biology 
Based on business 
administration 
Organizational 
research 
Innovation in ideas 
Process improvement

entirely a life changer tool in human life and teaches how the human body reacts in 
any situation. It opens the door of opportunities to the medical health care system 
and mechanizes the manufacturing system [10]. Industry 5.0 provides digital data 
and big data networking by balancing innovation and providing the pertinent health 
information and vital records of patients. 

This revolution uses robots and support to human-co-robots working culture to 
enhance the correctness and quality of work that human wants. This collective work 
of robots and humans is used to attain exclusive surgeries in the health care system. 
Thus, doctors or surgeons can adore the advantages of this innovative technology. 
The work with robots is an automation practice that also has some hazardous effects 
on the workers who work on the shop floor [11]. The sole aim of Industry 5.0 is 
to develop an intelligent medical system with actual-time abilities. At the time of 
pandemic (COVID-19), these software-enabled expertise technologies can deliver 
an outskirts vigilance structure in the medical health care system. By using these 
technologies, one can trail and easily predict the presence of the COVID-19 virus 
and store a considerable amount of patients’ informative data, which helps save time. 
A cost occurs during the treatment process. These technologies employ to evaluate the 
causes of diseases and their chances of improvements where data related to patients 
are stored in categories wise like demographic location-wise, age-wise, and gender-
wise [8, 12–14]. Industry 5.0 is a powerful tool that furnishes an intelligent resolution 
for critical and intricate problems during the treatments. With these technologies,
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Components of 
industry 5.0 

Intricate 
Adaptive 
System 

AI 

Additive 
Manufracturing 

Advanced 
Robots 

Digitalization 

Intelligent 
Manufracturing 

Fig. 2 Various unique components of Industry 5.0 [3]

the health care system or organization can build a good hospital structure and make 
human life easy by making minor failures in the operation process [15–17]. 

3.2 Industry 5.0 in the Hospitality Field 

The Internet of the system (IOS), human-cyber-physical (HCP), and Internet of 
Things (IoT) are the essential elements of Industry 5.0 [18]. The HCP system is 
connected with humans, AI, and the high-speed Internet of organization [19]. A good 
number of sensors show their significant role in the human-cyber-physical system. 
The touch sensor, light sensor, and others are primarily employed in the human-
cyber-physical system to achieve various organization functions [20]. Human beings 
are served by the practice of HCPS and AI [21]. The role of HCPS in the hotel 
industry comprises enhancing edibles care by using sensors via scanning process 
for dangerous diseases and measuring the cleanness and bloom of products, and 
applying the bar code or labels to understand the location from where food comes 
[22]. In IoT, the system is connected with calculating devices such as computers 
and transferred the data via Internet networks with or without human–human and
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Table 2 Application of Industry 5.0 

S.No. Area of application Issues Solutions Sources 

1 Manufacturing Mass personalization in 
automotive 
manufacturing industries 

AI and alliance with 
communication 
technologies and human 
smartness is the right path 
to get the fixed target 

[26] 

2 Health care Medical services costs 
are too high for caring 
the older people and 
dealing with social 
security 

Older adults can be cured 
by the practice of AI and 
robots in the surveillance 
of nurses and doctors 

[27] 

3 Fintech The bank’s financial 
services of cash 
transactions are indigent 
and slow due to hooch 
pouch methodology in 
overpopulated countries 

Blockchain technology is 
the solution to this issue 
for transactions and can 
promote cashless payments 

[28] 

4 Infrastructure Scarcity skilled labor in 
developing countries 
during the fast growth in 
infrastructure 

Use of robots, 3D printers, 
ICT, human intelligence, 
AI for doing the 
inspection, construction, 
and detection of areas 
requiring repair with the 
help of sensors and robots 

[28] 

human–computer working [18]. Throughout the pandemic time of COVID-19, the 
IoT properly controlled and synchronized the various electronic and smart devices 
of visitors during post and pre checkout without direct person-to-person contact 
[23]. In COVID-19 pandemic, the hospitality industries use IoT by enabling phone 
enabled on and off light, door closing and opening sensors, smart thermostat, etc. 
[24]. Industry 5.0 is working on the principle of providing the personalized services 
rather than customized services. The idea of Industry 5.0 is well suited for the conge-
niality, catering, and tourism industry since every guest wishes to have customized 
services. Hotel owners and staff have to deliver these for customer satisfaction [25]. 
Table 2 shows the area of application with related issues and solutions of Industry 
5.0. 

4 The Benefit of Industry 5.0 in the Medical Health Care 
System 

The worldwide fifth industrial revolution is identified as Industry 5.0. Industry 5.0 
entails the new innovative and generative high-tech smart technologies associated
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wirelessly and can be employed to enrich the man-free system (automation) in manu-
facturing and health systems (Robot-based surgery). Industry 5.0 is the dawn in all 
the manufacturing, healthcare, IT sectors, etc. This is the combination of advanced 
technologies where virtuous collaborations among the human and machine can be 
performed. The idea of Industry 5.0 is flourishing with the concept of intelligent tech-
nologies and state-of-the-art technologies. It is the power complete tool for achieving 
sustainable, safeguarding products, and effective services [29–31]. Industry 5.0 has 
also provided assistance in the manufacturing and medical fields with excellent 
collaboration among the medical surgeon ad patient by using various automated 
technologies such as robots for surgery purposes and many more. Industry 4.0 is 
based on the customization of products or services, whereas Industry 5.0 focuses 
on personalized customer demands. Digital data and various high-tech software are 
employed to create the digital factories in Industry 4.0, whereas in Industry 5.0, IoT, 
AI, cloud technologies, etc., are used to construct the intelligent industries. Industry 
5.0 has brought storm in technologies with the application of highly advanced intel-
ligent technologies in the medical health care system where the interconnect web 
linkage is used to fill the numerous essential services in the medical system in the 
COVID-19 time [32–34]. The technologies used in Industry 5.0 will help to fullfill 
to store real-time data of patients during the medical examination of their body in 
the clouds and save the time of patients and doctors efficiently. Cloud computing 
technologies are an essential part of Industry 5.0 like the others because it is an 
intelligent technology used to interchange valuable data with a concerned system 
such as COVID-19. With the application of this cloud platform, a medical warrior 
can easily envisage the signs of the patient who is suffered from COVID-19 [35–37]. 
The sensitive data of patients can quickly be accumulated, and the take appropriate 
monitoring of health care system in Industry 5.0. Nowadays, the medical system 
uses additive manufacturing technologies to develop personalized body parts of the 
patient, such as artificial liver, kidney, and ortho prothesis utilizing digital numerical 
data. Synthetic biology helps make the biological parts; systems redesign the system 
by using digital data encoded onto the components of synthetic DNA [38]. 

5 Limitations of Industry 5.0 in the Medical Health Care 
System 

Industry 5.0 technologies are an advanced tool, which can bring a huge revolution 
in the field of health care as well as manufacturing systems due to their versa-
tile approach. To implement these technologies such as IoT, AI, IOS, and cloud 
computing. Highly trained workforce is required to note accurate data of patients 
and feed to the system. This transformation offers personalized health care services 
and convinces and eminence life to the patient in the health care system. However, 
the higher cost is one of the major limitations to the implementation of these tech-
nologies. Due to some human cum technical reasons, these intelligent technologies
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do not provide accurate, precise, and trustworthy outcomes that may cause a great 
challenge to clinical staff. Therefore, good runs or trials must be required before 
executing these technologies in clinical and manufacturing systems because the 
affinity with the present gadgets or devices is essential for the commercialization 
purpose. Virtual consultations via the Practo application and Google glasses are 
used for consultation purposes by few clinical doctors [39]. Additionally, The IoE, 
big data, AI machine learning, and intelligent algorithm provide accurate digital data 
to doctors for appropriate diagnosis. Doctors can easily diagnose outskirt patients 
through internet-connected gadgets. Industry 5.0 has great capability to deliver all 
the digital information for fabricating the human prosthesis, implants, devices, and 
tools and simultaneously observer all the human body or health actions with the help 
of software [39]. 

6 Conclusion and Future Scope 

In the modern era, academicians, industrialists, and researchers are more concerned 
about Industry 4.0 as it is on the verge to get obsolete, which led to the development 
of Industry 5.0. Many modernistic, has created a discussion over the fifth revolution 
concept and its applications in various fields such as manufacturing, health care 
system, and hospitality. The concept of Industry 5.0 is entirely based on human–robot 
co-working and bio-economy based on intelligent manufacturing systems and digital 
technologies. In the shadow of Industry 5.0, all advanced machines and high-tech 
technologies are involving; doctors, researchers, and professionals who are moving 
one step ahead to take all the supercritical challenges such as teaching, development, 
surgery with the help of robots, implants by use of machines and medication. The 
implementation of Industry 5.0 in the field of medicine could be helped the medical 
warrior and patients improve the health care system and help doctors provide healthier 
and efficient care. 

Industry 5.0 has a remarkable ability in manufacturing, medical care system, and 
many more. It has excellent propensity in the technologies, which can create a bridge 
between humans and machines to enhance the full competency of the working system. 
In the future, all the necessary actions such as surgery, cancer treatment, injections, 
and other medical processes will be handle by Industry 5.0, while doctors/clinical 
staff/nurses would be fixing another level of jobs. All the patients and customers are 
digitally supported by Industry 5.0, where all the follow-up, monotonous work is 
performed by them [39].
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Systematic Review: Implementation 
of Product Lifecycle Management 
in Industries 

Harish Vishnu Gunjal and Rajendra M. Belokar 

Abstract In the era of Industry 4.0, global industries are moving from traditional 
approach of manufacturing to digitalisation to improve the productivity. To achieve 
the efficient productivity, best tool observed is product lifecycle management (PLM). 
PLM is a concept which manage and integrate information related to a product 
complete lifecycle from design, development, manufacturing, material requirement, 
vendors, customer feedback, recycle, etc. This paper reviews five case studies— 
foundry, power transformer, fashion, automotive and aerospace industry who imple-
ment PLM, which will answer the three questions—(1) Why PLM implementation 
is needed in industry? (2) How to implement PLM in industry? (3) What are the 
benefits of PLM implementation? A generalised overview of PLM implementation 
procedure is answered. Comparison of conventional technology and PLM technology 
is explained through changes experienced by five industries. Conclusion provides the 
benefits to industry after PLM implementation. Future research is needed over the 
PLM implementation according to Industry 4.0. 

Keywords PLM · Software · Implementation · SME · Industry 4.0 · Industries 

1 Introduction 

In present scenario, competition between industries increases due to Industry 4.0 
all over the globe. In order to increase production capability, the highly competi-
tive manufacturing industry is undergoing a paradigm change towards smart manu-
facturing through data-based digitalisation [1–3]. Artificial intelligence (AI), big 
data, cloud computing, and the Internet of Things (IoT), amongst other advances in 
information technology, have enabled the digitisation of the manufacturing business
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[4, 5]. A new concept called sustainability arises due to shortage of resources and 
global warming effects over mother earth, so industries are also trying to produce 
eco-friendly products or less environmental affected products. Industries are moving 
from traditional approach to modern approach. Because the traditional approach is 
not fulfilling the complete demands of customers within time and quantity to stay 
in competition. This does not mean that industries with traditional approach unable 
to fight, just they need to update their processes to achieve customer needs and 
stay in competition. In 2020, rise of pandemic COVID-19 disturbs the processes of 
manufacturing industries. Many industries which were operating through traditional 
processes collapsed and industries with modern approach just survived. According 
to literature review, it is observed that the concept that will help industries to change 
and upgrade their process to cope up in the global competition is product lifecycle 
management. 

PLM is a concept which manage and integrates all the data of product from its 
birth to death. Nowadays, as recycling concept is growing rapidly, so concept of 
PLM changed as, which manage data of product from cradle to cradle. Similar to 
human lifecycle which has five stages- Birth, growth, maturity, decline and death. 
The lifecycle of product consists of four stages- Introduction, growth, maturity and 
decline, shown in Fig. 1. Introduction describes the launch of a product, growth 
describes its expansion due to rising demand, maturity describes its development 
in response to client feedback, and decline describes its demise as a result of the 
entry of new products with improved specifications into the market. The manage-
ment of all the data related to each stage are managed properly to improve the 
processes. PLM enables an organisation to cut costs at practically every point of 
the lifecycle, lowering overall costs and expanding product offers. PLM adoption 
necessitates significant intra-and inter-organisational changes, as well as changes in 
processes and culture. Adoption can be either in premises or cloud basis. This encom-
passes a number of different functional areas. Engineering data management (EDM), 
product data management (PDM), computer integrated manufacturing (CIM), sales 
and service, and disposal and recycling, as well as various domains of knowledge 
or enterprise software systems like materials resource planning (MRP), enterprise 
resource planning (ERP), customer relationship management (CRM), and supply 
chain management (SCM) [6].

Data comprises product production procedures, product design, product devel-
opment, product manufacturing processes, cost, inspection, customer feedback, and 
amongst other things. All parties (vendors, design engineers, production engineers, 
etc.) have access to the data. The PLM system coordinates the production process 
in all product-related information and processes using database technology and an 
Intranet or Internet network [8]. One should not get confuse with PLM and PLM 
software; PLM software supports processes within PLM. Examples of PLM modules 
are product data management (PDM), CAD/CAM, project management, workflow 
management, production planning, etc. [9] as shown in Fig. 2.
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Fig. 1 Stages of product lifecycle [7]

Fig. 2 PLM modules [10] 

1.1 Historical Development of PLM 

Otto Klepper proposed a product lifecycle model in 1931, stating that products should 
go through three stages: pioneering, competitive, and retentive. Jones, who worked 
for Booz, Allen and Hamilton in 1957, proposed that most products have a five-stage 
lifecycle: introduction, growth, maturity, saturation, and decline. PLM was first used 
in 1985 by American Motors Corporation, which was attempting to speed up the 
manufacturing of the Jeep Grand Cherokee [https://www.concurrent-engineering. 
co.uk] [11] (Fig. 3).

The origins of PLM may be traced back to the computer-aided design (CAD) 
tools that first appeared in the manufacturing industry in the 1980s [13]. Product 
data Management was used to meet the need of disseminating product data (devel-
oped through electronic versions) to globally scattered teams and supply chain part-
ners (PDM). Simultaneously, new technology tools for managing and supporting

https://www.concurrent-engineering.co.uk
https://www.concurrent-engineering.co.uk
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Fig. 3 History of PLM [12]

operations, such as enterprise resource planning (ERP) and customer relationship 
management (CRM), were launched (CRM). Unlike other software, PLM is based 
on the notion of knowledge connectedness [13], with PLM systems serving as a 
foundation for other applications via integration and interfaces. After 2000, a new 
generation of PLM software emerged, PLM 3.0. PLM 3.0 is a new evolution that 
puts more of an emphasis on product launches. It has more features throughout the 
lifecycle, such as requirements management and innovation, and it also has better 
linkages with downstream productions (processes that occur after the production 
process like marketing, sales, packaging, shipping, invoicing, etc.). (https://www.ora 
cle.com/scm/product-lifecycle-management/what-is-plm/) [14]. After digital trans-
formation, Cloud systems, Industry 4.0 there were modification in PLM due to which 
PLM 4.0 is formed where new processes and practices will yield a more collaborative 
effort between design, manufacturing, supply chain and customer. 

PLM implementation is based on different strategies which depends on the prob-
lems like unable to meet customer demands, lead time, poor inventory control, lack 
of communication between employees, vendors, suppliers, owners, customer, etc. 
Different strategies are as follows

• Increased customer involvement
• Customisation of products
• Highest functionality products and services
• Most robust products or services
• Best processes
• Lowest cost competitor
• Value adding life cycle

https://www.oracle.com/scm/product-lifecycle-management/what-is-plm/
https://www.oracle.com/scm/product-lifecycle-management/what-is-plm/
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• Fastest time to market
• Standard product and services
• Widest range of products and services
• Longest life product
• Environmentally friendly product. 

The various strategies listed above should be chosen based on the issues facing 
industry. An example shows that the ideal method to use is “fastest time to market” 
if any industry wishes to execute operations like information sharing, upgrading 
of information, simulation, etc. more quickly. This tactic will assist the sector in 
speeding up the process times and enabling early product availability. 

In this paper, five case studies of PLM implementation in Foundry, a SME 
of impeller manufacture, a company that produces power transformers, 
Fashion Industry, Aerospace industry and Automotive Industry were analyzed. 
According to study, need of PLM, how to implement PLM and Benefits after PLM 
implementation has been explained. So, research method has explained in Sect. 2. In  
Sect. 2.1.1, five case studies are explained—why these industries required the PLM 
tool and how they implement PLM in respective industries. In addition, generalized 
and simple framework of PLM adoption has provided. Benefits of PLM implemen-
tation in respective industries are explained through results and discussion. In Sect. 3 
conclusion of paper and future scope of PLM has explained. 

2 Methodology 

We analyzed five case studies of different domain industries who implement PLM and 
do systematic literature review to establish a map of PLM implementation process in 
Industry. To get to know more about challenges in industry during PLM implemen-
tation, we studied the papers in references of case studies. After study, we decide to 
answer three questions in this paper 

1. Why there is a need to implement PLM in industry? 
2. How to implement PLM in industry? 
3. What are the benefits of PLM implementation to industry? 

Regarding the procedure to implement PLM tool in industries, generalised frame-
work provided in simple terms, so through understanding it, PLM can be implemented 
in every industry whether it is SME or multinational. In results and discussion, we 
decided to compare the conventional technology and PLM technology, after imple-
menting PLM in industry provided in case studies, what changes observed by indus-
tries are specified. In conclusion and future scope section, what are the difficulties 
faced by industries while implementing PLM and gaps in the procedure are explained. 
What areas should need to improve are discussed in future scope. Selection criteria 
of papers is as follows in Table 1.
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Table 1 Selection criteria of papers 

Searching index Specific content 

Database Elsevier, Emerald, Journals 

Article types Scientific article 

Search string “Product lifecycle management” or “implementation” or “industries” or 
“case studies” or “production process” or “framework” 

Search period January 2003 to December 2021 

Screening procedure Case studies are selected of different industries through detailed reading 
of complete papers, chapters 

Classification Papers selected according to the journals and information presented 

2.1 Need and Implementation of PLM 

Many new companies/organisations are forming in the market as a result of the current 
industrial world and the “Make in India” programme. Everyone is attempting to meet 
increasing client demands on schedule while still maximising profitability. Many 
SMEs have been harmed or destroyed as a result of the COVID-19 outbreak. The 
workload of the design department has increased in recent years, resulting in an added 
duty of managing information generated and used by designers [8]. Many indus-
tries face issues such as worldwide competitiveness, rising labour prices, expanding 
product complexity, and properly managing a company’s data, to name a few [15]. 
According to case studies, challenges faced by industries which explain the need of 
PLM and how they implement PLM in their industry is explained in Table 2.

2.1.1 Case Studies 

1. Foundry Industry 
A small foundry in Belgaum foundry cluster in India, which manufacture impeller 
casting. It supplies the products to original equipment manufacturers (OEMs) 
located at 8 km from foundry. PLM has been implemented in OEMs and achieved 
increase in productivity, improvement in product quality, and speed up delivery. 
Its supplier foundry still working without PLM. 

Need—The foundry industry is facing problems to meet the rising customer 
demands due to market fluctuations, poor inventory control, lack of material 
availability at the machine, etc. The need for PLM implementation in industry 
grows as a result.  

Implementation—According to the problems faced by foundry, they decided 
to implement PLM strategies

• shorter time to market
• automation
• best process
• minimisation of production cost.
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Table 2 Need and implementation of industries 

Industries Need of PLM Implementation of PLM 

Foundry • Increase in demands 
• Difficulty to meet 3M resources 
• Poor control of inventory 

• Qualitative assessment of 
manufacturing activities 

• Selection of strategies according to 
need 

• Use of digital manufacturing 
• Increase interaction through PLM 
Teamcenter 

• User logins created 

Power transformer • Increased frequency of 
information exchange 

• Errors in documents and 
information 

• Poor management process 

• Identification of problems 
• Steering committee formed with 
members of all departments 

• Dividing work in three 
phases—preparation, test, 
production 

• Workshops for understanding of 
new concept 

• Selection of proper software 
solution 

• Implementation works according 
to subassemblies to main 
assemblies 

Aerospace • Less quality of products 
• innovation 
• Collaboration within departments 
• Security of information 
• More paper work to store 
information 

• Finding strategy depending on 
problems 

• Selection of PLM software 
solution 

• Collaboration 
• Documentation 
• Customisation 

Fashion • Increased demands of customer 
• Difficult to manage large number 
of stocks keeping units (SKUs) 

• Complex supply chains 
• Communication gaps between 
customer and company 

• Analysis of different process 
involved in product lifecycle 

• Splitting in activities 
• Mapping with business process 
model and notation (BPMN) 

• Use of Agile approach 
• Final testing and training 

Automotive • Missing of product features 
required for product development 

• Poor connection between 
departments 

• Less efficient project management 
• Lack of interaction between 
customer and industry over 
requirements 

• Understanding and mapping 
customer requirements 

• Focussed on translating 
requirements into product feature 

• Selecting best PLM solutions 
• Testing and validation 
• Final handover to production and 
departments all over the 
information
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Strategies were decided after planning and discussion with management members 
of foundry. Qualitative assessment was done on manufacturing of impeller 
casting. Healthy services and digital manufacturing concept have been intro-
duced. Healthy practices include use of PLM tool (Teamcenter) for timely inter-
action between users, CAD software, structural analysis and simulation of casting 
process, evaluation of man–machine hours, online monitoring of resources and 
accounting. In Teamcenter, user logins were designed to handle duties and ensure 
proper contact between users and customers. To produce the intricate pattern of 
casting, digital manufacturing incorporates the use of a rapid prototyping (RP) 
machine with a fused deposition model (FDM). Part is designed and real-time 
analysis is performed online using CAD software, by converting CAD file into 
STL file (which represents a 3D surface to an assembly of planar triangles), RP 
machine receives the file and pre-processing of part is performed in INSIGHT 
programme (User-interface of RP machine), and part is fabricate on machine 
within the time and quantity of material required by software, material used for 
fabrication—ABS-M30. 

2. Power Transformer 
Need—An investigation into the ongoing implementation of PLM in the power 
transformer manufacturing business. The power transformer business has a long 
history of using 2D and 3D CAD tools to produce computer models. However, 
demand has increased over time, resulting in an increase in information flow in 
the design office and an increase in the workload on the design team. Additional 
tasks in the administration of documents generated by designers at work must 
be performed by the designed team. In design and other areas, the frequency of 
information interchange has been raised. Verification and change in documenta-
tion processes are required in such an environment to reduce errors. To address 
the aforementioned difficulties, management made the strategic choice to install 
a well-designed and efficient PLM platform. 

Implementation—Firstly, management formed a team of members from 
design office, company’s IT department, Planning and organisation department, 
software vendor, university, etc. Team responsibility is to perform the PLM imple-
mentation properly according to planning. Team divides there work into three 
phases— 

1. Preparation 
2. Testing 
3. Production phase. 

In the preparation stage, PLM software supporting the industry-available CAD 
software was chosen (for example-Windchill PLM software solution is supported 
to the creo software). A number of workshops were held in the sector to help 
employees in understanding the PLM system. In order to continuously test the 
PLM tool on routine activities to guarantee that the process was operating prop-
erly, a small group of designers was assembled throughout the testing phase. In 
the production phase, component production has begun in accordance with the 
flow of the part modules—core, tank, and receiver.
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3. Aerospace Industry 
Need—After studying various articles and papers, it has found that in three main 
areas PLM is needed are

• To secure the product information and compliance of information technology
• Maintaining the product information and definition throughout its lifecycle
• Business process management and work with a different type of data and 

sharing. 

Improvement needed in engineering approach due to traditional approach which 
results in lot of negative impacts, lack of information sharing, less productive 
environment, zero collaboration, and lack of communication. 

Implementation—Study and planning has been done to identify the problems 
and, on that basis, strategies selected to improve the areas of industries

• Time to market
• Managing risks and reducing development cost
• Security. 

Collaboration is an Internet-based computational architecture that allows depart-
ments or geographically based regions to share information and data throughout 
the product lifecycle in order to make better decisions in a collaborative setting. 
The design phase is the most important in the aerospace industry. Data is 
exchanged, and product information is allocated using [standard for sharing of 
product model data (STEP)]. To preserve data security, only critical people are 
allowed access to aerospace data through PLM implementation. Documentation 
is done with the help of software such as MS Office, which eliminates the need 
for paper. The following are three types of software services offered to clients in 
order to improve customer interaction.

• The industry as a service (IaaS)
• Platform as a service (PaaS)
• Software as a service (SaaS). 

Customisation needed to modify the PLM solution according to increase in 
workload over staff of respective departments. 

4. Fashion Industry 
Need—In recent years, fashion industries have observed wide transformation in 
some cases 

1. Due to increase in demand at faster rate, life of product getting shorter. 
2. Fashion industries have managed a very large number of stocks keeping units 

(SKUs) due to combinatorial explosion of variants. 
3. The supply chain networks become highly complex due outsourcing non-core 

activities by industries in global scenario. 
4. Need of more efficient processes, eliminating activities without added value. 

Implementation—Framework proposed for effective implementation of PLM 
in fashion industry based on four phases
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1. Identification of business issues and needs 
2. Model process and data 
3. Identification of PLM business objects 
4. Scenario analysis to select PLM solution, with detailed implementation and 

tests need before actual work. 

In supply chains macro-process includes—design, prototyping, sampling and 
engineering, sourcing, production and order and retail. Interviews provide the 
needs related to each activity which helps to map the user’s needs. Business 
process model and notation (BPMN) standard used to carry out first stage. In 
second stage, quality function deployment approach tool is used to identify main 
PLM functionalities that meet the customer needs. In third stage, PLM detailed 
designed which provides review and validation of deployment, implementation 
includes functions release by sprint were get approved and processes further for 
testing phase. In final stage, final test and training-key users conduct an integration 
and system test. 

5. Automotive Industry 
A study was performed on automotive industry having employees more than 
2500 and very active in developing new products. 

Need—The industry now functions in a semi-automated mode, in which 
particular programmes are utilised to optimise processes, such as CAD for design 
and CAPP for process planning, but information flow across departments is not 
automated. During the research, it was discovered that data for the development 
of needed product features was absent. As a result, a platform is necessary to 
construct and validate information flow from beginning to finish, allowing the 
industry to not only solve current issues but also to build more efficient systems 
for providing the proper product. 

Implementation—To understand the implementation of PLM in industry, 
first investigation of the different departments (marketing and application 
engineering, product design, process engineering, programme management, 
and production engineering) performed. A theoretical framework for PLM 
implementation was designed with five phases 

1. Requirement management—understanding and mapping customer require-
ments 

2. Collaboration—Focussed on translating requirement into product features 
3. Integration—Selecting best process for manufacturing 
4. Efficiency—Validating process and production steps 
5. Knowledge management—Final handover to production with all necessary 

information. 

Architectural framework proposed 

1. Leverage data exchange technology—This system deal with various types of 
data formats and reports to be available for design and analysis purposes. 

2. Utilise workflow capabilities—Define the sequence of activities to 
completely automate the business processes.
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2.1.2 Software Solution 

PLM as a concept is managing all the products data from its introduction to decline, 
which is accompanied with the help of installation the PLM software. It observed 
that there is need to have CAD software when industry install PLM software, because 
to define the specification and make documentation of product its model is required 
which is build on CAD software. It will be easy to work when both CAD software 
and PLM software are taken from same vendors, like NX CAD and Teamcenter are 
of Siemens. PLM software provides user all the data including parts, subassemblies 
of parts, bill of materials, production process involved in product life, documents 
regarding product, customer requirements, etc., at one place, which make users to 
find any data at any time. 

Because it provides a digital basis and enterprise product record for a holistic 
product development and supply chain strategy, modern PLM software is fast 
rising and becoming increasingly vital for company transformation. When industry 
processes are matched with the latest PLM software on a single platform, it unifies 
the product value chain with integrated business planning and supply chain execu-
tion, allowing for faster innovations and better product design, manufacturing, 
maintenance, and support [14] (Table 3). 

In five case studies, industries used PLM software as follows (Table 4).

Table 3 List of vendors of PLM software and application to industries 

PLM software Vendor Industries 

Accolade Sopheon SME 

Agile advantage Oracle/Agile SME 

Aras innovator Aras Corp SME 

Arena PLM Arena Solutions SME 

Enovia Matrix One Dassault Systems Medium-large 

Enovia SmarTeam Dassault Systems SME 

BPMplus Ingennus SME 

ProductCenter SofTech SME 

SAP PLM SAP Medium-large 

TeamcenterEngg Siemens PLM Medium-large 

TeamcenterExpress Siemens PLM SME 

Think PLM Think3 SME 

Windchill PTC Medium-large 

Windchill On-Demand PTC SME 
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Table 4 List of PLM software and vendors of Industries 

Industry PLM software Vendors 

Foundry Teamcenter Siemens 

Power transformer Windchill PTC 

Aerospace Arena PLM Arena Solutions 

Fashion Agile advantage Oracle/Agile 

Automotive Think PLM Think 3 

2.2 Generalised Procedure of PLM Implementation 

PLM implementation in any industry is difficult and complex process. It requires both 
time and money to be invest while implementing. But, the advantages observed after 
implementing PLM were recover three to four times of money invested. According 
to case studies, we decided to provide a generalised map of PLM implementation 
in large and SMEs industries. It will provide basic idea, how to implement PLM 
in any industries/organisation. Implementation of PLM provided is a simple form 
which helps user to understand easily and can be implemented in any industry. It is 
observed that complete implementation of PLM in industry will be costlier process, 
so for SMEs it will not be affordable. SMEs can implement some part of PLM in 
major departments for improvement in certain areas of product lifecycle. There will 
be four stages of PLM implementation. 

2.2.1 Study 

Assign a project team with specialised members of all departments in industry. 
Identify the gaps in process flow of industries, problems and challenges facing in 
industries, what type of failures and reasons behind failures. Collect all the infor-
mation regarding size of data internal and external to company that we have to 
integrate in PLM. Data includes the hard documents, CAD designs, Bill of material, 
product information, manufacturing processes, etc. Study of all these factors will 
help to define goals of PLM implementation. Must do detailed analysis of produc-
tion processes involved in product lifecycle. Identify the customer needs and evaluate 
market demands. SMEs should select the areas properly because PLM process is 
costly and time-consuming. So, step by step upgradation within industry should be 
done (Fig. 4).

2.2.2 Plan 

Define the goals according to the collected data. Make a flowchart of how should 
the data or information flow within the company. Knowledge of PLM system should 
be provided to employees through workshop. Through workshop target particular
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Fig. 4 Overview of PLM 
implementation process

•Identify the issues 
•Collect the data from 
all the departments 

Study 

Plan 

•Select Strategies 
•Select PLM solution 
providers 

Selection 

•According to work or 
information flow 

•Test and Validate 
before actual worj 

Implementation 

groups within company to gather information about processes and workplaces [9] 
(for large enterprises). There are number of strategies of PLM can adopted by SMEs 
such as customisation of product, highest functionality products and services, value 
adding life cycle, lowest cost competitor, and fastest time to market [8]. Well, these 
strategies depend on market situation and available resources. For example, fastest 
time to market requires immediate commencement of projects, sharing of informa-
tion, simulation rather than trial and error and reusing for continuous improvement 
[15]. 

2.2.3 Selection 

In market, there are many PLM software vendors available. The purpose of PLM 
software vendors is to transform all the information related to product lifecycle into 
tangible or virtual knowledge [15]. PLM software selection can be done through 
presently in use CAD software vendors such as Creo CAD—Windchill PLM of 
PTC, NX CAD—Teamcenter PLM of Siemens and through identification of their
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needs (if someone don’t know how to identify needs, then assessing to PLM solutions 
is good way to select PLM software). 

2.2.4 Implementation 

The implementation of PLM should be done in accordance with the product building 
modules. Product modules in the power transformer industry, for example, are 
core, tank, equipment, cover, and conservator [8]. Implementation can also be done 
according to the flow of information within company. All the data gathered by groups 
and individuals should cater into PLM software. Install the software in company. 
But, after installing, user feedback is necessary. To maintain the security of data and 
designs of product, user login credentials must be generated. 

Testing and validation required on regular daily basis before hand overing the 
PLM system to the industry users. Training and workshops should be arranged to 
provide the information and knowledge to industry users for proper functioning of 
process. 

2.3 Results and Discussion for Benefits of PLM 

According to the literature and case studies, we find out the benefits of PLM imple-
mentation. In the need, we specify the challenges face by industries before PLM 
implementation in SMEs and large enterprises. During implementation, industries 
face difficulties of load of work over employees, time and money consumption, but 
after implementing they observed very good results. Table 5 defines the benefits of 
PLM implementation from the case studies and advantages of PLM technology over 
conventional technology.

Implementation of PLM provided enormous benefits to industry, and the cost of 
installation is very high. Overview of generalised procedure to be follow during PLM 
implementation is provided. Studies shown that during implementation, customisa-
tion is required such as in power transformer industry scripts have to create to read the 
product number in drawing by Creo, when information is transfer between Windchill 
and Creo. These customisations increase the cost of implementation, so special care 
should take to avoid customisation or replace it with new solution. It is advisable 
to SMEs strategies discussed in plan should follow during PLM implementation. 
Special care should be taken if PLM solution is based on the wed and open-source 
technologies because frequent changes in web technologies may affect the perfor-
mance of PLM software. PLM implementation achieved paper free usage which 
helps industries to as sustainable development by reducing cutting of trees required 
for paper.
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Table 5 Benefits and comparison of conventional and PLM technology 

Industry and characteristics Conventional technology PLM technology 

Foundry 

• Reduction in lead time – 4 h to place the order in 
person 

– 10 min to place order 
through mail 

• Easy generation of model – 5 h 2D drawing in paper – 1 h using CAD tool in PLM 

• Proper utilisation of 
organisational resources 

– 4 h to define a project and 
discussion 

– Through online discussion 

• Structural analysis and 
check 

– Time required based on 
experience 

– Using analysis tool within 
PLM 

• Improved quality – Good – Very good 

Power transformer 

• Reduction in design cycle 
time 

– Take  more  time – Reduced by 40% 

• Increase in overall product 
quality 

– More number of design 
errors 

– Less design errors 

Aerospace industry 

• Collaboration between 
departments 

– Less communication – Improve communication 

• Amount of paperwork – Too  much – Make paper free with digital 
tools 

• Security – Chances of data leakage – Highly secured data within 
the industry 

Fashion industry 

• Easy to reuse designs – Designs on paper difficult to 
find 

– Designs in PLM are easily 
accessible at any time 

• Decrease Communication 
gap 

– Data has to shared 
separately to vendors, 
employees, managers 

– Data is accessible to 
everyone 

• Data security – Less safe – Everyone has provided 
login and password 

Automotive industry 

• Automation – Semi automated – Complete automated 

• Product features for product 
development 

– Missing – Easily available 

• Use of designs – Difficult to search for reuse – Easily available

3 Conclusion 

On the basis of literature and case studies analysis we conclude that, PLM imple-
mentation will provide benefits to the industry which are working on conventional 
technologies. PLM helps industries to compete in global market, improve product
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quality, and meet customer demands on time. Most important benefit of PLM imple-
mentation in the era in which sustainability and recycling of product is old designs 
are easily accessible to everyone and easy to modify. It also reduces the paper work, 
which reduces cutting of trees. PLM implementation can be done in every depart-
ment from design of product to dispatching to the customer. To implement PLM in 
SMEs, case study of foundry is good reference. Due to Industrial fourth revolution or 
Industry 4.0, need of PLM implementation has been increased. Generalised frame-
work has been provided so that SMEs as well as multinational companies in either 
manufacturing sector or services sector can follow the steps which are explained. 

But, there some gaps identified during the study 

1. Adopting PLM in industry is very complex process. It consumes time as well as 
money. 

2. Common people don’t know the PLM, hence while implementing PLM there is 
a need of train the PLM to the workers of industry. 

3. Due to Industry 4.0, global industries are moving towards digitalisation to stay in 
competition and in PLM paper are replaced by online documents, manual work 
is replaced by automation, which arises new problem of unemployment at the 
worker’s stage. 

4. Complete adoption of PLM for small scale industries will be costly process. 

As observed benefits of PLM implementation, which helps industries to stay in 
competition in the situations like COVID-19 pandemic, future demands will be going 
to increase the PLM implementation. PLM implementation can never be complete 
in any industries, it is ongoing process with customisation of services. In this paper, 
only focused is on implementing PLM manufacturing industry, there is a need to 
have study in services provider industry. 
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Optimal Assembly Sequence Planning 
with Single-Stage Multiple-Component 
Feasibility: Industry 4.0 Perspective 

Chiranjibi Champatiray, M. V. A. Raju Bahubalendruni, I. Anil Kumar, 
R. N. Mahapatra, Debasisha Mishra, and B. B. Biswal 

Abstract The recent advances in manufacturing technologies give product design 
engineers the flexibility to model complex and intricate geometries, reducing the 
part count. It’s easier to assemble and less expensive when a product’s parts count is 
reduced, but creating a feasible assembly sequence for a revised product with different 
topologies requires careful consideration of many heuristics and attributes during the 
manufacturing process. This research proposed a novel assembly sequence planning 
(ASP) method for a given product, rapidly generating the feasible plan with minimum 
assembly levels. This method considers the possibility of assembling multiple parts at 
a single stage through various feasible directions, which promises reduced assembly 
time. The proposed method is tested on a fictitious product, and the solution is found 
to be more efficient than that obtained by current prominent methods. 

Keywords Assembly sequence planning (ASP) · Maximum liaison count ·
Multi-component feasibility · Multi-stage 

1 Introduction 

With advanced communication technologies for manufacturing applications, 
Industry 4.0 promotes automation and collaborative working culture [21]. Companies 
in the product manufacturing industries compete with one another to get their product 
into the market as quickly as possible. With the use of an appropriate assembly
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sequence, there is significant potential for time and cost savings during the assembly 
sequence [9, 10]. A large number of computational complexities and assembly 
heuristic considerations are involved in determining a feasible assembly sequence 
for a new product configuration [7, 18]. Several assemblies impose constraints on 
the data that must be considered in order to ensure that an assembly sequence is 
practical [4, 10–13]. The assembly constraints data provides information about the 
surface contact between the mating parts in the assembled state of the product and the 
geometrical feasibility of an assembly operation in a specified direction [6, 16, 22]. 
Several researchers have developed computer-aided methods to extract the assembly 
surface contacts through application program interfaces by performing the contact 
analysis [4, 6]. The Geometrical feasibility of appending a part to its assembled 
product in the presence of other primary parts can be verified through assembly inter-
ference relations with part moments; computer-aided programs have already been 
proposed to extract such relations along principal orthogonal axes and oblique orien-
tations [6, 16, 28]. Stability is one assembly valuable attribute for finding possible 
sub-assemblies [7]. Several researchers tried to find out feasible assembly sequences 
using the assembly constraints with the help of computational methods with assembly 
heuristics [1, 14, 15, 27]. These methods are highly time-consuming and cannot be 
implemented for large products with a more significant number of parts [2, 3, 19, 26]. 
These methods can often find a feasible solution rather than an optimal solution [27, 
29–31]. Searching techniques and optimization algorithms are so helpful in finding 
an optimal assembly sequence from a vast set of initial assembly space. Teaching 
learning-based optimization (TLBO), advanced immune optimization (AIO), simu-
lated annealing optimization (SAO), and particle swarm optimization (PSO) algo-
rithms are effective in finding an optimal feasible assembly sequence for a given 
product. However, the computational time was high for larger products [12, 13, 17, 
20, 24]. Few researchers try parallel ASP to find stable sub-assemblies during the 
ASP [5, 14, 23]. 

However, the preceding methods take into account one component at a single-
stage assembly operation in a specific direction and consume a significant amount 
of assembly time. To address the issues, a single-stage multi-component assembly 
(SSMCA) in multiple feasible directions has been proposed. 

2 Research Methods 

A list of valid assumptions is considered in the current ASP approach for 
simplification. 

1. All the components in the product are rigid; no change in size and shape is 
permitted during the assembly operation. 

2. The stability of the component in the assembly is not considered. 
3. The connectors (nuts and bolts, pins, and screws) are considered primary parts.
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4. The assembly process is considered the reverse of disassembly sequence planning 
to ease the geometrical feasibility testing. 

2.1 Initial Assembly Sequence Planning 

The proposed method is divided into two phases. First, the product’s liaison informa-
tion is used to determine the most interior part of being placed based on the concept 
of maximum liaison count. Second, once a part is assembled, the corresponding row 
and columns are deleted to create an updated liaison matrix based on the concept 
of geometric feasibility. The process is repeated till all the parts in the product are 
assembled. Figure 1 depicts a detailed procedure for generating the initial assembly 
sequence (IAS) plan. The proposed method is demonstrated by a 7-part hypothetic 
assembly model, as shown in Fig. 2. 

Table 1 shows the liaison matrix for the product, which includes the primary 
liaison (PL) count and secondary liaison (SL) count. Equations (1) and (2) can be 
used to calculate the PL and SL counts. 

PL(i ) = 
n∑

j=1 

l(i, j ) (1)

Fig. 1 Initial assembly 
sequence (IAS) plan 
generation method
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Fig. 2 An assembled 
product for implementation

Table 1 1st level configurations with PL and SL values 

1 2 3 4 5 6 7 PL SL 

1 0 1 0 1 0 1 0 3 6 

2 1 0 1 0 0 0 0 2 4 

3 0 1 0 0 0 0 0 1 2 

4 1 0 0 0 1 0 0 2 4 

5 0 0 0 1 0 0 0 1 2 

6 1 0 0 0 0 0 1 2 4 

7 0 0 0 0 0 1 0 1 2 

SL(i ) = 
n∑

j=1 

n∑

k=1 

l( j, k) l(i, j ) = 1 (2)  

2.1.1 Procedure to Generate Initial Assembly Sequence 

The IAS is generated using the maximum liaison count concept, which means that 
the part with the highest PL or SL value is chosen first. From Table 1, it can be seen 
that part 1 has the maximum PL value, and it has maximum liaisons with other parts 
of the assembly so that it can be identified as the base part or starting position of the 
IAS. To obtain the updated liaison matrix in IAS, the corresponding row and column 
of part 1 are removed. The next position in the IAS after position 1 (part-1) could be
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Table 2 2nd level configurations with PL and SL values 

2 3 4 5 6 7 PL SL 

2 0 1 0 0 0 0 1 1 

3 1 0 0 0 0 0 1 1 

4 0 0 0 1 0 0 1 1 

5 0 0 1 0 0 0 1 1 

6 0 0 0 0 0 1 1 1 

7 0 0 0 0 1 0 1 1 

2 or 3 or 4 or 5 or 6 or 7, so the 2nd position in the IAS can be determined using the 
maximum liaison count (PL and SL) concept. 

Table 2 shows the updated liaison matrix with PL and SL values, where part-2, 3, 
4, 5, 6, and 7 have the same PL values and must be compared to their respective SL 
values and the respective SL values are the same as well. The first part needs to be 
selected in this scenario, i.e., part-2 is selected as the IAS’s second position. 

Similarly, the next positions of IAS can be determined by using the preceding 
procedure, the IAS can be deduced as 1–2–4–6–3–5–7. The initial assembly sequence 
is further sent for sequence edition based on the geometric feasibility. 

2.2 Sequence Editing for Geometric Feasibility 

Geometric feasibility describes the possibility of appending a part in the presence of 
other parts in a specific direction. Suppose a part-i can be assembled in the presence of 
part-j in a specific direction, then part-i is feasible to disassemble from the assembled 
state in the opposite direction. Numerous methods exist for generating a geometric 
feasibility matrix for a given product. These methods typically involve assembly 
snapping and contact analysis between the parts [6, 8, 25, 28]. 

The IAS was validated in this section through the use of a sequence editing 
technique. Figure 3 depicts a flowchart of the procedure for editing sequences 
for geometric feasibility. The following steps provide more information on the 
procedure.

Step 1: 

The preliminary sequence is 1–2–4–6–3–5–7, as 1 is the base part; the other parts 
will be assembled after part-1. The geometrical feasibility must be considered to 
arrive at the following feasible positions. 

Figure 4 shows the parts and their feasible assembly direction that helps revise 
the IAS. As shown in Table 3, part-2, 4, 6, 3, 5, 7 can be assembled in the –Y, + 
X, −X, −Y, +X, and −X-direction, respectively. As a result, the positions of parts 4 
and 3 are swapped to make the sequence more geometrically feasible, and then the 
sequence is revised to 1–2–3–6–4–5–7.
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Fig. 3 Flow diagram of the 
sequence editing method

Fig. 4 Exploded view of the 
assembly model with 
feasible directions 

Table 3 Parts and their feasible directions 

Parts 2 4 6 3 5 7 

Directions −Y +X −X −Y +X −X
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Table 4 IAS and FAS 
representation 

IAS 1–2–4–6–3–5–7 

FAS 1–2–3–4–5–6–7 

Step 2: 

The input sequence for this step is 1–2–3–6–4–5–7. Because positions 2 and 3 have 
the same direction, the sequence correction begins at entry position 5. Position 4 
(part-6) can be assembled in the −X direction (refer Table 3) and part-4 in +X 
direction. So, positions 5 and 7 need to be interchanged, and write the corrected 
sequence as 1–2–3–6–7–5–4. 

Step 3: 

The input of this step is 1–2–3–6–7–5–4, and from the sequence editing concept, the 
revised sequence can be written as 1–2–3–6–7–4–5 by interchanging positions 6 and 
7. 

Following the proposed sequence editing rule, the final assembly sequence (FAS) 
can be written as 1–2–3–6–7–4–5 for simplicity, interchanging between part-4 and 
part-6, part-5, and part-7 can be done, and rewriting the FAS as 1–2–3–4–5–6–7. 

Table 4 shows how the IAS got revised after implementing the sequence editing 
rule and how geometric feasibility influences the IAS. 

3 Results and Discussions 

The applicability of the proposed model is verified by a hypothetical product depicted 
in Fig. 2. And, a feasible assembly sequence is generated. Recent methods were 
thoroughly examined and compared to the proposed method. The obtained results 
and comparative assessment are shown in Table 5.

According to Table 5, the concatenation method has 6 assembly levels, and the 
sub-assembly identification method has 4 assembly levels. So, it is evident that the 
proposed method can generate a feasible assembly sequence with a minimum number 
of assembly levels (two numbers) by considering multiple parts/subassemblies at a 
single stage along with multiple directions. 

4 Conclusion 

This article aims to generate an optimal assembly sequence using a novel SSMCA 
approach that offers parallel assembly operations to speed up the process by reducing 
the number of assembly levels and comparing the results to current methods.
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Table 5 Comparative assessment 

Method 
adopted/reference 

Assembly sequence with geometric feasibility No. of 
assembly 
levels 

Concatenation method 
[3] 

1← 2← 4← 6← 3← 5← 7 6 

Y− X+ X− Y− X+ X− 
L1 L2 L3 L4 L5 L6 

Sub-assembly 
identification method 
[19] 

1← (2–3)← (4–5)← (6–7) 4 

Y− X+ X− 
L2 L3 L4 

*L1 for sub-assembly generation 

Proposed method 1← Y− 2← 3 2 

X+ 4← 5 

X− 6← 7 

L2 L1

The procedure is presented on a hypothetical model, which can be extended to 
more extensive products with large parts to test the application in real-life industrial 
problems in an automated way. 
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An Inventory Model for Imperfect 
Production and Time Sensitive Selling 
Price 

Ruchi Sharma and G. S. Buttar 

Abstract In this article, an inventory model for a production unit with an uneven 
production rate and time sensitive selling cost has been considered. The considered 
production inventory model is accepted to make perfect items at commencement 
of production but owing to various factors, it starts producing defective items after 
some time and it increases exponentially by time, i.e., the uneven production rate 
has been considered. The demand is considered to be time dependent. Initially for a 
definite time, production rate is considered as constant, but eventually, due to different 
factors, production starts decreasing. Thus, the efficiency (E) of these units must be 
improved to get extra production which can sustain the production competence. In 
view of this fact, inverse efficiency λ is introduced in production rate. Using concepts 
of differential calculus, expected maximum profit has been determined. The purpose 
of the current investigation is to find the perfect arrangement for a production policy 
that increases the total benefit subject to certain limitations. Results are examined by 
means of a mathematical example to support the theory. 

Keywords Inventory optimization · Imperfect production · Mathematical 
modeling · Time sensitive selling price 

1 Introduction 

In manufacturing and trade activity, the inventory issues are usual components. In 
any manufacture inventory structure, vulnerabilities are generally associated with 
demand, crude materials availability, different relevant expenses, and life of the 
manufacturing amenities, appliance fixes and repairs time. At the point when these 
vulnerabilities are not important then, using old style “Economic Order Quantity” 
(EOQ) or “Economic Production Quantity” (EPQ) modeling, we can assessed these 
vulnerabilities.
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At the beginning when production is going on in a manufacturing plant, produc-
tion rate remain practically consistent up to certain time. Since all elements related 
with manufacturing are afresh, for example, all equipments are in good conditions, 
all workers are physically and mentally sound. At first up to definite time, production 
rate remains constant. But after a short time, owing to different factors, production 
will reduce. Thus, the efficiency (E) of these units must be improved to get extra 
production which can sustain the production competence. In view of this fact, inverse 
efficiency λ is introduced in production rate. Manufacture capacity of the manufac-
turing plants might suffer owing to these and shortcomings of skilled or unskilled 
manpower. Commonly, the manufacturing unit is considered as flexible to deliver in 
accordance with the demand. 

2 Research Background 

The purpose of this study is to find the expected optimum manufacturing time with 
the final goal of decreasing the overall cost per unit time. A lot of work has been 
done related to these issues and offered solutions accordingly. Teng and Chang [1] 
considered EPQ model of deteriorating item with cost and inventory. Hou [2] consid-
ered a model of inflation with shortages, stock dependent demand. Sana et al. [3] 
considered an EPQ model having trended demand with shortages and deterioration. 
Chakraborty et al. [4] considered an EPQ with machine collapse and corrosion. 
They considered precautionary and remedial maintenance, all together. An imper-
fect multi-product manufacturing system with uneven demand is investigated. The 
study proposes an optimal production policy to reduce the failure rate and energy 
consumption of the production system with an additional development cost Singh 
and Jain [5] considered an EPQ model with inflation and supplier credits. Sana [6] 
considered a model to evaluate the rate and consistency of product to maximize 
the profit. Chakraborty and Giri [7] proposed a model for vendor and buyer supply 
chain coordination and developed a screening after each replenishment to optimize 
the cost. Wang et al. [8] developed an EOQ model to optimize the function with 
defective quality stuff, and decision variables depend upon time interval. Li et al. [9] 
considered for random demand and remanufacturing yields to optimize the model. 
Marchi et al. [10] considered the learning outcome in power efficiency in manufac-
turing units. Thus, they projected a lot-sizing problem to demonstrate the relations 
between knowledge in production and energy competence directly and indirectly and 
also a suitable decision about the lot size quantity. Shamayleh et al. [11] proposed 
a replacement approach for retailers who is facing a time-varying demand for cold 
stored products. Jawla and Singh [12] took an EPQ model to analyze the conser-
vation innovation sway with machine failure by accepting multivariate interest rate 
with firm and fluffy circumstance. Pousoltan et al. [13] suggested an EPQ model by 
taking stochastic machine failure and fix time with stochastic crumbling items and 
they all talked about the complete expense correlation for various uptime. Be that as 
it may, potential connections between request parcel and quality are not examined in
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these investigations. Genuine frameworks for stock or creation control unavoidably 
view that as, for different reasons; got request parts incorporate deficient things. The 
standard reasons are defects underway, harm on the way, or both. Such faulty things 
will influence accessible stock levels, making deficiencies and requiring changes to 
the recurrence of orders. 

3 Assumptions Made for Proposed Model 

To show the planned model the accompanying assumptions have been utilized: 

(i) The demand is time subordinate and is given by α + β t, 0 <  β < 1, where 
β signifies the shape parameter and is a proportion of responsiveness of 
demand and α means the scale parameter. 

(ii) S: total set up cost, 
(iii) P.R.: production rate per unit time, 
(iv) I: inventory of the production, 
(v) T: total selling period, 
(vi) S.P.: producer selling cost per product, 
(vii) λ: inverse efficiency (choice variable), 
(viii) K: total production cost, 
(ix) h: holding cost per unit product per unit time, 
(x) R: total revenue, 
(xi) E: efficiency cost, 
(xii) H: total holding cost, 
(xiii) T.P.: total profit, 
(xiv) Ce: rate of efficiency cost, 
(xv) t1: time period of constant production, 
(xvi) t2: total production period, 
(xvii) Q1: inventory level at time t1, 
(xviii) Q2: inventory level at time t2, 

To satisfy the clients’ demand during the selling time frame T, a few efficiencies 
(E) of various factors in the framework must be expanded for additional manufac-
turing. Considering this reality in the manufacture inventory framework, production 
rate, PR, taken as a component of another variable λ identified as inverse efficiency, 
is planned as follows: 

PR = p, 0 ≤ t ≤ t1 
PR = pe(−λ(t−t1)) t1 ≤ t ≤ t2 

where λ = 
1 

E



294 R. Sharma and G. S. Buttar

The production will be halted after a specific time t2 so that the framework gives 
the ideal benefit fulfilling the clients’ all out demand. 

Our objective is to find time at which producer stop the production to get the 
maximum profit. However, after certain time, the quality of the items will be perished 
progressively regarding time up to the finish of production because of hardware flaw, 
absence of experts or the quality people for continual working, and so forth. In this 
way the selling cost S.P. of a thing has been assumed the premise of production time, 
as per the accompanying: 

S.P. = C 0 ≤ t ≤ t1 
S.P. = Cx  t1 ≤ t ≤ t2, 0 < x < 1 

4 Formulation of Mathematical Model for Proposed 
Inventory System 

Initially system produces perfect item, i.e., from time t = 0 to  t = t1. Production rate 
P remains constant. At t = t1 inventory level is Q1. After time t1 manufacture rate 
decreases exponentially and manufacturing stops at time t = t2. Inventory built up 
through the period [0, t2] to satisfy the demand. For the period of the period [t2, T ] 
stock slowly decreases and it depletes at the end of period t = T. Let  I be stock level 
at the time t, then differential equation of I is (Fig. 1). 

Fig. 1 Graphical illustration of planned model
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dI 

dt 
= P − (α + βt), 0 ≤ t ≤ t1 (1) 

dI 

dt 
= Pe−λ(t−t1) − (α + βt), t1 ≤ t ≤ t2 (2) 

dI 

dt 
= −(α + βt), t2 ≤ t ≤ T (3) 

Using the boundary condition 

I (0) = 0, I (t1) = Q1, I (t2) = Q2, I (T ) = 0 (4)  

Integration of the differential Eq. (1) for the interval [0, t] yields 

t∫

0 

dI = 
t∫

0 

[P − (α + βt)]dt 

or I (t) − I (0) = (P − α)t − 
βt2 

2 

with boundary condition I(t1) = Q1,we have, 

Q1 = (P − α)t1 − 
βt2 1 
2 

(5) 

Again, integration of the differential Eq. (2) for the interval [t1, t] yields 

t∫

t1 

dI = 
t∫

t1

[
Pe−λ(t−t1) − (α + βt)

]
dt 

I (t) − I (t1) =
[−Pe−λ(t−t1) 

λ
− αt − 

βt2 

2

]t 

t1 

Using the boundary condition I(t1) = Q1 and I(t2) = Q2 

Q2 = Q1 − 
Peλt1

(
e−λt2 − e−λt1

)
λ

− α(t2 − t1) − 
β
(
t2 2−t2 1

)
2 

(6) 

Also, performing integration of the differential Eq. (3) for the interval [t2, t], it is 
obtained that 

t∫

t2 

dI = 
t∫

t2 

−(α + βt)dt
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or I (t) − I (t2) = −α(t − t2) − 
β
(
t2 2−t2 1

)
2 

Using boundary condition I (T ) = 0 we have 

Q2 − α(T − t2) − 
β
(
T 2−−t2 2

)
2

= 0 (7)  

Using Eqs. (3), (4), and (5) the time t2 at which productions stop, is obtained as 
follows 

t2 = t1 − 
ln

[
1 + λt1 − 

λ
(
αT+ βT 2 

2

)
P

]

λ 
(8) 

Now the various costs related with the planned inventory method are production 
cost (K), setup cost (S), holding cost (H), and efficiency cost (E). 

The expressions for these costs are obtained as follows: 
Total holding cost “H”: 

H = h 
T∫

0 

I dt 

= h

[
(P − α)t2 1 

2
− 

βt3 1 
6 

+ Q1(t2 − t1) + 
P

(
e−λ(t2−t1) − 1

)
λ2

+ 
P(t2 − t1) 

λ 

− 
α(t2 2−t2 1 

2 
− 

β
(
t3 2 − t3 1

)
6

+ αt1(t2 − t1) + 
βt2 1 (t2 − t1) 

2
+ Q2(T − t2) 

− 
α
(
T 2 − t2 2

)
2

+ αt2(T − t2) − 
β
(
T 3 − t3 2

)
6

+ 
βt2 2 (T − t2) 

2

]
(9) 

And the efficiency cost “E” is obtained as: 

E = ce 

t2∫

t1 

Pe−λ(t−t1) dt = 
ce P

(
1 − e−λ(t2−t1)

)
λ 

. (10) 

Now total Revenue “R” obtained by selling all items to the customers at the rate 
of “p” per item is given by 

R = 
t1∫

0 

Pcdt + 
t2∫

t1 

Pxe−λ(t−t1) dt = Pct1 − 
Pxc

(
e−λ(t2−t1) − 1

)
λ 

(11)
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Therefore, total profit satisfying in the production inventory system is given by 

TP(λ, t2) = R − K − S − H − E 

TP(λ, t2) = Pct1 − 
Pxc

(
e−λ(t2−t1) − 1

)
λ

− K − S − h
[
(P − α)t2 1 

2
− 

βt3 1 
6 

+ Q1(t2 − t1) + 
P

(
e−λ(t2−t1) − 1

)
λ2

+ 
P(t2 − t1) 

λ
− 

α(t2 2−t2 1 
2 

− 
β
(
t3 2 − t3 1

)
6

+ αt1(t2 − t1) + 
βt2 1 (t2 − t1) 

2
+ Q2(T − t2) 

− 
α
(
T 2 − t2 2

)
2

+ αt2(T − t2)− 
β
(
T 3 − t3 2

)
6

+ 
βt2 2 (T − t2) 

2

]

− 
ce P

(
1 − e−λ(t2−t1)

)
λ 

(12) 

This equation represents the required deterministic profit function for time 
dependent demand. 

5 Procedure for Optimal Result 

Our purpose is to establish the optimal value of t2, so that total profit (TP) can be 
maximized. The basic condition for TP to be maximum is d(TP) 

dt2 
= 0 and d2TP 

dt2 2 
< 0 

Now 
d2 T P  

dt2 2 
= 

d2 R 

dt2 2 
− 

d2 K 

dt2 2 
− 

d2 S 

dt2 2 
− 

d2 H 

dt2 2 
− 

d2 E 

dt2 2 

Since 
dt1 
dt2 

= 1 + 
1 −

(
α+βT 

P

)
dT 
dt2 

λt1 − 
λ
(
αT + βT 2 

2

)
P 

Therefore 
d2 R 

dt2 2 
= 

d2 K 

dt2 2 
= 

d2 S 

dt2 2 
= 0 

This gives 
d2 TP 

dt2 2 
= −  

d2 H 

dt2 2 
− 

d2 E 

dt2 2 

This has a negative value. Hence d
2TP 
dt2 2 

< 0.
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6 Numerical Example 

During the time (3 months) of harvesting season, people groups have a lot of cash 
and after that their income steadily diminishes. Based on this data organization has 
chosen to fix a consistent and high selling cost during the interim 3 months and 
afterward selling cost is decreased to 50%. 

Here, 

p = 200; α = 20; t1 = 0.4; C = 40; h = 1; Ce = 2; S = 90; X = 0.5. 

Table 1 depicts the effect of responsiveness of demand on total production period, 
total selling period, inverse efficiency, and total profit. 

Figure 2 shows the variation in revenue R (Y-axis) with change in production time 
t2 (X-axis) (when the production stops). 

Table 1 Effect of β on t2, T , λ,  and T.P. 
β 0.2 0.4 0.6 0.8 

t2 0.933199 0.9786 1.0247 1.0718 

T 8.933199 8.98 9.025 9.0718 

λ 5.6264 5.1849 4.8023 4.4656 

T.P. 1408.9211 1193.6542 1097.6440 1002.3530 

1.0 1.1 1.2 1.3 1.4 1.5 

3880 

3890 

3900 

3910 

Fig. 2 Variation in R with t2
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Figure 3 shows the variation of total production period with respect to responsive-
ness of demand. The total production period increases with increase in responsiveness 
of demand. 

Figure 4 shows the variation of total selling period and inverse efficiency with 
respect to responsiveness of demand. The total selling period also increases with 
increase in responsiveness of demand, whereas the inverse efficiency decreases. 
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Fig. 3 Effect of responsiveness of demand on total production period 
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Fig. 4 Effect of responsiveness of demand on total selling period and inverse efficiency
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Fig. 5 Effect of responsiveness of demand on total profit 

Figure 5 shows the increase in total profit with respect to responsiveness of 
demand. It can be seen from the graph that total profit increases with increase in 
responsiveness of demand. 

7 Observations 

• As responsiveness of demand, β, increases, inventory level increases, and the time 
at which the production stops also increases. 

• The higher value of responsiveness of demand, β, leads to a decrease in inverse 
efficiency, i.e., efficiency increases. 

• As responsiveness of demand, β, increases, total profit also increases. 

8 Conclusion 

During the time (3 months) of harvesting people groups have a lot of cash and after 
that their income steadily diminishes. Based on this data organization has preferred to 
stick to a consistent and elevated selling cost (40$) through the interim 3 months and 
afterward selling cost is lowered to 50%. At the beginning of production all machinery 
and other associated assets for manufacturing are in good condition, henceforth 
organization considers delivering the things at the rate 200 every 3 months and 
past time interim of 3 months there may be deficiency in the machine differently,
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so manufacturing by machines will be diminished exponentially. In the event that 
such circumstance emerges, at that point to satisfy the clients’ complete demand 
organization wants to expand production by augmenting the effectiveness of the 
machine. Henceforth, under these conditions the normal most extreme benefit from 
the trade judgment the ideal productivity of the machine and ideal time up to which 
production proceeds was calculated by taking a particular case. 

The following are the finding of the case discussed: 

1. The organization is selling its products in accordance with customer demand as 
well as their pocket. 

2. By applying the extra efficiency, the organization is getting profit even if their 
production is exponentially decreasing. 

3. Their work is going on in all the seasons. 
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RIM-Based Performance Evaluation 
of DLC Coating Under Conflicting 
Environment 

Saptarshi Das, Bijan Sarkar, and Vidyapati Kumar 

Abstract A coating is a layer of materials that shields a vital machine component 
from wear and tear or a severe impact. As a consequence, selecting the right coating 
material extends the life of machine components. The coating, which has diamond-
like and amorphous features in nature, has several uses in aerospace, automotive, 
electronics, and other industries. In this work, a research study is undertaken to 
choose the suitable diamond-like carbon (DLC) coating material on steel utilizing 
the novel Reference ideal method (RIM). Six criteria were selected based on their 
mechanical and tribological qualities, and a ranking was performed to determine the 
utmost suitable alternative. The sensitivity analysis was carried out in the later phase 
to see how the outcomes changed when subjected to different variations. Following 
the investigation, it was discovered that ZR-DLC-H coating is the best alternative 
available and should be used in the industrial surroundings. Furthermore, the analysis 
outlined in this article will help the process engineer throughout the selection process 
in the future. 

Keywords Coating selection · Diamond-like carbon (DLC) · Reference ideal 
method · Sensitivity analysis 

1 Introduction 

Effective material selection for every operation is currently a hard job for any industry 
since it is the basis of engineering design [1]. Because of resource constraints, 
material selection is critical, requiring the use of effective selection methods while
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focusing on required procedures, range of applications, and other scientific and 
economic factors [3]. In these situations, multi-criteria decision making (MCDM) is 
a useful method for determining the suitable materials from the different options by 
taking into account several factors. 

The primary goal of this article is to investigate the most superior coating mate-
rials from different alternatives. A coating is a layer of material that is usually applied 
to the surface of a base material in order to enhance the mechanical and tribological 
characteristics of the surface [4]. It adds oxidation, corrosion resistance, wear resis-
tance, and thermal insulation to the base metal [6]. When selecting among a variety 
of coating materials, the decision maker must evaluate factors such as Mechanical, 
Thermal, Chemical, Environmental, and cost [18]. 

Because of the adoption of various clean and green manufacturing concepts, the 
use of lubricant has been drastically reduced, and the new trend in the manufacturing 
sector is to adapt solid lubricant coatings, which allow the contacting surfaces to 
graze against each other with reduced friction and wear. In this situation, diamond-
like carbon coating (DLC) is a dominating competitor in the area of solid lubricant 
coatings [22]. Diamond-like carbon coatings have minimal friction, high wear resis-
tance, and high hardness. In mechanical engineering, reduced friction is linked with 
lower energy loss, greater dependability, and better wear resistance [21]. It outper-
forms traditional nitride coatings such as TiN, CrN, and others due to its reduced 
friction and better wear resistance. Because of its excellent tribological characteris-
tics, it is useful in a variety of sectors such as automobiles, aerospace, textiles, and 
mechanical equipment [26, 28]. 

The basic criteria, which have to take into consideration during the selection of 
most desirable coating materials are Hardness (H), Young’s Modulus (E), Critical 
load (N), Co-efficient of friction (μ), H/E ratio, H3/E2 ratio. In actual practice H/E 
ratio is the indices of plastic deformation and H3/E2 ratio indicate wear resistance 
[8]. 

In this paper, the most effective finding has been done through the application of 
MCDM technique. During material selection, the DM employs a variety of MCDM 
methods. In this study, a common method known as the Reference Ideal Method 
(RIM) was used for calculation, and sensitivity analysis was also performed to 
determine the superiority of one criterion over the others. 

2 Literature Review 

The MCDM application has been successfully applied in the past for various appli-
cations such as best advanced machining process selection, response optimization, 
and finding the optimal parametric combinations. Anojkumar et al. [1] conducted 
a comparison of MCDM techniques for pipe material selection in the sugar sector. 
FAHP-TOPSIS, FAHP-VIKOR, FAHP-ELECTRE, and FAHP-PROMTHEE were 
used to choose the best option among the different materials. Girubha and Vinodh 
[14] used fuzzy VIKOR in conjunction with environmental impact analysis to choose
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a material for an automobile component. Using the MCDM method, Çalışkan [6] 
selected boron-based tribological hard coatings. For selecting the optimum coating 
material for cutting tools, the EXPROM2, TOPSIS, and VIKOR techniques are 
employed. Prasad et al. [27] used the Fuzzy AHP-TOPSIS technique to choose 
a coating material for a magnesium alloy. Athanasopoulos et al. [2] presented a 
fuzzy logic and MCDM-based decision support system for coating material selection. 
Chauhan and Vaish [11] used multi-criteria decision making to specify hard coating 
material selection. To choose hard coating materials, material selection charts (Ashby 
method) were utilized. Pathan et al. [25] use the MCDM method to choose a coating 
material for AISI 4140 steel. In MCDM, Cables et al. [4] developed the Reference 
ideal method (RIM). In this article, the notion of “ideal solution” is given as a poten-
tial alternative. For addressing machining problems, Sofuoğlu [31] proposed the 
Hybridizing Taguchi Algorithm with Reference Ideal Method. During the weight 
calculation of the criterion, Hafezalkotob and Hafezalkotob [15] has establish an 
extended MULTIMOORA method based on Shannon entropy concept in order to 
tackle materials selection process. Entropy concept has been considered for assigning 
relative importance to decision making attributes. Likewise, Delgado and Reyes [12] 
has been chosen entropy method for assigning weights of the criterion while selecting 
best alternative plants as food for livestock. For conducting the sensitivity analysis 
Li et al. [22] assess the water quality using TOPSIS method. The sensitivity of 
TOPSIS to the parameter weights was discussed in detail. The MCDM applica-
tion has been successfully applied in the past for various applications such as best 
advanced machining process selection [8, 9, 18, 30], response optimization [7, 17, 
19], and finding the optimal parametric combinations. 

Following a study of previous studies, a novel strategy with the application of the 
Reference ideal technique in the area of coating material selection with the assistance 
of expert opinion is suggested in this article. Six options from the realm of diamond-
like carbon coating on steel as a base metal have been considered. Shannon’s Entropy 
technique was used to determine the relative weightage of the criterion. Following 
the completion of the computation, a sensitivity analysis was performed to determine 
the relative significance of each option in relation to others. 

3 Methodology 

3.1 Shannon Entropy Method for Weight Calculation 
of Each Criterion 

This is a very effective mathematical model for calculating weightage of alternatives 
of an MCDM problem. It has an application on numerous fields. The concept of 
Shannon entropy used to measure the contrast among criteria, which is used for 
decision making. The steps associated with this method are shown below.
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Step 1: Normalization of Decision Matrix Z = {xij; i  = 1, 2, … m; j = 1, 2, … n} 
for each criterion Cj. The normalized values pij can be evaluated as 

pi j  = xi j
∑m 

i=1 xi j  
(1) 

Step 2: Calculation of Entropy value Hj for each criterion Cj. 

Hj = −k 
m∑

i=1 

pi j  ln pi j (2) 

where k = 1/ln (m) 

Step 3: Evaluation of degree of divergence, dj of each criterion Cj 

d j = 1 − Hj (3) 

Step 4: Calculation of weight, wj of each criterion 

w j = d j
∑n 

j=1 d j 
(4) 

3.2 Reference Ideal Method (RIM) 

This method was proposed by Cables Pérez and other associates [4, 5]. This method, 
criterion for DM established the reference point for accessing the attribute of each 
alternative. However, this is not necessary for each criterion to be associated with the 
same field or belongs to same range. The steps associated with the Reference ideal 
method (RIM) are: 

Step 1: Prescribe the work context. It identifies the following aspects for each 
criterion. 

• The range, tj 
• The reference ideal sj 
• The weightage with respect to each criterion, wj. This can be evaluated using 

Shannon’s Entropy method.
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Step 2: Construction of decision matrix, X. 

X = 

⎡ 

⎢ 
⎢ 
⎢ 
⎣ 

x11 x12 . . .  x1n 
x21 x22 . . .  x2n 
... 

... 
... 

xm1 xm2 . . .  xmn 

⎤ 

⎥ 
⎥ 
⎥ 
⎦ 

, 

i = 1, 2, 3 . . .  m(Alternatives); j = 1, 2, 3 . . .  n(Criteria) (5) 

Step 3: Normalization of the decision matrix X with reference ideal, where the basic 
equation used to evaluate the normalized value of each element of decision matrix 
using Range and reference ideal are as follows: 

f (x, [A, B], [C, D]) = 

⎡ 

⎢ 
⎣ 
1 When, x ∈ [C, D] 
1 − d min(x,[C,D]) 

|A−C | When, x ∈ [A, C] and A /= C 
1 − d min(x,[C,D] 

|D−B| When, x ∈ [D, B] and D /= B 

⎤ 

⎥ 
⎦ (6) 

where 
[A, B] Indicate the entire range which belongs to the universe of discourse 
[C, D] Indicate the Reference ideal 

x ∈ [A, B] 

[C, D] ⊂ [A, B] these two conditions must be satisfied. 

Step 4: To find out the weighted normalized decision matrix, Y. It can be constructed 
by multiplying it with the calculated weightage. In this presentation, the weightage 
has been done by Shannon Entropy method. 

[Y = X × W ] (7) 

Step 5: Calculation of variation of normalized reference ideal for each alternative: 

• For positive reference ideal, 

I + 
i = 

|
|
|
|

n∑

j=1 

(yi j ' − w j)2 (8) 

• For negative reference ideal, 

I − 
i = 

|
|
|
|

n∑

j=1 

(yi j ')2 (9)
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where i = 1, 2, 3 … m (Alternatives); j = 1, 2, 3 … n (Criteria) 
yij': Weighted normalized matrix values 
wj: Weight values 

Step 6: Find out relative index of each alternative A through expression 

Ri = I − 
i 

I + 
i + I − 

i 

(10) 

where 0 < Ri < 1;  i = 1, 2 … m 

Step 7: Rank the alternatives on the basis of relative index. 
After performing the MCDM calculation the sensitivity analysis has to be 

performed and we can find the variation of criterion against each alternative while 
changing the assign weightage of the criteria. It is discussed in detail at result and 
discussion. Moreover, in industrial application this research work will be a beneficial 
for selection of tribological coating materials (Fig. 1).

4 Case Studies 

After going through a number of previous research [10, 12–16, 20, 23, 24, 29] the  
factors which are most effective in order to differentiate the DLC coating are, Hard-
ness (H), Young’s Modulus (E), Critical load (N), Co-efficient of friction (μ), H/E 
ratio, H3/E2 ratio. Out of the six criterion, co-efficient of friction is the tribological 
factor, and rest of those are Mechanical criteria. The criterion except co-efficient of 
friction is favorable criterion, i.e., more the value will give better result. Six numbers 
of alternatives have been taken for the case study namely, DLC-H, ZR-DLC, ZR-
DLC-H, Ti-DLC, Si-DLC, and W-DLC [32–36]. And based on reference papers, the 
decision matrix has been constructed as below (Table 1).

The results obtain from the calculation of the research work has shown below. 
Weightage of the criterion obtain from the Entropy method has shown below (Table 
2).

After the estimation of the weightage, the steps associated with the RIM has 
been adopted as shown from Eqs. 5 to 10. But before the adaptation of those steps, 
the ranges and reference ideal values of different criterion have to be identified. In 
this regard, the values have been chosen with the help of the expert from industry 
and academic background. The values of the ranges and the reference ideals of the 
selected criterion tabulated below (Table 3).

While conducting the calculation using the RIM method, the normalized decision 
matrix was formed using the Step 3 of the RIM analysis which is tabulated below 
(Table 4).

After getting the values of normalized decision matrix, the weighted normalized 
form has been evaluated by following the step 4 and after that step 5 and step 6 are
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Diamond like carbon coating (DLC) materials selection on steel substrate 

Literature Review 

Identify the most imortant criteria for calculation 

Selection of suitable alternatives 

collection of data based on criterion from alternatives 

construction of Decion Matrix 

Weightage calculation using Entropy Method 

Assesment of coating materials using Reference ideal Method (RIM) 

Rank the alternatives based on result from RIM 

Sensitivity analysis by varing the weightage and observe the outcome  

Fig. 1 Research methodology

Table 1 Decision matrix 

Alternatives Criteria 

E (GPA) (+) H (GPA) (+) H/E (+) H3/E2 (+) Critical load 
(N) (+)  

Co-efficient 
of friction (μ) 
(−) 

DLC-H 89 10.1 0.113 0.130 22 0.20 

ZR-DLC 102 8.8 0.086 0.066 42 0.10 

ZR-DLC-H 116 13.3 0.115 0.175 35 0.06 

Ti-DLC 106 12.9 0.122 0.191 28 0.25 

Si-DLC 175 20 0.145 0.420 50 0.05 

W-DLC 120 12 0.100 0.120 26 0.30
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Table 2 Weightage of the criterion 

Criteria E (GPA) 
(w1) 

H (GPA) 
(w2) 

H/E (w3) H3/E2 (w4) Critical load 
(w5) 

Co-efficient 
of friction 
(w6) 

Weightage 0.128512 0.136391 0.119764 0.230086 0.139526 0.245721

Table 3 Ranges and 
reference ideals of the 
criterion 

Criteria Range Reference ideal 

E (GPA) 62–213 150–170 

H (GPA) 7–30 18–22 

H/E 0.032–0.484 0.075–0.20 

H3/E2 0.0075–7.02 0.01–0.5 

Crit. load 20–50 30–35 

Co eff of friction 0.02–0.4 0.05–0.15

Table 4 Normalized decision matrix 

Alternatives Criteria 

E (GPA) H (GPA) H/E H3/E2 Critical load (N) Co-efficient of friction 
(μ) 

DLC-H 0.307 0.273 1 1 0.2 0.8 

ZR-DLC 0.455 0.182 1 1 0.533 1 

ZR-DLC-H 0.613 0.545 1 1 1 1 

Ti-DLC 0.5 0.545 1 1 0.8 0.6 

Si-DLC 0.884 1 1 1 0 1 

W-DLC 0.659 0.454 1 1 0.6 0.4

evaluated in order to find out the relative index of all alternatives. The results are 
shown in Table 5. 

Finally, the rank of the alternatives has been given based on the relative index 
score. From the above case studies, it is clearly seen that the “ZR-DLC-H” has 
qualified with the top score and shown its dominance over the other alternatives 
(Fig. 2; Table 6).

Table 5 Alternative wise relative index values 

Alternatives DLC-H ZR-DLC ZR-DLC-H Ti-DLC Si-DLC W-DLC 

Relative index 
score 

0.64700444 0.71596 0.833659014 0.710675 0.739802 0.631561 
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DLC-H ZR-DLC ZR-DLC-H Ti-DLC Si-DLC W-DLC 
RIM 5 3 1 4 2 6  
TOPSIS 5 3 2 4 1 6  
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Comparative Rankings 

Fig. 2 Comparative rankings of various MCDM techniques 

Table 6 Ranks of the alternatives 

Alternatives DLC-H ZR-DLC ZR-DLC-H Ti-DLC Si-DLC W-DLC 

RIM score 5 3 1 4 2 6 

TOPSIS score [8] 5 3 2 4 1 6 

5 Result and Discussion 

The sensitivity analysis has been performed once the findings have been calculated. 
In this study, the analysis was performed by varying the weights of the criterion and 
observing the feedback of the outcome as the weights were changed. Suppose one 
weightage of a criterion change from wp to wp* where w = 1, 2, … n. wp* = γ pwp, 
where γ p known as initial variation ratio. But one thing we should notice that the 
sum of weight of all the criterion under an alternative should be equal to 1. Due to 
change of weight of one criterion will affect the remaining criterion. From the above 
conclusion, the new weight of each criterion can be represented as: 

w'
1 =

w1 

w1 + w2 + . . . w∗
p + . . . wn 

= w1 

1 + (
γp − 1

)
wp 

w'
2 =

w2 

w1 + w2 + . . . w∗
p + . . . wn 

= w2 

1 + (
γp − 1

)
wp 

... 

w'
p =

w∗
p 

w1 + w2 + . . . w∗
p + . . . wn 

= γpwp 

1 + (
γp − 1

)
wp 

...
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w'
n =

wn 

w1 + w2 + . . . w∗
p + . . . wn 

= wn 

1 + (
γp − 1

)
wp 

(11) 

Values of γ p can be obtained by: 

γp = 
βp − βpwp 

1 − βpwp 
(12) 

The term 
w'

p 

wp 
can be represented by βp which is known as unitary variation ratio. 

These values are generally designed according to the number of results the user want 
to calculate. Any change associated with the βp value will change the weightage 
of a certain criteria. And due to that it will affect the other criterion, which can be 
calculate using Eq. 11. The change associated with the weightage will influence the 
entire MCDM method as the weightage normalized matrix will be shifted from its 
initial value. Finally, it will influence the overall rankings of the alternatives due to 
change of relative index values. In the case studies the unitary variation ratio is taken 
in ten intervals, e.g., 0.1, 0.3, 0.5, 0.7, 0.9, 1.1, 1.3, 1.5, 1.7, and 1.9. Now from Table 
2, we have taken the weightage of hardness values to observe the effect of change 
on the other criterion while varying the unitary variation ratio. The details values of 
weightage of all other criterion, corresponding to hardness criterion with respect to 
each value of unitary ratio are shown in Table 7. 

After calculating the weightage of the criterion, the RIM analysis conducted 
further in order to calculate relative index of each alternative while varying the 
unitary variation ratio and tabulated in Table 8.

The Relative index Versus Unitary variation ratio graph was produced based on 
the sensitivity analysis to examine the change of the relative index of the alternatives 
when the weightage of the criteria was modified. The sensitivity analysis graph based 
on hardness criterion has been shown in Fig. 3.

Table 7 Weightage values of other criterion with respect to Hardness criterion 

β2 γ 2 w2* w1
' w2

' w3
' w4

' w5
' w6

'

0.1 0.0875551 0.011942 0.146779 0.013639 0.136787 0.26279 0.159358 0.280647 

0.3 0.270136 0.036844 0.14272 0.040917 0.133004 0.255523 0.154951 0.272886 

0.5 0.4634068 0.063204 0.138661 0.068195 0.129221 0.248255 0.150544 0.265124 

0.7 0.6683348 0.091155 0.134601 0.095473 0.125438 0.240987 0.146137 0.257363 

0.9 0.8860072 0.120843 0.130542 0.122752 0.121655 0.23372 0.14173 0.249601 

1.1 1.1176512 0.152437 0.126483 0.15003 0.117872 0.226452 0.137323 0.24184 

1.3 1.3646565 0.186126 0.122424 0.177308 0.11409 0.219185 0.132915 0.234079 

1.5 1.6286035 0.222126 0.118364 0.204586 0.110307 0.211917 0.128508 0.226317 

1.7 1.9112972 0.260683 0.114305 0.231864 0.106524 0.20465 0.124101 0.218556 

1.9 2.2148082 0.302079 0.110246 0.259142 0.102741 0.197382 0.119694 0.210795 
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Table 8 Relative index values of each alternative based on hardness criterion 

Unitary variation ratio Alternatives 

DLC-H ZR-DLC ZR-DLC-H Ti-DLC Si-DLC W-DLC 

0.1 0.68507 0.79355 0.88672 0.72902 0.72776 0.64835 

0.3 0.68217 0.78659 0.88195 0.72766 0.72861 0.64714 

0.5 0.67609 0.77276 0.87249 0.72481 0.73043 0.64455 

0.7 0.66676 0.75311 0.85906 0.72035 0.73332 0.64049 

0.9 0.65430 0.72912 0.84266 0.71428 0.73734 0.63491 

1.1 0.63906 0.70224 0.82426 0.70670 0.74255 0.62785 

1.3 0.62149 0.67365 0.80464 0.69778 0.74894 0.61941 

1.5 0.60211 0.64422 0.78442 0.68778 0.75643 0.60978 

1.7 0.58145 0.61456 0.76408 0.67699 0.76494 0.59922 

1.9 0.56000 0.58511 0.74399 0.66573 0.77433 0.58799
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Fig. 3 Sensitivity analysis for hardness (H) 

Similarly, the relative index values are provided in Table 9, and Fig. 4 illustrates 
the graph plot of the remaining criteria while conducting the sensitivity analysis 
(Figs. 5, 6, 7 and 8; Tables 10, 11, 12 and 13).

6 Conclusion 

With the growth of industrialization, the major purpose of each component’s design 
is to reduce wear and friction between mating components in order to extend the 
component’s lifespan. Coating, as a consequence, is a crucial treatment. This article 
focused on a coating (DLC) with several industrial uses. RIM is a selection process 
that assists in selecting the best solutions according on the designer’s preferences. To
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Table 9 Relative index values of each alternative based on young modulus criterion 

Unitary variation ratio Alternatives 

DLC-H ZR-DLC ZR-DLC-H Ti-DLC Si-DLC W-DLC 

0.1 0.67629 0.73879 0.86266 0.73217 0.73275 0.62957 

0.3 0.67409 0.73709 0.86035 0.73057 0.73325 0.62971 

0.5 0.66949 0.73353 0.85558 0.72719 0.73430 0.63001 

0.7 0.66235 0.72798 0.84841 0.72196 0.73599 0.63049 

0.9 0.65272 0.72045 0.83905 0.71488 0.73835 0.63116 

1.1 0.64074 0.71102 0.82786 0.70606 0.74144 0.63202 

1.3 0.62668 0.69988 0.81527 0.69572 0.74526 0.63307 

1.5 0.61090 0.68729 0.80168 0.68413 0.74982 0.63430 

1.7 0.59378 0.67354 0.78750 0.67162 0.75509 0.63569 

1.9 0.57570 0.65896 0.77306 0.65851 0.76101 0.63721 
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Fig. 4 Sensitivity analysis for young modulus (E)

choose the most desired material, the designer or experts must provide the range and 
reference ideal values based on their specifications. The results of this investigation 
reveal that Si-DLC beats all other alternative coatings. Except for Hardness, the rela-
tive index did not change much throughout the calculation. Although the SI-DLC 
is one of the most reliable techniques, TOPSIS ranks it as one of the alternatives. 
However, when the values are evaluated using RIM, the ZR-DLC-H comes in first 
position based on the range of reference ideal values provided by the experts. Further-
more, this strategy is a little bit customer-focused. Sensitivity analysis demonstrates 
that the ZR-DLC-H outperforms the others. As a consequence, it can be concluded 
that this decision making process is beneficial to enterprises in order to choose the 
best and most sought resources.



RIM-Based Performance Evaluation ofDLCCoatingUnder Conflicting… 315

Fig. 5 Sensitivity analysis for H/E ratio 
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Fig. 6 Sensitivity analysis for H3/E2 ratio
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Fig. 7 Sensitivity analysis for critical load (N) 
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Fig. 8 Sensitivity analysis for co-efficient of friction (μ)
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Table 10 Relative index values of each alternative based on H/E ratio 

Unitary variation ratio Alternatives 

DLC-H ZR-DLC ZR-DLC-H Ti-DLC Si-DLC W-DLC 

0.1 0.63097 0.70470 0.82705 0.69639 0.73069 0.61248 

0.3 0.63214 0.70551 0.82752 0.69743 0.73134 0.61389 

0.5 0.63461 0.70722 0.82853 0.69963 0.73272 0.61684 

0.7 0.63847 0.70993 0.83011 0.70308 0.73490 0.62146 

0.9 0.64379 0.71368 0.83232 0.70782 0.73794 0.62777 

1.1 0.65058 0.71851 0.83516 0.71385 0.74189 0.63576 

1.3 0.65878 0.72441 0.83865 0.72110 0.74674 0.64530 

1.5 0.66828 0.73133 0.84276 0.72949 0.75248 0.65624 

1.7 0.67893 0.73921 0.84744 0.73884 0.75908 0.66836 

1.9 0.69056 0.74792 0.85264 0.74901 0.76645 0.68142 

Table 11 Relative index values of each alternative based on H3/E2 ratio 

Unitary variation ratio Alternatives 

DLC-H ZR-DLC ZR-DLC-H Ti-DLC Si-DLC W-DLC 

0.1 0.56933 0.66435 0.80387 0.64061 0.69937 0.53374 

0.3 0.57546 0.66814 0.80601 0.64621 0.70221 0.54205 

0.5 0.58845 0.67633 0.81066 0.65805 0.70844 0.55926 

0.7 0.60806 0.68913 0.81800 0.67581 0.71835 0.58434 

0.9 0.63305 0.70614 0.82789 0.69824 0.73185 0.61498 

1.1 0.66162 0.72647 0.83987 0.72361 0.74844 0.64858 

1.3 0.69194 0.74896 0.85327 0.75021 0.76734 0.68297 

1.5 0.72255 0.77246 0.86738 0.77670 0.78764 0.71662 

1.7 0.75239 0.79602 0.88159 0.80217 0.80848 0.74864 

1.9 0.78084 0.81895 0.89541 0.82612 0.82916 0.77859
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Table 12 Relative index values of each alternative based on critical load (N) 

Unitary variation ratio Alternatives 

DLC-H ZR-DLC ZR-DLC-H Ti-DLC Si-DLC W-DLC 

0.1 0.69856 0.73353 0.82447 0.70289 0.95398 0.63440 

0.3 0.69447 0.73226 0.82512 0.70345 0.90797 0.63420 

0.5 0.68600 0.72955 0.82652 0.70463 0.85763 0.63377 

0.7 0.67323 0.72530 0.82872 0.70650 0.80879 0.63309 

0.9 0.65658 0.71946 0.83179 0.70910 0.76221 0.63214 

1.1 0.63672 0.71208 0.83574 0.71243 0.71797 0.63092 

1.3 0.61443 0.70328 0.84054 0.71648 0.67597 0.62944 

1.5 0.59045 0.69327 0.84613 0.72116 0.63610 0.62772 

1.7 0.56543 0.68229 0.85241 0.72637 0.59820 0.62581 

1.9 0.53993 0.67064 0.85926 0.73199 0.56214 0.62376 

Table 13 Relative index values of each alternative based on co-efficient of friction (μ) 

Unitary variation ratio Alternatives 

DLC-H ZR-DLC ZR-DLC-H Ti-DLC Si-DLC W-DLC 

0.1 0.60551 0.65406 0.79811 0.76114 0.69174 0.73842 

0.3 0.60842 0.65870 0.80070 0.75710 0.69516 0.72891 

0.5 0.61483 0.66872 0.80634 0.74852 0.70266 0.70950 

0.7 0.62505 0.68422 0.81518 0.73563 0.71452 0.68188 

0.9 0.63891 0.70446 0.82691 0.71949 0.73050 0.64901 

1.1 0.65572 0.72812 0.84085 0.70163 0.74981 0.61389 

1.3 0.67444 0.75367 0.85609 0.68361 0.77137 0.57899 

1.5 0.69386 0.77975 0.87177 0.66672 0.79404 0.54608 

1.7 0.71284 0.80534 0.88720 0.65177 0.81684 0.51629 

1.9 0.73049 0.82977 0.90192 0.63914 0.83905 0.49028
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COMSOL Simulation to Predict 
the Thickness of Material Removed 
from Surface During Electropolishing 

Abhinav Kumar, Manjesh Kumar, H. N. S. Yadav, and Manas Das 

Abstract Electropolishing (EP) is a non-traditional polishing method which is 
governed by Faraday’s law of electrolysis. An experimental setup is design and 
developed to perform the EP of maraging steel. EP removes some layers of material 
from the surface to achieve a mirror finish polish surface. In this paper, a simulation 
of 2D model is developed to predict the thickness of material removed from the work-
piece surface during EP to achieve mirror like surface finish. A finite element-based 
COMSOL software is used to design the model for EP. A comparative analysis of 
thickness removal from experiment and simulation is done. The measured thickness 
of material removed is 13.16 µm and 14.51 µm from experiment and simulation, 
respectively. The surface roughness, Ra is also measured and it is 0.276 µm before 
EP, which reduces to 0.107 µm after EP, an improvement of about 61% is observed. 

Keywords Electropolishing · Thickness removal · Surface roughness ·
Polarization curve · COMSOL 

1 Introduction 

Electropolishing (EP) is finishing process which removes material from the surface 
and reduces the surface roughness. In EP, removal of metal takes place in the form of 
ions by ions from the surface [1]. It is a non-conventional process and the fundamental 
principal behind electropolishing is Faraday’s law of electrolysis [2]. The metallic 
surface which had to electropolished is dipped into the electrolyte along with the 
tool and connected to the positive and negative terminal of power supply, respec-
tively. Generally, strong acid such as phosphoric acid, sulphuric and their mixture 
is used as electrolyte [3]. Metal which is to be is electropolished is made anode and 
appropriate tool is selected to make it as cathode, such that it will be inert during 
EP. Researchers have utilized several tool such as copper [4], titanium mesh [5] and
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graphite [6]. The foremost function of the tool is to complete the circuit, i.e. it should 
be conducting and it should not chemically react with the electrolyte. During EP, a 
viscous film layer of vary thickness is formed at the anode surface due to dissolu-
tion and limits mass transport due to resistance property. The viscous layer formed 
has maximum thickness over the micro-depression and minimum thickness over the 
micro-projection. As thickness of viscous layer is minimum over micro-projection 
hence its provide minimum electrical resistance which result greater metal removal 
rate compare to micro-depression area hence, creates a polishing effect which leads 
to uniform surface after electropolishing [7]. The polarized surface is formed during 
EP due to evaluation of gas which form passive oxide film on the surface result in 
increase in corrosion resistance and biocompatibility [8]. Łyczkowska-Widłak et al. 
[9] had reviewed the electrochemical polishing (ECP) of austenitic stainless steel. 
Studied has been carried on different mechanism, parameters, electrolyte solution 
and the results. ECP is capable of improving the surface finish, chemical compo-
sition, surface gloss and corrosion resistant. Two layers namely, viscous and oxide 
layer are formed over the anode surface. These layers limit the migration of hydrated 
ions and diffusion of water particles in the electric field. Also discussed the effect 
of aqueous and organic solvent in ECP. It also reduces the adhesion of bacteria and 
blood cells, which increases the durability and usability. 

Any polishing technique either conventional or non-conventional, some thickness 
of the material is removed from the surface to achieve polished surface. Han and Fang 
[1] had briefly describe about the fundamental aspects of EP. It was mentioned that 
as polishing time increases, more material is removed from the surface which leads 
to dimensional inaccuracies and results in poor surface finish. Tyagi et al. [10] had 
utilized EP for the roughness reduction of steel manufactured by additive method. 
It was observed that more than 200 µm thick material had to remove from the top 
surface to get a good polished surface of 0.091 µm. As polishing time increases, 
the rate of decrease of surface roughness is high, however this rate decreases after 
sometime, although material removal continues [11]. 

The selection of parameters for EP is very significant for the better surface finish. 
The initial surface roughness directly influences the EP and affects the polishing time 
[1]. Lee [7] has investigated the characteristics of electropolishing of tube made of 
stainless steel (STS316L). The parameters investigated were current density, temper-
ature, machining time, electrode gap and initial surface roughness of workpiece. A 
current density–voltage curve was drawn to find the electropolishing range. A copper 
rod was used as cathode and place inside the hollow steel tube. The electrolyte 
consists of 50% (vol.) phosphoric acid, 20% (vol.) sulphuric acid and 30% (vol.) 
distilled water. They concluded that current density is the most influencing param-
eter for electropolishing. Surface roughness of the surface increases with increase 
in polishing time. An electrode gap of 1 mm and temperature of 65 °C gave best 
result of 0.59 µm Rmax. The acidic electrolytes are harmful and proper care has to be 
taken whilst handling, however acidic medium gives better polishing effect than the 
salt solution [12]. More smooth and reflective surface for acidic electrolyte. Higher 
current density is required for basic electrolyte than the acidic electrolyte [13].
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Higher the concentration of the acid in the electrolyte, thicker will be the viscous 
layer. It will obstruct the escape of gas bubbles and higher limiting current is required 
to passive layer to perform the EP. Viscous layer thickness reduces on increasing the 
stirrer speed [13]. Electrolyte temperature plays a crucial role in EP as increase in 
temperature increases the rate of material dissolution as current density increases. 
However, higher the temperature of the electrolyte, more electrolyte will convert into 
vapour, which is harmful to the environment as well as operator. Another important 
parameter is the polishing time. More material is dissolved on increasing the polishing 
time. 

With the help of numerical modelling, it will be easier to predict the dissolution 
and the amount the material dissolve. Ma et al. [14] had formulated a model to 
determine the thickness of material dissolve. The formulated model was the function 
of the polishing time, applied voltage and the gap between the electrodes. Tailor et al. 
[15] had investigated the formation of passive layer and its stability during EP by 
numerical modelling. Various parameters of EP have been considered and its effect 
on uniformity of passive layer. 

In this paper, EP of maraging steel is performed with ortho-phosphoric acid (64%), 
sulphuric acid (34%) and hydrochloric acid (2%) as an electrolyte. Linear sweep 
voltammetry is performed to find the constant current zone suitable for EP. Energy 
dispersive X-ray spectroscopy (EDX) has been done to analyse the elemental compo-
sition before and after EP. Surface profilometer is used to measure the thickness of 
material remove from the surface after EP. A 2D simulation model is developed to 
predict the thickness of material remove and compare it with the experimental results. 
With the help of non-contact surface analyser, surface roughness, Ra (average surface 
roughness) is measured before and after EP. The effect of EP on surface reflectance 
has also been analysed. 

2 Experimental Procedure of EP 

The sample preparation is the pre-requisite for starting of electropolishing. In the 
present investigation, maraging steel is considered as the workpiece over which 
EP has to be performed. A sample size of 25 mm × 10 mm × 3 mm has been 
cut with the help of wire-EDM. After wire-EDM, several dirt’s and stains stick to 
the sample. The cut sample has been de-ionized by placing into the ultrasonicator 
for 15 min. Finally, it is cleaned with acetone to remove the dirt’s. Before EP, the 
surface must be clean. Now, the main requirement for EP to take place is to find 
the polishing region. The polishing region can be found through polarization curve 
also known as linear sweep voltammetry (LSV). Different combination of metal 
and the electrolyte exhibit different polarization curve. Therefore, polarization curve 
should be drawn initially for every metal with a particular electrolyte combination to 
find the constant current region suitable for EP. From the preliminary experiments, 
EP parameters like electrolyte concentration, polishing time, electrolyte temperature 
and agitation have been selected for the investigation. Post analysis of EP surface



324 A. Kumar et al.

Fig. 1 Flow chart of EP process 

has been performed by utilizing EDX, which tells about the elemental composition 
before and after EP; reflectance, which tells about the surface reflectiveness before 
and after EP; roughness, which tells about the surface roughness before and after 
EP and profilometer, which tells about the thickness of material removed from the 
surface after EP. The complete analysis of EP has been presented as a flow chart and 
the same is shown in the Fig. 1. 

The schematic setup for electropolishing has been shown in Fig. 2. It consists of 
an electrolytic cell in which the workpiece (maraging steel), which has to be elec-
tropolished, is connected to positive terminal of power supply and the tool (graphite) 
is connected to the negative terminal of power supply (make-Aplab). The rating of 
the power supply is 60 V and 30 A. Both the tool and workpiece are dipped into 
the electrolyte. The workpiece is dipped half and another half is covered such that 
it will not participate in EP. On the application of potential difference between the 
electrodes, hydrogen and oxygen gas bubbles are formed during EP which has to 
be removed from the electrode surface for continuous EP. A magnetic stirrer with 
hot plate (make-Tarson) has been used to heat the electrolyte and with the help 
of magnetic bid, circulation is provided in the electrolyte to easily remove the gas 
evolved during EP.

The parameters at which experiments are performed are presented in Table 1. It  
consists of volumetric ratio of different electrolyte utilized for the EP of maraging 
steel. As graphite sheets are inert and does not participate during EP, it is selected as 
a tool material. The selection of input voltage was determined from the polarization 
curve. The selection of polishing time and speed of magnetic stirrer was selected from 
preliminary experiments. All the experiments were performed at room temperature.

EP takes place during the constant current density when the electrodes are dipped 
in the electrolyte after applying the potential. To determine the EP zone, linear sweep 
voltammetry has to be performed which consists of three electrodes namely, the refer-
ence electrode (Ag/AgCl), the working electrode (maraging steel) and the counter 
electrode (platinum wire). The potential is sweep from 4.5 to 0 V with a scan rate
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Fig. 2 Schematic of EP setup

Table 1 Parameters for EP 

Parameters Value or range 

Electrolyte Ortho-phosphoric acid (64%), sulphuric acid (34%) and hydrochloric 
acid (2%) 

Electrolyte temperature Room temperature 

Workpiece material Maraging steel 300 

Tool material Graphite sheet 

Input voltage 2 V  

Electrolyte conductivity 30–60 mS/cm 

Polishing time 6 min  

Magnetic stirrer 400 rpm
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of 10 mV/s at room temperature with the help of the potentiostat (make-Gamry). 
The potential must be sweep from positive values towards the cathodic direction to 
obtain reproducible measurements and to avoid the pitting of electrode surface [16]. 

To analyse the elemental composition of the surface before and after EP, Energy 
Dispersive X-Ray Spectroscopy (EDX) has been done (make-Sigma, Zeiss). The 
height difference between the surfaces before and after EP is measured with the help 
of stylus surface profilometer (make-Dektak150). An optical non-contact surface 
analyser (make-Taylor Hobson) is used to measure the surface roughness before and 
after EP. The surface reflectance before and after EP has also measured to find the 
effect of EP on reflectivity of the surface using UV spectrometer (make-Lambda 
950). 

3 Modelling of EP Process 

To analyse the thickness of material removed from the surface during EP, a model 
has been developed in the XY plane in COMSOL® Multiphysics software, which 
works on finite element. The electrochemistry module consists of primary current 
distribution in COMSOL, which is governed by Faraday’s law of electrolysis is the 
best suited for application [17]. 

A 2-dimensional investigation was selected for solving the boundary condition 
and consumes less time also. As the material is removed from the anode surface, it 
was selected as the deformed geometry. As the EP is an anodic dissolution process, 
the workpiece undergoes anodic dissolution and the tool acts as cathode. Certain 
assumptions are considered whilst performing EP simulation [15].

• The time-dependent concentration term is zero.
• The temperature is constant which implies that the electrolyte properties remain 

unaltered.
• The dissolution occurs only at the anode.
• Bubble formation and sludge generation are assumed to have negligible effect.
• Efficiency of current is assumed to be 100%. 

The 2D geometry of EP model has been shown in Fig. 3. It consists of one 
electrolyte domain with four boundaries. The tool is facing towards the workpiece 
which has to be electropolished. The interelectrode gap (IEG) between the electrodes 
is 10 mm.

As shown in Fig. 3, anode boundary (workpiece surface) and cathode boundary 
(tool surface) are denoted by 1 and 3, respectively. Boundaries 2 and 4 acts as insula-
tion as they do not participate in EP. In EMM, workpiece undergoes anodic dissolu-
tion process, material from the workpiece surface will dissolve potential difference 
is applied. For the simulation, the boundary conditions have been applied to the 
surfaces as shown in Table 2.
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Fig. 3 2D Geometry of the EP model

Table 2 Electric current boundary condition 

Boundary condition Boundary Property 

Electrical insulation 2, 4 dϕ 
dn = 0 

Electrical potential Workpiece surface (1) ϕ = 2V  

Ground Tool surface (3) ϕ = 0 
Where ϕ is the potential applied to the electrode surfaces and dϕ/dn is the potential gradient applied 
to the boundary normal to the tool and the workpiece 

The potential applied to anode surface and the cathode surfaces are 2 V and 0 V, 
respectively. The dissolving species like the density (ρ) and molecular weight (M) 
has been applied to the anode as it will undergo anodic dissolution. All the boundaries 
are arrested except the anode. So, all the surfaces have non-deforming boundary and 
for the anode have the deforming electrode surface [18]. Primary current distribution 
has been assigned to the domain which is governed by Ohm’s law. 

The boundaries of the domain will undergo deformation as described in Table 
3. The workpiece surface will be polished and the surface will deform by anodic 
dissolution. The tool surface remains intact at its place, thus no movement of tool is 
provided in x as well as y-direction. During EP, the normal boundaries (2, 4) should 
not have any velocity in x-direction.
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Table 3 Deformable mesh boundary conditions 

Boundary condition Boundary Property 

Prescribed normal mesh velocity Workpiece surface (1) Vn = −K Jn 

Prescribed mesh displacement Tool surface (2) dx  = 0; dy  = 0 
Prescribed mesh velocity 2, 4 Vx = 0 
Where K = ηM/ρzF , η is the efficiency of current, F is Faraday’s electrolysis constant and M, z 
and ρ is atomic mass, valence and the density of the dissolving species, Jn is the normal current 
density and Vn is the linear material removal rate 

4 Results and Discussion 

In this section, the results obtained from experiments and simulations are presented. 
The parameter is the same for experiments as well as for simulations and the same 
is presented in Table 1. A brief discussion has been performed before and after EP 
and linear material removed has been compared with the experimental results with 
the simulation results. 

4.1 Electrochemical Analysis 

Linear sweep voltammetry (LSV) has been utilized to find the maraging steel polar-
ization behaviour for the selected electrolyte and the same is shown in Fig. 4. It  
consists of three electrodes system to determine the region of EP. The LSV is done 
at room temperature by changing the potential from 4.5 V to 0 V with 10 mV/s as 
the scan rate. The polarization curve is obtained for the electrolyte which consists 
of Ortho-phosphoric acid (64%), Sulphuric acid (34%) and Hydrochloric acid (2%). 
It consists of three regions. The region from 0 to 0.38 V is the active region (I) in 
which increase in potential increases current. In this region, etching takes place and 
material starts to dissolve with pits marks over the surface. The region from 0.38 to 
2.05 V is the passive region (II), in which current is stable with respect to increase 
in voltage. After this, the current increases quickly in the transpassive region (III). 
As per literatures, EP occurs only in passive region [19]. Based on the curve Fig. 4, 
the activation potential (Ea) was 0.2 V, the passivation potential (Ep) was 0.38 V 
and the breakdown potential (Eb) was 2.05 V. The region (I) between potential Ea to 
Ep represent active region. In this region the sample will be etched and the surface 
could not be smoothed. When potential is between Ep and Eb, it is termed as passive 
region (II) and a viscous layer is formed on the sample surface which is made up 
metal ions. For electropolishing, 2 V is preferred. The region beyond Eb is called 
transpassive layer. A serrated current curve is observed in this region which results 
in non-uniform dissolution of the sample surface due to huge amount of gas bubbles 
formation.
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Fig. 4 Polarization curve of Maraging steel 

4.2 Effect of EP on Elemental Composition 

In order to understand the effect of EP on elemental composition, EDX have been 
performed for the maraging steel before and after EP. The sample after cutting in 
the desired shape by wire-EDM, cleaned and then EDX has been performed and the 
same is shown in Fig. 5. It can be inferred from Fig. 5 that iron (Fe), nickel (Ni), 
cobalt (Co) and molybdenum (Mo) are the major constituents of maraging steel with 
fine traces of titanium (Ti), oxygen (O) and aluminium (Al). As the percentage of 
oxygen is very less, it is very prone to corrosion.

The cleaned sample have been electropolished and EDX is performed to inves-
tigate the change occurred in the elemental composition and the same is presented 
in Fig. 6. It can be inferred from Fig. 6 that after EP, there are slight changes in the 
composition of Fe, Ni and O2. After EP, concentration of O2 increases, there is a 
possibility that oxide layer has been formed which increases corrosion resistant [4, 
8]. Oxygen may have formed the oxide layer with the Ni which acts as corrosion 
inhibitor.

4.3 Effect of EP on Surface Reflectance 

In order to understand the effect of EP on surface reflectance, the samples before 
and after EP has been studied under the UV spectrometer. Initially, a silver sample
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Fig. 5 Elemental composition before EP

Fig. 6 Elemental composition after EP
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Fig. 7 Surface reflectance before and after EP 

with mirror finish is tested for reflectance by varying the wavelength of light from 
1000 to 200 nm and the data is recorded. With reference to the above reflectance, the 
reflectance of sample before and after EP has been presented in Fig. 7. 

The base material (before EP) is kept in the spectrometer and the wavelength is 
varied to observe its reflectance. The maximum reflectance of ~45% is observed. The 
sample after EP yields a maximum reflectance of ~60%, an improvement of 33.33% 
is observed. The removal of layer from the top surface after EP may be the possible 
reason for the improvement in surface reflectance. High reflective surface finds is 
application in radiation sensitive area and helps to minimize the increase of surface 
temperature [10]. 

4.4 Effect of EP on Surface Roughness 

The polishing time is very crucial factor for the EP as polishing time increases, 
more amount of material undergoes anodic dissolution and it also enhances surface 
finish [20]. However, the improvement of surface roughness is negligible after certain 
polishing time as all the protrusions are dissolved and came to the level of valley. In 
can be inferred from Fig. 8 that initially the surface roughness of the base material 
is 0.276 µm and with increase in polishing time, the surface roughness decreases. 
However, after 300 s of polishing time, improvement of surface roughness is very 
less. Thus, the polishing time of 360 s was considered for the present investigation.
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Fig. 8 Effect of polishing time on surface roughness 

The 2D surface roughness profile of the maraging steel before EP and after EP 
has been analysed and the same is s shown in Fig. 9. Before EP, the Ra value is 
0.276 µm, which reduces to 0.107 µm, an improvement of about 61% is observed. 
EP reduces the undulation in the surface by creating a viscous layer over the surface, 
thus an improvement of surface roughness is observed [10]. It can be inferred from 
Fig. 9 that before EP (blue colour line), the undulation in the surface is quite large. 
However, after EP (red colour line), the undulation in the surface is very small, which 
describes that EP minimizes the surface roughness. 

Fig. 9 Surface roughness profile before and after EP
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Fig. 10 Image with white colour line from unpolished to electropolished region 

4.5 Thickness of Material Removed During EP 

The maraging steel is electropolished and it is tried to find the thickness of the material 
removed from the surface after EP. An optical microscopic image is considered which 
clearly distinguish between the unpolished and electropolished surface as shown in 
Fig. 10. With the help of surface profilometer, the stylus is moved from the unpolished 
surface to the electropolished surface as shown by white colour line in Fig. 10. 
Electropolished surface is very smooth and possess more reflectance property. 

With the help of a stylus profilometer, it was tried to find the height difference 
between the unpolished and electropolished region. As the probe is very sensitive, 
as it glides over the sample, the unpolished surface is rough and the electropolished 
surface is smooth as shown in Fig. 11. The total distance travel by the stylus is 
5500 µm and it travel along the white line as shown in Fig. 10. The height difference 
obtained between the unpolished and electropolished surface is 13.16 µm.

4.6 Numerical Modelling of Material Removal in EP 

COMSOL multiphysics simulation is performed to analyse the behaviour of 
maraging steel in the electrolyte [Ortho-phosphoric acid (64%), Sulphuric acid (34%) 
and Hydrochloric acid (2%)]. Primary current distribution is applied in the electrolyte 
domain between the tool and the workpiece. The same parameters as in experimental 
analysis are taken to compare the results between them. The potential distribution 
between the electrodes can be seen in Fig. 12 as the workpiece to be electropolished
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Fig. 11 Height difference profile along the white colour line

is given the positive potential (2 V) and the tool is connected to the ground (0 V) (For 
geometry, refer Fig. 3). The potential distribution between the electrodes is uniform 
as it varies from anode to the cathode. The boundary conditions for the electrodes 
are presented in Tables 2 and 3. The material removed from the surface works on 
Faraday’s law of electrolysis. 

Fig. 12 Potential distribution between the anode and cathode
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Fig. 13 Current distribution and thickness change from 0 to 360 s 

The anode undergoes anodic dissolution and the material from the surface removes 
till the EP takes place. The amount of current density generated is the influencing 
factor for material removal. For EP to take place, the current density should be 
maintained constant [1]. From the simulation results, the current density varies from 
1100 to 1098.4 A/m2 over a period of time from 0 to 360 s as shown in Fig. 13 (black 
colour line with square symbol). The change in current density is negligible and can 
be considered constant. 

From Table 3, the material removes or thickness change from the surface is calcu-
lated and plotted in Fig. 13 (blue colour line with star symbol). The material removal 
is the function of current density. As the current density is almost constant, the thick-
ness change will be linear and increases with polishing time. The final thickness 
change obtained after EP from simulation for 6 min is 14.51 µm. The thickness 
change is almost linear with respect to time for a constant current density [21]. 

5 Conclusions 

Analysis to predict the thickness of material removed from the surface during EP has 
been done with the help of COMSOL® Multiphysics software. The various conclu-
sions can be derived with the help of 2D model. Experiments are also performed to 
validate the model.
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1. Polarization curve has been plotted using three electrode systems to find the 
EP zone (constant current region) for the specific material corresponding to an 
electrolyte. 

2. EDX analysis has been performed to investigate the surface elemental composi-
tion before and after EP. It is found that the concentration of O2 increases after 
EP, an oxide layer has been formed which increases corrosion resistant. 

3. Effect of EP on the surface reflectance has been analysed. An improvement of 
33.33% in surface reflectance has been observed after EP as surface gets smoother 
after EP. 

4. 2D surface roughness profile before and after EP has been analysed. An improve-
ment of around 61% is observed with mirror finish. During EP, a viscous layer is 
formed over the surface which creates a polishing effect and reduces the surface 
undulation. 

5. An experimental setup is designed to perform the EP of maraging steel with the 
Ortho-phosphoric acid (64%), Sulphuric acid (34%) and Hydrochloric acid (2%) 
as an electrolyte for 6 min. The thickness of material removed from the surface 
is calculated using surface profilometer is 13.16 µm. 

6. COMSOL® Multiphysics simulation is performed to predict the thickness of the 
material removed from the surface during EP. The predicted thickness of the 
material removed is 14.51 µm, with an error of 10.3% from the experimental 
value. Several assumptions are considered during simulation which may be the 
reason for the error. 
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Quality Improvement in Inner Bore 
Grinding Rejection of Ball Bearing 
by Using Six-Sigma Methodology 

Manish Bhargava, Tushar Sharma , Shraddha Arya, and Arindam Sinha 

Abstract The purpose of this research paper is to present the importance of six-
sigma methodology to improve the quality of ball bearing, which deals with signif-
icant factors identification and reduction in ‘inner bore grinding rejection’ of ball 
bearing. Six-Sigma approach works through several phases, which are Define, 
Measure, Analyze, Improve, and Control (DMAIC). The rejection in inner Bore 
grinding process has directly affected the production and manufacturing of ball 
bearing and it is not good for any ball bearing industry. The rejection in inner bore 
grinding majorly depend on various factors like damage faced, Large Bore and small 
Track, wearing on diamond point, improper Diamond center height, unskilled opera-
tors, sudden power failures, etc. The use of DMAIC method in ball bearing grinding 
operations reflects several factors such are decrease of tools costs, meager quality, 
and product scrap in bore grinding process. In addition, Six-Sigma is also used to 
deliver quantifiable pointers and satisfactory data for logical analysis for improve-
ment. There is prospect of application of various Six-Sigma tools such are alleged 
process scoping, pareto diagrams, cause and effect matrix, and analysis of variation 
and ability studies. This study mainly described the affecting factors and the improve-
ment done in inner bore grinding rejection of ball bearings by using the Six-Sigma 
methodology. 

Keywords Bore grinding rejection · Cause and effect diagram · DMAIC ·
Six-sigma methodology · Quality improvement

M. Bhargava · A. Sinha (B) 
Department of Mechanical Engineering, National Institute of Technology, Agartala, India 
e-mail: arin.sinha619@gmail.com 

T. Sharma (B) 
Department of Mechanical Engineering, JIT College (Rajasthan Technical University), Jaipur, 
Rajasthan, India 
e-mail: tushar.lakshya@gmail.com 

S. Arya (B) 
Department of Mechanical Engineering, Jagannath University, Jaipur, Rajasthan, India 
e-mail: shraddha.jpr@gmail.com 

© The Author(s), under exclusive license to Springer Nature Singapore Pte Ltd. 2023 
R. P. Singh et al. (eds.), Advances in Modelling and Optimization of Manufacturing 
and Industrial Systems, Lecture Notes in Mechanical Engineering, 
https://doi.org/10.1007/978-981-19-6107-6_24 

339

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-19-6107-6_24&domain=pdf
http://orcid.org/0000-0002-3129-9741
mailto:arin.sinha619@gmail.com
mailto:tushar.lakshya@gmail.com
mailto:shraddha.jpr@gmail.com
https://doi.org/10.1007/978-981-19-6107-6_24


340 M. Bhargava et al.

1 Introduction 

Six-Sigma is a developing method to quality assurance with prominence on incessant 
quality developments. In the manufacturing process of ball bearing, it is common to 
have unwanted scrap in manufacturing process, if unwanted scrap starts to exceed 
in any industry then the demand and production rate also got affected, and therefore 
it becomes difficult to survive in the market. This situation was recognized through 
a survey, conducted to understand the problems faced by the ball bearing industries, 
as referred to us by a ball bearing industry itself. 

The results of the survey revealed that the rejection of bore grinding might be due 
to several reasons like Damage face, Large Bore, and small track. It is also reliant 
on the operations of grinding machine and grinding tool. 

The rejection rate of inner bore grinding can be reduced by improving in the 
quality of the Bore grinding process. Therefore, by the optimization of different 
process parameters, the significant factors are identified and improved the inner bore 
grinding rejection, while at the same time, increased the overall quality level, which 
ultimately contributed to the overall success and profitability of the business [1, 2]. 

2 Methodology 

The DMAIC methodology uses a process-step structure, hence, in this research study 
it is used for quality improvement as well as reduction in inner bore grinding rejection. 
This methodology mainly consists of five phases, which are: 

2.1. Define Phase 
2.2. Measure Phase 
2.3. Analyze Phase 
2.4. Improve Phase 
2.5. Control Phase. 

These all five phases make a cyclic process involving the tools. Together these 
are implemented as a quality improvement process. 

2.1 Define Phase 

The main objective of this phase is to define the problem and its effects in the various 
parts of the ball bearing. Here the main aim is to identify the rejection rate in grinding 
process and to decrease the quantity of unwanted scrap. To achieve this aim, Problem 
Statement, Project Scoping, and Objective statement are required. 

In the beginning of this phase, Problem Statement is prepared to identify the 
problematic areas. The main problem was generation of unwanted scrap by bore 
grinding rejection in the ball bearing.
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Fig. 1 Scoping tree 

• Business Problem: Rejection ppm is high in all Bore Grinding Machines and it 
can directly affect the annual cost and profits.

• Critical X: Degraded Quality and it can directly affect the Market goodwill.
• Where and Who can suffered: Bore Grinding Machines and Manufacturing 

division can be suffered. 

After problem statement, Scoping is defined. All process phases are separated 
and show the suitable action plan for diminishing inconsistency within the process 
as well as decrease of production time of preparation; this is Project Scoping [2]. 

Also, ‘Process Map’ and ‘Cause and Effect’ diagram is defined. 
Process FMEA is directed and created on found effects, required movements and 

tools for process analysis are nominated [3]. 
The rejection in grinding process in scoping tree is shown in Fig. 1. 
From this process of Scoping, problematic areas are identified. Now by the usage 

of Pareto Analysis the individual values like Bore, Face, and Track are represented 
in descending order by bars. These same values are represented through line chart 
as well. Also, major characteristics, NG-1 to NG-8 (Grinding machines) and the 
cumulative total are represented by the line. 

The Bore Size, which is contributing 89.2% in 2016–17, is shown in the Pareto 
analysis (Problematic Product Part and Problematic Process) Figs. 2 and 3. As per 
the previous year data, the scoping output of Pareto analysis (Problematic Parameter) 
is identified (Figs. 4 and 5).

Here the NG-5 Grinding machine is recognized as a problematic Process and the 
overall Grinding Scrap with 3P scoping is defined as:

• Problematic Product: Inner Race
• Problematic Process: Bore Grinding
• Problematic Parameter: Bore Size. 

As per the Pareto Analysis the data of overall inner Bore Scrap of NG-5 line in 
2015–16, are shown in Fig. 6.

As per the Graph 1, the Average NG PPM of last one year is 2914 PPM, minimum 
NG PPM is 2026 PPM, as achieved. Here entitlement at the rate of 70% is 622 PPM 
and the Target is 2292 PPM. The targeted Projected Annual Saving on NG-5 Line
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Fig. 2 Pareto chart of bore scrap rate (2016–17) 

Fig. 3 Pareto chart of bore scrap rate (April 16–June 16)

can be around Rs. 83,970/- and projected saving on other lines target can be achieved 
approximately Rs. 503,820/-. 

Therefore, the outcome of this phase is ‘Reducing inner Bore grinding rejection 
from 2914 PPM (Base Line) to 2292 PPM (Target Line) on NG-5 Line’, which was 
the main objective of this research.



Quality Improvement in Inner Bore Grinding Rejection of Ball Bearing… 343

Fig. 4 Line wise Pareto chart of bore scrap (2015–16) 

Fig. 5 Line wise Pareto chart of bore scrap (April 2015–June 2016)

2.2 Measure Phase 

In this phase, the overall process or performance and categorization of data was 
already available for the research. As well as various factors and parameters were 
defined, which affected the process of bore grinding. 

Measure phase usually involves utilization of graphical tools to show the present 
status and comparison of the data. Once the objective of the projects identified, 
the various factors will be listed which affect the inner Bore Grinding rejection. 
Constructed on Pareto chart, molded team made decision to analyze the bore grinding 
process by the flow chart diagram, input output sheet and to make improvements
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Fig. 6 Average bore scrap of NG-5 line (2015–16)

within grinding operator and some factors like Heavy vibration (Jerk) found in slide 
and play in Oscillation due to Bearing worn out. Hence, concluded that quality 
upgrading and decrease of quality factors within process are attainable [4]. 

These important improvements were proficient by:

• Wheel head slide open and repaired
• Wheel head oscillation Bearing changed
• Minimizing or eliminating scrap. 

This was also observed that the process capability of Heat Treated Race and Bore 
size is less than 1.33, but the process capability of track Grinding is greater than 
value of 1.33. It means that the problem is with heat-treated race and bore size, and 
not with the track grinding. 

Analysis of Variance (ANOVA) is a statistical method used to test differences 
between two or more means. It may seem odd that the technique is called ‘Analysis 
of Variance’ [2, 4]. As you will see, the name is appropriate because inferences about 
means are made by analyzing variance. 

Hereby the (ANOVA R&R assessment) Repeatability and Reproducibility Assess-
ment of track size checking gauge is 15.25%, in Process (IP) Bore Checking Gauge 
13.09% and Bore Checking Gauge 20.70%, means all are in controlled range. Now, 
the different factors, which were depicted by the cause and effect diagram, were 
compared with the input output sheet, to pick three common factors, which are also 
marked in the following diagram [2] (Fig. 7).

The three common factors are: diamond change schedule method, vibration level 
and power failure. These are the main root causes behind the inner bore rejection of 
ball bearing.
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Fig. 7 Cause and effect diagram

2.3 Analyze Phase 

In this phase, analysis of the current performance is conducted to isolate the problem. 
Through this analysis (both statistical and qualitative), test hypotheses about the root 
cause of the problem begins to formulate and hence, PFMEA for the deburring 
process was made. PFMEA sheet in shown in Table 2 in Annexure 1. 

After the PFMEA process, seven main factors are identified. These seven factors 
and the tools to be used for improvement process are defined in Table 1 [1, 5].

According to the above table, analysis of seven factors is to be done systematically. 
Here ‘C’ stands for Countable data and ‘D’ stands for discrete data. It indicated 1, 2, 
6, and 7 factors as significant and 3, 4, 5 factors as insignificant, which means that 
the considerable factors for improvement are 1, 2, 6, and 7. 

The Tool analysis of significant factors is shown below: 

1. Wearing of Diamond Point: The Fig. 2.6: Box Plot, show the after and before the 
Diamond Change effect and Fig. 2.7 show the Interval plot after and before the 
diamond change. 

Figures 8 and 9, show the outcome as the difference between position of diamond 
change, after and before change in bore size.

The T Test/CI and One-way ANOVA are shown in Figs. 10 and 11. Here the 
P-value (statistical significance of the difference) is makeable. And Test for Equal 
Variance is shown in Fig. 2.10.

The outcome of Figs. 10 and 11, the  P-value is found to be 0.00, but in the correct 
form, the P-value should always be less than 0.05. Therefore, it becomes a significant 
factor for improvement.
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Table 1 Application of various tools 

S.No. Factor (X) Data type Output (Y ) Data type Tools to be used 

1 Wearing of diamond point 
(diamond change effect) 

D Bore scrap C Box plot 

Interval plot 

Two sample T test 

One-way ANOVA 

Test for equal variance 

2 Diamond center height C Bore scrap C Fitted line plot 

Regression analysis 

3 Grinding allowance C Bore scrap C Fitted line plot 

Regression analysis 

4 Track size C Bore scrap C Fitted line plot 

Regression analysis 

5 Improper wheel size C Bore scrap C Fitted line plot 

Regression analysis 

6 Low skilled operator D Bore scrap C Box plot 

Interval plot 

One-way ANOVA 

Test for equal variance 

7 Sudden power failure D Bore scrap C Box plot 

Interval plot 

Two sample T test 

One-way ANOVA 

Test for equal variance

Diamond Change Effect 
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Boxplot of Bore Size by Diamond Change Effect 

Fig. 8 Box plot of bore size by diamond change effect
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Diamond Change Effect 
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Interval Plot of Bore Size vs Diamond Change Effect 
95% CI for the Mean 

Fig. 9 Interval plot between bore size and diamond change effect

Fig. 10 T Test between bore size and diamond change effect

After the test of equal variance for bore size, the outcome is same as above applied 
tools. P-value is found to be 0.00, which means it is a validation of significance factor. 

2. Diamond center Height: Figs. 12 and 13 show the fitted line plot for number of 
dressing and total feed, the regression analysis of total feed versus number of 
dressing is shown by Fig. 15.

As per Figs. 13 and 14, we established that the feed is decreasing with respect to 
number of dressing and it is indicative that diamond center height is not correct 
(Fig. 15).
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Fig. 11 One way ANOVA between bore size and diamond change effect

Fig. 12 Test for equal variances for bore size

The regression analysis between the total feed and number of dressing depicted the 
outcome as the P-value 0.00, which means the factor is considered for improvement. 

Similarly, the other five factors are analytically processed and following results 
are achieved:
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Fig. 13 Fitted line plot between total feed and numbers of feed

Fig. 14 Fitted plot between bore size and total feed

1. Grinding Allowance, P-value is 0.207 (insignificant) 
2. Track Size, P-value is 0.357 (insignificant) 
3. Improper Wheel size, P-value is 0.217 (insignificant) 
4. Skill of Operators, P-Value is 0.00 (Significant) 
5. Sudden power failure, Before power cut Air pressure is between 4 to 4.5 kg/cm2 

and After power cut Air pressure is between 2 to 2.5 kg/cm2, P-Value is 0.00 
(Significant).
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Fig. 15 Regression analysis between total feed and number of dressing

The Inference of Hypothesis testing has to be done by using different tools. Iden-
tified significant and insignificant factors and the root cause of the problem, which 
affected the inner bore grinding are shown in Table 3 in Annexure 2. 

As per the analysis of tools’ application, the outcome of analyze phase has 
identified the four main factors for improvement, which are following: 

1. Wearing of Diamond point (Diamond Change effect) 
2. Diamond Center Height 
3. Low Skilled Operator 
4. Sudden Power Failure. 

2.4 Improvement Phase 

In improvement Phase, problem is improved by selecting a solution. Based on the 
identified root cause in the prior step, the cause with an improvement could be 
directly addressed. Complete followed devising sitting, decision was made that tool 
adjustment is desirable to reduce the root causes of the issue and to avoid the scrap 
presence. Alteration is useful and noteworthy results are obtained, primarily in scrap 
and tool exhausting. Obtained results lead the way to make some amendments in the 
operations to avoid or decrease impact of material scrap and automatically decrease 
scrap expenses.
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Fig. 16 Interval plot of bore size vs diamond effect 

After appropriate tool construction, several improvements were done with process 
competence study and measurement system study (Gage R&R analyses), Shown in 
Table 2.4. Therefore, counteractive actions were taken for significant factors. 

(i) Wearing of Diamond Point (Diamond Change effect), Interval plot of bore size 
versus Diamond effect is shown in Fig. 16 and Test for equal variance for bore 
size in Fig. 17.

After the applied immediate actions for improvement the result of Interval plot 
and test of equal variance tools, the P-value 0.101 is marked, means it is improved. 

(ii) Diamond Center Height, fitted line plot between total feed and number of 
dressing or Regression analysis, shown in Figs. 18 and 19.

Similarly, the result of fitted line plot and Regression analysis, the P-value 0.110 
is marked means it is improved by proper height setting of diamond. 
Operator’s Skill, Boxplot between bore Size and Operator Name or Test for equal 
variances for bore size, shown in Figs. 20 and 21.

The outcome of box plot and test for equal variance, the P-value 0.822 is marked 
means it is improved by the proper training and Education given to operators to 
check size as per control plan and adjust the size to run mean of the tolerance. 
Sudden Power failure, Boxplot between Bore Size and Before-After power cut or 
Test for equal Variance for bore size shown in Figs. 22 and 23.

The outcome of box plot and test for equal variance, the P-value 0.766 is marked 
means it is improved by the interlocking of power cut. Therefore, the following data
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Fig. 17 Test for equal variances for bore size

Fig. 18 Fitted line plot for feed

table defines the action taken with the help of tools for the improvement of significant 
factors Data summery is shown in Table 4 in Annexure 3. 

The Annexure also shows the main factors, which affect the performance of ball 
bearing. After using different tools, the optimizing result had to be identified and 
action was to be taken for improvement.
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Fig. 19 Total feed vs no. of dressing plot
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Fig. 20 Box plot of bore size vs operator name
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Fig. 21 Equal variances of bore size

Before & After Power Cut 
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Boxplot of Bore Size vs Before & After Power Cut 

Fig. 22 Box plot of bore size before and after power cut

2.5 Control Phase 

Control phase is about to maintain the changes made in the improve phase, to guar-
antee continued and justifiable success. A Control chart can be useful during the 
control stage to appraise the consistency of the enhancements over time by being 
allocated as a guide to continue monitoring the process and provide a comeback plan 
for each of the measures being supervised in case the process becomes unbalanced.
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Fig. 23 Equal variances of bore size

Control action Taken:

• Wheel head slide repaired
• Wheel head oscillation Bearing changed
• Table slide interlocking provided If sudden power failure
• Diamond changing instruction and schedule provided on M/c
• A OPL is provided for diamond height setting to reduce total feed variation
• Chiller for Coolant provided for Grinding for temperature.
• Result monitoring through X Bar R chart
• In feed material quality improved by regular feedback and interaction
• Training and Education given the operators
• Height setting of diamond
• To run M/c mid of the tolerance of Specification
• To check parameter as per control plan. 

In this final phase of DMAIC methodology, a control plan is established to confirm 
that processes and products reliably meet requirements of industry and customers, 
and to check how external clamping system make an impact on quality production 
level. 

3 Result and Conclusion 

A Phase Summary is defined here in the form of Define, Measure, Analyze, Improve, 
and Control (DMAIC) methodology to show the process of reducing the Inner Bore 
grinding rejection from 2914 to 2292 PPM on NG-5 Line, Shown in Fig. 26.
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Fig. 24 X bar- R chart of bore size

However, after experiments and graphical representation in Pareto chart and 
regression analysis (MINITAB), the result shows that the all four significant factors 
are improved. After taking corrective actions, the rejections were within acceptable 
limit. Figures 24 and Fig. 25 show the X-bar R chart Data and process capability of 
Bore Size. No. 5 Grinding Machine NG-5 Line, Bore Grinding machine shows the 
result. 

As per above mentioned Data, the Result is found as: the Process in under control 
and the value of Process compatibility and Process performance (Cpk&Ppk) > 1.33. 
Also, Ppk has improved from 0.85 to 1.60. 

This quality development project based on Six-Sigma methodology delivers adja-
cent associate with all phases of process while Six-Sigma tools enable correct 
decisions and the most noteworthy developments. 

As we will see that after conducting the DMAIC method, major 4 factors have 
been improved. Hence, Overall Inner Grinding Scrap, which is 2806 ppm against 
target of 2400 ppm, is achieved as depicted in Annexure 4 Fig. 26.
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2- 0-4-6-8-10 

LSL Target USL 
Process Data 

Sample N 1000 
StDev (Within) 0.991773 
StDev (O v erall) 1.01026 

LSL -10 
Target -5 
USL 0 
Sample Mean -5.164 

Potential (Within) C apability 

C C pk 1.68 

O v erall C apability 

Pp 1.65 
PPL 1.60 
PPU 1.70 
Ppk 

C p  

1.60 
C pm  1.63  

1.68 
C PL  1.63  
C PU  1.74  
C pk  1.63  

O bserv ed Performance 
PPM < LSL 0.00 
PPM > USL 0.00 
PPM Total  0.00 

Exp. Within Performance 
PPM < LSL 0.54 
PPM > USL 0.10 
PPM Total  0.64 

Exp. O v erall Performance 
PPM < LSL 0.85 
PPM > USL 0.16 
PPM Total  1.01 

Within 
Overall  

Process Capability of Bore Size 

Fig. 25 Process capability of bore size

Annexure and Supportive Tables 

Annexure 1
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Annexure 2 

Table 3 Hypothesis verification with conclusion 

S.No. Factor (X) Verify 
hypothesis 

Remark Conclusion 

1. Wearing of 
diamond point 
(diamond change 
effect) 

Box plot Significant Yes, it is root 
causeInterval plot Significant 

Two sample T 
test 

Significant P-value 0.00 

One-way 
ANOVA 

Significant P-value 0.00 

Test for equal 
variance 

Significant P-value 0.00 

2. Diamond center 
height 

Fitted line plot Significant R2 = 81.5 Yes, it is root 
causeRegression 

analysis 
Significant P-value 0.00 

3. Grinding 
allowance 

Fitted line plot Insignificant R2 = 0.8 No, it is not root 
causeRegression 

analysis 
Insignificant P-value 0.207 

4. Track size Fitted line plot Insignificant R2 = 0.4 No, it is not root 
causeRegression 

analysis 
Insignificant P-value 0.357 

5. Improper wheel 
size 

Fitted line plot Insignificant R2 = 0.52 No, it is not root 
causeRegression 

analysis 
Insignificant P-value 0.217 

6. Low skilled 
operator 

Box plot Significant Yes, it is root 
causeInterval plot Significant 

One-way 
ANOVA 

Significant P-value 0.00 

Test for equal 
variance 

Significant P-value 0.00 

7. Sudden power 
failure 

Box plot Significant Yes, it is root 
causeInterval plot Significant 

Two sample T 
test 

Significant P-value 0.00 

One-way 
ANOVA 

Significant P-value 0.00 

Test for equal 
variance 

Significant P-value 0.00 

Annexure 3
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Annexure 4 

Fig. 26 Bore scrap in NG-5 line 
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Achieving Manufacturing 
Competitiveness Through Six Sigma: 
A Study on Steel Firms 

Sudeshna Rath and Rajat Agrawal 

Abstract This study investigates that Six Sigma has potential feasibility to be instru-
mental in enhancing the manufacturing competitivity of the Indian steel industries. 
The research paper has been categorized into three sections, viz: identification of 
the competitive priorities from the relevant studies, surveying Six Sigma users and 
non-users of Indian steel industries employing a 5-point Likert scale, data analysis of 
the steel industries. One-way multivariate analysis of variance (MANOVA) was used 
for statistical data analysis. A conceptual framework was built on previous literature, 
demonstrating the five drivers of manufacturing competitiveness, namely, quality, 
cost, delivery, flexibility, and innovation. In conclusion, all five hypotheses were 
supported with significant results. However, the cost priority showed to be the least 
depending on the manufacturing competitiveness. On the scales of competitiveness, 
the Six Sigma users had relatively higher mean scores than the non-users. 

Keywords Six Sigma ·Manufacturing competitiveness · Competitive priorities ·
Multivariate analysis of variance (MANOVA) · Steel industries 

1 Introduction 

It is worth noting that operations strategy definitions are characterized by content 
and process frameworks. Performance factors and decision areas define the content 
framework. Continuous improvement [2] is a comprehensive procedure centered 
on step-by-step transformation which incorporates the whole organization. This 
improvement is a basic, low-cost strategy that is now commonly recognized as one 
among the most successful methods to augment competitive advantage [14, 17]. 
However, there are challenges in properly adopting this notion in businesses that 
piques people’s interest in adopting the DMAIC methodology to achieve process 
improvement and enhance performance [1].
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The models which enhance manufacturing competitiveness by curtailing defects, 
also stimulate value addition and contribute to competitive advantage of companies. 
DMAIC is a method that may help organizations improve their performance when 
adequately implemented. A few of the performance consequences include improved 
quality, shorter cycle times, and creating value for stakeholders across the organi-
zation [6]. As a result of this affirmation, the following research questionnaire was 
developed: What is the linkage between Six Sigma implementation and drivers of 
manufacturing competitiveness in the steel industry? 

1.1 Motivation for Performing Six Sigma 

William Smith recommended a systematic approach of Six Sigma named (DMAIC: 
Define, Measure, Analyze, Improve, and Control) for improving product quality. 
According to Schroeder et al. [16], because of global competition and evolving 
technologies, the Indian steel industry is pressured to maintain its competitiveness 
in international markets. Today, Six Sigma is a fundamental component of business 
success since it aids in the improvement of processes and services and reduces the 
variation of business processes to increase manufacturing competitiveness. 

The novelty of this study is that it evaluates the impact of Six Sigma imple-
mentation on the manufacturing competitiveness that considers the firms’ strategic 
competitive priorities in Indian steel industries. This industry was chosen for a variety 
of reasons. The expansion of India’s iron ore and steel sector is one of its most signif-
icant industries, as it helps build its economy. Iron and steel are two of the essential 
components needed for the country’s infrastructural development. Steel consumption 
is also used as a gauge of economic growth. 

1.2 Manufacturing Competitiveness 

The concept of manufacturing competitiveness started from the concept of manufac-
turing strategy as proposed by Skinner [19]. Various companies like Toyota followed 
this concept for its competitive advantage. Following more than three decades of rele-
vant research development according to Skinner [20], short delivery cycles, flexibility 
in variations in volume, improved quality and reliability of products, the poten-
tial to develop new goods efficiently and cheap cost are all standard competitive 
metrics for manufacturing strategy. The debate over manufacturing competitiveness 
originated with Porter’s defining work on manufacturing competitiveness in 1996, 
“who defined manufacturing competitiveness as a link between the manufacturing 
of goods including upgradation of quality and improved services in order that a 
company’s products and services can compete in the international market”. Manu-
facturing competitiveness is an essential factor in the Indian economy, as it helps to 
boost Gross Domestic Product [3].
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1.3 Concept of Competitive Priorities 

In order to harmonize precisely the manufacturing approach with the business design, 
it is crucial to define the priorities of manufacturing competitiveness for each product 
or types of goods concerning the market. The competitive approach sets the path for 
all priorities, preparation of a blueprint, purposeful resolution and implementations, 
all necessary for a successful firm. The primary goal is to introduce a manufacturing 
strategy to complement competitive strategy to obtain the best possible production 
capabilities [9]. 

Leong et al. [11] discovered a distinction between complementing models: the 
content model and the process model of the operation approach studies. The content 
model for manufacturing approach describes the importance of the competing prior-
ities developed on goals of business or corporate unit. The model for process depicts 
the creation, implementation, and evaluation of an operation approach. Different 
topologies, such as those of Hill [10], Leong et al. [11], Slack [21], are presented 
in the literature for this paradigm. Most of these frameworks provide the variables 
and logic needed to develop an operations strategy, but they do not detail how the 
process is implemented. Authors adopted these five competitive priorities (quality, 
cost, delivery, flexibility, and innovation) from various researchers which can be 
defined as follows: 

Competitive priorities Description Supporting literature for 
measurement scales 

Quality Manufacturing of highly efficient 
or superior quality goods 

Hayes and Wheelwright [9], 
Skinner [19], Hill [10], Dangayach 
and Deshmukh [4]Cost Low-cost manufacturing and 

product distribution 

Delivery Observe delivery deadlines 

Flexibility Respond quickly to modifications 
in product mix and production, 
adjustments in design, material 
variations, and sequence 
modifications 

Innovation New products and procedures are 
being introduced 

2 Conceptual Framework and Hypothesis Development 

According to Dangayach and Deshmukh [4], cost, quality, delivery, and flexibility 
help a business strive toward attaining competitiveness. Therefore, companies should 
implement techno-managerial techniques such as Six Sigma, automation, just-in-
time (JIT), benchmarking, total quality management, as well as human resource
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Fig. 1 Conceptual model of six sigma theory 

strategies such as employee training and empowerment. As derived from the liter-
ature review, a conceptual framework is created and presented in Fig. 1, incorpo-
rating improvement models like Six Sigma and manufacturing strategy defined by 
manufacturing priorities. 

3 Building and Validating the Research Tool 

This research aims to figure out how steel industries may better use their resources 
with Six Sigma adoption by increasing their performance and focusing on competitive 
priorities. The study investigates a relation between Six Sigma adoption and specific 
aspects of manufacturing competitiveness in India’s steel industry. Then we set out 
to see any significant differences between the users and non-users of Six Sigma. The 
general hypothesis being considered as follows:
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H1: There is significant evidence that quality is an important driver of manufacturing 
competitiveness in the Six Sigma users as compared to Non-six Sigma users. 

H2: There is significant evidence that cost is an important driver of manufacturing 
competitiveness in the Six Sigma users as compared to Non-six Sigma users. 

H3: There is significant evidence that flexibility is an important driver of manu-
facturing competitiveness in the Six Sigma users as compared to Non-six Sigma 
users. 

H4: There is significant evidence that delivery is an important driver of manu-
facturing competitiveness in the Six Sigma users as compared to Non-six Sigma 
users. 

H5: There is significant evidence that innovation is an important driver of manu-
facturing competitiveness in the Six Sigma users as compared to Non-six Sigma 
users. 

4 Methodology 

When exploring a relationship between two variables, explanatory research is 
utilized. A survey-based technique was used to gather information from compa-
nies. For the purpose of analyzing data, statistical methodologies were applied to 
analyze the data statistically with the help of the software IBM SPSS. The relationship 
between the implementation of Six Sigma and the drivers of manufacturing compet-
itiveness was investigated using a multivariate analysis of variance (MANOVA). It 
is worth noting that MANOVA needs the independent variable to be a categorical 
variable with two options, i.e., Six Sigma users and non-users. On a five-point Likert 
scale, executives were asked for assessing the severity of the different drivers of the 
manufacturing competitiveness (dependent variable) for their organization (1—low 
priority, 5—high priority) in this study. 

5 Results and Discussion 

5.1 Sample Demographics 

An online questionnaire was sent to all possible steel manufacturers in India. There 
was a geographical delimitation criterion that the steel companies were selected 
for the questionnaire. As a result, respondents (operation and quality managers) 
possessed the essential knowledge to complete the survey. Some firms refused to
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Table 1 Statistical summary and construct reliability 

S.No. Variables Mean SD Number of items Cronbach alpha 

1 Quality 36.05 9.15 9 0.9 

2 Cost 23.96 5.968 7 0.93 

3 Delivery 34.5 5.874 6 0.85 

4 Flexibility 39.55 9.93 11 0.88 

5 Innovation 17.06 5.05 5 0.8 

participate, claiming a busy schedule and the need to keep the required data secret 
as justifications. One hundred six responses were received over two months, despite 
repeated reminders, phone calls, and emails. However, it is also expected that more 
responses will come in the future as this research is still ongoing. These 106 responses 
so far have been received that were efficient to develop an intermediate understanding 
of this study. Out of them, 32 were found to be Six Sigma non-users, and 74 were 
found to be Six Sigma users. 

5.2 Testing for Reliability 

The scales are checked for internal consistency and reliability using inter-item anal-
ysis. Cronbach’s coefficient alpha is computed for all scales, common for empirical 
research in operations management [5]. Statistical summary is addressed in Table 1. 
The Cronbach’s alpha coefficients were in the range 0.80–0.93 for each construct. 
These values are found to be exceeding the value 0.5 which is the minimum requisite 
for an exploratory study like the present one [12]. 

5.3 Testing for Normality Assumption 

The MANOVA is based on a multivariate normal distribution in terms of normality. 
According to Hair et al. [7], skewness and kurtosis were used to check whether the 
values are less than 1. It was found that all of the variables are within the normal 
range. 

5.4 MANOVA Analysis 

The results of the multivariate tests that are run within MANOVA are presented 
below.
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Table 2 Box’s test 

Box’s test of equality of covariance matricesa 

Box’s M 56.892 

F 1.846 

df1 28 

Sig 0.004 

Tests the null hypothesis that the observed covariance matrices of the dependent variables are equal 
across groups 
aDesign: Intercept + Six Sigma 

5.4.1 Box’s Test 

A Box’s test determines any violations of variance–covariance homogeneity, with 
a significant threshold of significance above 0.001 [13]. Table 2 demonstrates the 
Box’s test results. 

Box’s test of the equality of covariance matrices assumption is shown in the output. 
Because this statistic is significant (p = 0.004; higher than 0.001), the covariance 
matrices are nearly similar, as expected. 

5.4.2 Levene’s Test 

Furthermore, Levene’s test specifies any violation of the test of equality of vari-
ance made for any dependent variable. The significance level must be greater than 
0.05, which means that if it is less than 0.05, the dependent driver is not regarded 
statistically significant and should not be used to assess the represented category 
appropriately as shown in Table 3, all dependent variables except cost and delivery 
had 0.004 and 0.019. This indicates that cost and delivery will be retained in the 
analysis despite heteroscedasticity [7]. 

Table 3 Results of Levene’s test 

Levene’s test of equality of error variancesa 

F df1 df2 Sig 

Quality 0.304 1 104 0.582 

Cost 8.497 1 104 0.004 

Delivery 5.711 1 104 0.019 

Flexibility 0.011 1 104 0.918 

Innovation 0.868 1 104 0.354 

Tests the null hypothesis that the error variance of the dependent variable is equal across groups 
aDesign: Intercept + Six Sigma
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5.4.3 Wilks’ Lamda 

Wilks’ Lambda is suggested for looking for significant differences between sets of 
dependent variables in a linear arrangement. If the significance of Wilks’ Lambda is 
less than 0.05, one can conclude that dependent variables have variance between them 
within the group SPS:refid::bib13[13]. The significant level of the test concerning 
the categorical independent variable Six Sigma is 0, which is less than 0.05, as shown 
in Table 4. As a result, it is possible to conclude that there is a difference in the data 
collected from the respondents, who are users and non-users of Six Sigma.

5.4.4 Between-Subjects Effects 

The between-subjects effects test determines if all dependent variables or only part 
of them distinguish between the two independent categories. Because the between-
subjects effects tests reveal five different univariate ANOVAs that were concluded 
as a step-down analysis after the MANOVA, the significance level is suggested to 
be adjusted accordingly using the Bonferroni adjustment [13]. The revised alpha 
level is adjusted from 0.05 to (0.05/5 = 0.01) 0.01 using the Bonferroni technique of 
alpha. As seen in Table 5, quality, cost, delivery, flexibility, and innovation fall below 
the new alpha level and, as a result, are considered significant for the analysis. The 
Partial Eta Square (PES) states that which dependent variable is most dependent on 
the independent variable which matters in answering the research question. When 
looking at the PES of each dependent variable, Quality shows a PES of 0.892, or 
89.2%, cost shows 0.605 or 60.5%, delivery shows 0.789 or 78.9%, flexibility 0.794 
or 79.4% and innovation 0.680 or 68.0%. Consequently, it is reasonable to infer that 
the strongest relationship between Six Sigma adoption and one of the dependent 
factors was in the area of quality.

5.4.5 Hypothesis Testing 

A multivariate analysis of variance found that each of the five dependent variables 
had a significant main impact for Six Sigma adoption, Wilks’ λ = 0.102, F (5, 100) 
= 176.154, p < 0.001, PES = 0.914. The power to identify the effect was 1.00, 
indicating that the ability to detect dependent variables’ variances using Six Sigma 
as the independent variable is confirmed. 

As a result of the overall significance of the test, the univariate main effects for 
each of the dependent variables were investigated [8]. The estimated marginal means 
of each dependent variable, along with the results based on the two category inde-
pendent variables, are shown in Fig. 2. As already discussed, the findings show 
that the relationship between Six Sigma adoption and all the drivers of manufac-
turing competitiveness was found significant that as a result, develops support for 
H1 (hypothesis 1): (PES = 0.892, p < 0.01), H2 (PES = 0.605, p < 0.01), H3 (PES 
= 0.789, p < 0.01) H4 (PES = 0.794, p < 0.01), and H5 (PES = 0.680, p < 0.01).
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Fig. 2 Hypothesis testing 

6 Conclusion 

To determine whether Six Sigma implementation improves competitiveness, 
MANOVA was used to evaluate the significance of the relationship of manufac-
turing competitiveness between Six Sigma users and non-users. The dimensions of 
competitiveness in the Indian steel sector were identified in this study. It can be 
concluded that companies that employ Six Sigma outperform their competitors on 
various priorities, such as quality, flexibility, and delivery. Eventually, flexibility was 
observed to be the main dominating driver for competitive priorities with high aver-
ages. These findings corroborate other research, e.g., Porter [15]; Swamidass and 
Newell [22], Ward et al. [23], which conclude that insisting on flexibility, delivery 
performance, and quality is a prudent approach. 

These findings are based on survey respondents’ perceptions. One other important 
point is that the application of Six Sigma allows for attaining a more excellent range 
of competitive priorities and another benefit of cost reduction is that it also helps the 
company to be more cost-effective, more consistent, have superior quality, and be 
able to provide better customer service [1]. 
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Quality and Efficiency Improvement 
Through Process FMEA—A Case Study 
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Abstract A failure mode and effect analysis (FMEA) helps to identify potential 
failure modes which can occur in any industry. These failures can lead to major 
quality defects in the product. In this study, we used a process FMEA approach in a 
maize flake producing company to enhance the quality and efficiency of the process. 
A field study approach was used to understand the process, potential failure modes 
present, and its causes in the process. We developed an FMEA model to evaluate 
the impact of these failure modes on the process. According to the effects of the 
potential failure mode on the process and product, a severity ranking was assigned 
to the respective potential failure mode. Using this severity ranking, detectability in 
the company and occurrences of the failure modes, a risk priority number (RPN) was 
assigned to these failure modes. By prioritizing the failure modes, some corrective 
actions were suggested to the company. These actions reduced the occurrences of the 
failure modes leading to a reduction in the RPN associated with the potential failure 
modes. These RPN reductions led to enhance the quality of product and overall 
increment in productivity and efficiency of the process. 
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1 Introduction 

In any industry, a small failure or problem in a product or process may lead to a 
large impact on the process, surrounding workplace, people working in the process, 
or people consuming the product. This failure sometimes may be fatal and may 
incur huge costs for the industry. An Failure Mode and Effect Analysis (FMEA) is 
a method that identifies the problems and prevents the problems before they occur. 
Preventing defects and enhancing safety which increases the value of the product 
ultimately increasing customer satisfaction are the main objectives of FMEA. 

In 1949, U.S. Army developed the FMEA system and implemented it for the 
first time. Later, Apollo’s space program executed it to temperate the risk [10]. The 
aerospace industry in 1950 developed the FMEA technique because of the increasing 
awareness paid to safety and the necessity to forbid predictable accidents [9]. In 
manufacturing processes, it was set as a key tool to augment quality and effi-
ciency [10]. Later, the FMEA technique was used as a quality improvement tool 
by the automotive industry [7]. In 1977, Ford Motors, introduced FMEA in the 
Research and Development (R&D) to identify the problems during the early stage. 
In 1984, they introduced the handbook on FMEA to encourage this method. Later, 
the American automobile manufacturers also introduced this FMEA technique into 
the management of suppliers [10]. 

In this paper, a study of FMEA analysis was conducted in a maize flake producing 
company. It is a small-scale producing unit. The company produces only maize flakes 
with some variations in quality. The major quality variations are in the thickness of 
maize flakes. The main objectives of the study were to analyze the Failure modes and 
their effects on the processes carried in the company, calculate the risk associated 
with the failure modes and suggest some methods to reduce the risk associated with 
the failure modes. 

1.1 Failure Mode and Effect Analysis (FMEA) 

FMEA is a proactive analysis tool. It defines and identifies known potential failures 
and problems from the system, design, process, or service and also helps to eliminate 
them [6]. The motive of FMEA is to examine the characteristics of a design relative to 
the planned manufacturing process which helps to ensure that the resultant product 
meets customer needs and expectations [11]. The FMEA team includes members 
from different departments who are highly skilled and are knowledgeable about their 
processes or departments. The departments included in the team may be Research & 
Development, design, operations, production, maintenance, and procurement.
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Fig. 1 FMEA types. Source Rana and Belokar [11] 

In the FMEA process, various numerical values are considered for various failure 
causes using severity, occurrence, and detection ratings. An increase in effect on 
failure mode results in an increase in its rating [2]. A number is given to assigning 
the priority to the failure modes analyzed. This number is known as risk priority 
number (RPN) and is calculated by taking the product of severity, occurrence, and 
detectability ratings. This number ranges from 1 to 1000 for each failure mode. 

Types of FMEA: 

FMEA is broadly classified into two major types which are Design or Product FMEA, 
also known as DFMEA, and Process FMEA, also known as PFMEA. Figure 1 shows 
the types of FMEA. 

1. Design/Product FMEA 
The purpose of a product or design FMEA is to understand problems with 

the product that have effects such as safety hazards, product malfunctions, or a 
shortened product life [7]. Design FMEA helps to eliminate the effects and helps 
in selecting the optimal design variant. It plays an important role to develop a 
documentary base that reduces risks associated with faulty products to support 
future designs [11]. Design FMEA can be carried out on products that are in the 
preliminary design stage or final design stage or Prototype or products that are 
already in the production stage. 

2. Process FMEA 
The purpose of process FMEA is to find out the potential failure modes of 

manufacturing or assembly processes at the operation, subsystem, or system 
level. It also helps to get rid of the process failures which could lead to the 
separation of defective products as early as possible, and it also avoids using 
unacceptable methods as part of the processes [11]. People, materials, equipment, 
methods, and environment are the five elements that should be thought of while
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conducting a process FMEA [7]. Process FMEA can also be used to develop 
future processes and validation programs. 

Steps of FMEA: 

All Product/Design and Process FMEA follow these ten steps [7]: 

Step 1. Examine the process or product of the company. 
Step 2. Identify potential failure modes through brainstorming sessions. 
Step 3. Identify effects of potential failure modes. 
Step 4. Understand each effect and allocate its severity. 
Step 5. Understand each failure mode and allocate its occurrences. 
Step 6. Allocate ranking for detection of each failure mode. 
Step 7. Determine the risk priority number for each failure mode and/or effect. 
Step 8. Rank each failure mode according to the RPN value to take further action. 
Step 9. Take some measures to terminate or decrease failure modes. 
Step 10. Determine the resulting RPN after taking measures. 

2 Literature Review 

Parsana and Patel [10] used the process of FMEA in a manufacturing process of a 
cylinder head to improve the reliability of subsystems in their paper. Various causes 
of failure modes that are possible and the effects on them with their prevention are 
also discussed by the authors. As per the authors, these preventions will decrease 
the loss of money, time, and quality of the industry. Baghele et al. [2] in their paper 
applied the FMEA technique for litter picker machine in the design and development 
phase. A holistic thinking approach was applied by authors to break down the whole 
system into sub-assembly and parts. 

Kulkarni and Shrivastava [6] in their paper used FMEA as a tool to enhance the 
process capability of the system by adopting innovative technologies and integrating 
them with operational aspects. Their study focused on improving machine reliability 
and enhancing the safety of CNC grinding machine. Shinde et al. [13] in their study 
also used the FMEA to increase the process capability in a bush manufacturing 
process. Their study focused on improving the performance and reliability of the 
system. 

Souza and Álvares [14] used FMEA and fault tree analysis (FTA) as tools to 
study failures in the oil circulation system of the combined bearing of a hydraulic 
Kaplan turbine used in a hydraulic plant. In their study, they performed a comparison 
between the above two tools to implement a structured predictive maintenance plant. 
Arabian-Hoseynabadi et al. [1] used proprietary software in their study to understand 
the reliability of wind turbines using the FMEA method. 

Capunzo et al. [4] applied this FMEA technique in a clinical laboratory. Also, 
Burgmeier [3] applied the FMEA technique to eliminate the process errors in a 
transfusion Laboratory/Blood Bank. This showed that the FMEA technique can be 
applied in a clinical laboratory, even if of small dimensions [4]. McNally et al. [8]
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applied FMEA in an Australian hospital to identify deficiencies in the ward stock 
system which were used to store bulk drug packs that lead to medication errors. After 
knowing the deficiencies in the system, they proposed an alternative drug distribution 
system. 

Rana and Belokar [11] used the process FMEA in improving a welding process. 
The authors detected the failure modes and suggested some preventive action in their 
study. Namdari et al. [9] used the FMEA technique in their paper to optimize fuel 
consumption in tillage. They identified that plowing speed, soil moisture content 
and plowing depth were the important factors that affected the fuel consumption in 
tillage. Scipioni et al. [12] in their paper applied a design FMEA in a food company 
to assure product quality and improve the performance of the production cycle. 

Tanik [15] in his paper used systematic quality control tools to improve the order 
handling process in food package production and to strengthen the supply chain 
in the food industry. Teng et al. [16] in their paper aimed to implement FMEA 
in a collaborative supply chain environment. They illustrated a Microsoft Excel 
tool to determine sampling size, reliability, and confidence level for tests in design 
verification and control plan as a part of the integrated FMEA process. To select new 
suppliers from a supply chain risk perspective, Chen and Wu [5] proposed a modified 
FMEA in their paper. They applied the analytical hierarchy process method to find out 
the weight of each criterion and sub-criterion which are used for supplier selection. 

3 Methodology 

A process FMEA was carried out in the company. The authors followed a standard 
stepwise approach to conducting a process FMEA is the company. Below mentioned 
is the stepwise approach carried out by the authors in the company.

Step 1. Examine the process or product of the company 
Many visits were conducted by authors to know and understand the 

process of the company. The process started with cleaning maize grains 
where the maize grains, i.e., the raw material are cleaned in a cleaning 
machine. After cleaning, the maize grains were polished. During the 
polishing of maize grains, the upper coating of maize is removed by the 
polishing machine. 

Once the grains were polished, they were sorted in a sorting machine. 
During this process, the polished grains are sorted according to the standard 
size required. If the grains are not of standard size, they were rejected for the 
further process and were separately packed. The final polished grains with 
standard size were stored in a silo. The polished grains are then boiled in a 
cooker where steam, water, and some ingredients are also added. The steam 
is generated through an automated boiler. Once the grains are perfectly 
boiled, they are rolled on a large conveyor belt for cooling purposes.
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Cleaning of 
Maize Grains 

Polishing of 
Maize Grains 

Sorting of 
Maize Grains 

Boiling of 
Maize Grains in 

Cooker 

Flaking of 
Boiled Maize 

Grains 
Drying of 

Maize FlakesPackaging 

Fig. 2 Process chart of company 

The boiled maize grains are then poured into a flaking machine where 
the boiled grains are flaked to a certain thickness. After flaking, these maize 
flakes are then dried in a drying machine. In this machine, the maize flakes 
which have high moisture content in them were dried to a certain temperature 
where the desired moisture is kept. And finally, the ready maize flakes are 
packed. Figure 2 shows the process chart of the company.

Step 2. Identify potential failure modes through brainstorming sessions 
Once the processes of the company were known and understood 

by authors, brainstorming sessions were carried out between authors, 
company owner, company manager, and some workers to jot down the 
possible failure modes for the processes in the company. The failure modes 
identified are shown below— 

• Improper cleaning • Excess cooking • Less flaked 

• Excess polishing • Less cooking • Less dried 

• Less polishing • Excess flaked • Excess dried 

• Improper sorting 

Step 3. Identify effects of potential failure modes 
Each failure mode was further discussed in detail with the company. 

All the possible scenarios that can take place for the respective failure 
modes were also discussed with the company. After a lot of discussions, 
the possible effects were listed next to the failure mode. 

Step 4. Understand each effect and allocate its severity 
Each failure mode can have various effects and these effects can be 

of various severity levels that can have an impact on various aspects of 
a company. Considering this, the authors gave each effect its severity 
ranking. The severity of each potential failure was given by considering its 
potential effect on the product and further processes. The severity of each 
failure mode was different according to each member. Considering this, 
the average was taken of the severity given by all the members. To assign
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the severity of potential effect due to potential failure all members were 
given a table of severity for reference. The table provided for reference is 
shown in Table 1.

Step 5. Understand each failure mode and allocate its occurrences 
An occurrence table for potential failure mode was provided to the 

company. The company manager and workers of the team referred to the 
table and discussed the occurrences of the failure modes. After a lot of 
discussions, the occurrences of each failure mode were listed. The table 
provided to the company for reference is shown in Table 2.

Step 6. Allocate ranking for detection of each failure mode 
The authors discussed the current control system for each possible 

failure mode with the company. After understanding the detection system 
at each process stage, the authors referred to the table and assigned the 
detection ranking to each failure mode. The table referred to, is given in 
Table 3.

Step 7. Determine the risk priority number for each failure mode and/or effect 
The rating of severity, occurrence, and detectability of each failure mode 

was listed, the Risk Priority Number (RPN) for each potential failure mode 
was calculated by the authors. The RPN is calculated by— 

RPN = Severity Rating × Occurrence Rating × Detectability Rating 

The smallest RPN calculated was 60 for failure mode in the cleaning 
and sorting process. The largest RPN calculated was 392 for failure mode 
in the cooking process. 

Step 8. Rank each failure mode according to RPN value to take further actions 
A Pareto diagram for the potential failure modes was created by the 

authors. The authors decided to work on any failure mode that had an 
RPN of 100 or higher. With the criteria of RPN 100 or more, seven failure 
modes were needed to be taken into consideration (Fig. 3).

Step 9. Take some measure to terminate or decrease failure modes 
The prioritized failure modes were discussed with the company to deter-

mine the action which could be taken to reduce or eliminate the risk. After a 
lot of discussions, some actions were suggested to the company which can 
be implemented to reduce the occurrences of the potential failure modes 
which in turn will reduce the risk associated with the respective failure 
mode. 

Step 10. Determine the resulting RPN after taking measures 
There was a discussion between the authors and the company to address 

the results of the corrective actions. The company was pleased with the 
results as the occurrences of prioritized failure mode were reduced. The 
new occurrences of prioritized failure modes were listed by authors and 
the risk priority number associated with the failure mode was calculated.
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Table 1 Severity evaluation criteria 

Effect Customer effect Manufacturing/assembly 
effect 

Ranking 

Harmful with no 
warning 

Extreme high severity which 
affects the safety of 
operations with no warning 

Or may risk the life of the 
operator with no warning 

10 

Harmful with some 
warning 

Extreme high severity which 
affects the safety of 
operations with some 
warnings 

Or may risk the life of 
operator with some warnings 

9 

Very high Product is waste and of no 
use 

Or hundred percent of 
product may have to be 
discarded, or the product 
needs to be repaired which 
will require at least 1 h time 

8 

High Product cannot be operated 
at its maximum 
performance level 
High level of dissatisfaction 

Or product may have to be 
sorted and a portion which is 
less than hundred percent 
have to be discarded, or 
product needs to be repaired 
which will require more than 
1/2-h time 

7 

Moderate Product can be operated at 
low performance level 
Moderate level of 
dissatisfaction 

Or a portion of the product 
which is less than hundred 
percent may have to be 
discarded with no sorting, or 
product needs to be repaired 
which will require at least 
1/2-h time 

6 

Low Product can be operated at 
moderate performance level 

Or hundred percent of 
product may have to be 
repaired or reworked with no 
product being discarded 

5 

Very low Product does not comply 
with standards. More than 
3/4th of customers notices 
the defect 

Or the product may have to 
be sorted, with no product 
being discarded, and a 
portion which is less than 
hundred percent have to be 
reworked 

4 

Minor Product does not comply 
with standards. Around 1/2 
of customers notice the 
defect 

Or a portion which is less 
than hundred percent of the 
product may have to be 
reworked, with no product 
being discarded 

3 

Very minor Product does not comply 
with standards. Less than 
1/4 of customers notice the 
defect 

Or a portion which is less 
than hundred percent of the 
product may have to be 
reworked, with no product 
being discarded 

2

(continued)
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Table 1 (continued)

Effect Customer effect Manufacturing/assembly
effect

Ranking

None Effect is not detectable Or minor trouble to operation 
or operator, or no effect 

1 

Source McDermott et al. [7]

Table 2 Occurrence evaluation criteria 

Possibility of failure Occurrence of failure (considering per 1000) Rank 

Very high More than 10% 10 

High Around 5% 9 

Around 2% 8 

Around 1% 7 

Moderate Around 0.2% 6 

Around 0.05% 5 

Around 0.01% 4 

Low Around 0.001% 3 

Less than 0.0001% 2 

Very Low Using preventive control failure will be eliminated 1 

Source McDermott et al. [7]

4 Results and Discussion 

After calculating the RPN of current failure modes, the failure modes with RPN of 100 
or more were taken as a priority. Some suggestions were suggested for the prioritized 
failure modes. The suggestions suggested are—Analyzing the size of grains before 
processing, checking the moisture content at different stages, and having standard 
size markings on machines. The suggestions suggested are listed in the FMEA sheet 
shown in Table 4.

By implementing these suggestions, the occurrences associated with the potential 
failure modes are reduced and this will result in a reduction of risk associated with 
the failure modes. The new RPN’s for the potential failure mode were calculated 
and there was a reduction of 38%, on average. The percent reduction in each failure 
mode is shown in Table 5. The comparison between old RPN and new RPN is shown 
in below bar chart in Fig. 4.

The recommended suggestions not just reduce the occurrences but increases the 
overall productivity of the company. This will happen because the occurrences of the 
failure modes have reduced, and this reduction reduces the time, which was earlier 
wasted on rework, and there is a reduction in wastage of maize grains which used to 
break in the polishing stage. There is also a reduction of excess boiled or less boiled 
maize grains, reduction in excess flaking or less flaking of maize grains, and excess
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Table 3 Detection evaluation criteria 

Possibility of detection Opportunity for detection Likelihood of detection by 
process control 

Rank 

Almost impossible Chances for detection is none No system to detect or check 
problem 

10 

Very remote Possibility of detection at any 
stage is none 

Detection of problem is 
difficult and can be achieved 
through random checks only 

9 

Remote Detection of problem after 
processing 

Visual detection of problem 
after processing 

8 

Very low Detection of problem at origin Visual detection of problem 
while processing or by using 
attribute gaging after 
processing 

7 

Low Detection of problem after 
processing 

Variable gaging and attribute 
gauging used to detect 
problem after processing or 
while processing, respectively 

6 

Moderate Detection of problem at origin Variable gaging detection by 
operator or automatic control 
detection (light, buzzer, etc.) 
which will signal operator 

5 

Moderately high Detection of problem after 
processing 

Automatic control detection 
after processing which will 
detect defective part and stop 
it from further processing 

4 

High Detection of problem at origin Automatic control detection 
while processing which will 
detect defective part and stop 
it from further processing 

3 

Very high Detection of problem is 
certain 

Automatic control detection 
while processing which will 
detect defective part and 
discard it 

2 

Almost certain Detection not applicable; error 
prevention 

Defective parts cannot be 
made because item has been 
error-proofed by 
process/product design 

1 

Source McDermott et al. [7]

drying and less drying of maize flakes. These reductions of all types of wastes in 
the company increase its productivity. As there is a reduction in rework, and also an 
increment in productivity, this will result in a reduction of the lead time of a product, 
which ultimately increases customer satisfaction, and will add value to the product.
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Fig. 3 Pareto analysis of potential failure modes

5 Conclusion 

From the study, we can understand that the failure modes like excess cooking, less 
cooking, excess flaking, less flaking, excess drying, and less drying can lead to major 
quality defects which leads to rejection from the customers. By using FMEA, we 
can analyze the severity of these failure modes and take corrective actions for them. 
These actions will reduce failure modes and enhance the quality of the product which 
will help in building a good image of the company. From the study, we understand 
that FMEA helps us to identify the weak points in the processes and take actions 
accordingly. By taking action, the risk associated with it can be reduced and the 
processes can be improved. This leads to promising results which shows that FMEA 
will help to identify and improve further weak points. A successful process FMEA 
leads to increment of productivity of the company. The calculated RPN helps us 
to identify which potential failure mode needs more attention as compared to other 
potential failure modes. In this study, the highest RPN calculated came out to be 
of failure mode associated with excess boiling of maize grain. This failure mode 
may result in major quality defects in the product which will lead to rejection in the 
product. FMEA helped to identify and prioritize this risk and was reduced by taking 
corrective actions. This shows that FMEA is a simple but important tool for quality 
improvement.
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Table 5 Percentage reduction of RPN 

Failure mode Old RPN New RPN Percentage reduction (%) 

Improper cleaning 60 60 0.00 

Excess polishing 168 112 33.33 

Less polishing 72 72 0.00 

Improper sorting 60 60 0.00 

Excess cooking 392 168 57.14 

Less cooking 224 168 25.00 

Excess flaked 160 80 50.00 

Less flaked 120 80 33.33 

Less dried 105 70 33.33 

Excess dried 147 98 33.33 
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Fig. 4 Comparison between old and new RPN
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Study on Mechanical Characteristics 
of TiB2, WC, ZrB2 and B4C Reinforced 
Al 2XXX, 6XXX and 7XXX Series 
Alloys—A Systematic Review 

B. M. Karthik, K. Nithesh, Sathyashankara Sharma, D. Srinivas, 
and S. Sandeep Nambiar 

Abstract The effect of heat treatment and various reinforcement additions on 
aluminium alloys is discussed in this article. Metal matrix composites are now widely 
employed in aerospace and automotive applications. Composites utilization has been 
rapidly increasing because of their notable properties, viz. improved strength and 
impact resistance. The current review work, on the other hand, collects the possi-
bility of using different reinforcements in bare with or without hybridization. Data 
assessment with property analysis will pave the path for future hybridization research 
endeavours. The purpose of this article is to collect data on aluminium matrix compos-
ites with TiB2, WC, ZrB2 and B4C reinforcements and provide collective information 
regarding prospective improvements that might be made based on the data. 

Keywords Aluminium matrix composites (AMCs) · Titanitm diboride (TiB2) ·
Tungsten carbide (WC) · Boron carbide (B4C) · Zirconium diboride (ZrB2) 

1 Introduction 

Composites typically constitute more than one dissimilar material (with different 
chemical or physical properties) that, when combined, have traits more desirable 
than the individual materials by themselves [1–3]. The components do not fully 
blend or lose their assets; they come together and contribute valuable traits to improve 
the resulting product. Composites are designed to provide benefits such as higher 
strength, stiffness, corrosion resistance and improved fatigue properties [4].
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The primary classifications of the constituent materials of a composite are recog-
nized as: matrix and reinforcement. Matrix phase embeds and surrounds the rein-
forcements by maintaining their relative locations and supporting the reinforcement. 
The reinforcement itself provides a superior level of support and stiffness to the 
composite [5]. The reinforcement, according to their structure, may be classified 
as continuous or discontinuous type. Monomolecular fibres such as SiC or carbon 
fibres fall under continuous reinforcement. Discontinuous reinforcement may be 
isotropic; they can be constructed using standard metalworking methods, such as 
forging, rolling and extrusion [6]. 

Depending on the material type of matrix, composites are broadly of three types: 
polymer matrix composites (PMC), metal matrix composites (MMC) and ceramic 
matrix composites (CMC). Out of these, due to their low cost and varied range of 
properties, metal matrix composites are increasingly getting more attention [7]. Metal 
matrix composites are composites where matrix is compulsorily a metal, whereas 
reinforcement may be another metal, ceramic or even an organic compound in disper-
sion. They are majorly used for prototyping of the commercial airliners, space shut-
tles, bicycles, automobiles, electronic substrates and even articles like golf clubs [8]. 
MMCs are favoured based on their greater properties of specific strength and specific 
modulus. Further, they possess thermal conductivity, stiffness and low coefficient of 
thermal expansion and, in some cases, better wear resistance. MMCs may consist of 
particles, layers or fibres as their enhancing reinforcements [9]. 

In a category of MMCs, AMCs are considered to have high performance, espe-
cially light-weight aluminium-based material composites. These days, AMCs are 
getting widely accepted for automobile, aerospace and several industrial applica-
tions owning to their critical properties such as strength, low density and improved 
wear resistance in contrast to other available MMCs [10]. 

Various grades of aluminium are used in the production of AMCs depending on 
their usage and application. Aluminium has several alloys ranging from 1xxx to 8xxx. 
1xxx is classified as pure aluminium of 99% or higher with excellent workability 
qualities. The heat treatable alloys comprise 2xxx, 6xxx and 7xxx series with primary 
alloying elements as copper, silicon + magnesium and zinc, respectively. Non-heat 
treatable alloys comprise 3xxx, 4xxx and 5xxx series that possess increased metal 
strength [11]. Composites that are aluminium based are very frequently used and 
extensive research had been conducted to explore the possibility of tribomechanical 
usage [12]. 

Different heat treatment results in a change in the microstructure of alloy. Grain 
size changes according to the heat treatment process applied. In AMCs, the change in 
grain size determines the mechanical properties. This study tells us about the effect 
of mechanical properties on the addition of ceramic reinforcements such as TiB2, 
WC, ZrB2 and B4C to aluminium matrix in varying proportions. Each reinforce-
ment imparts characteristic properties that amend the properties of the base alloy 
accordingly.
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2 Reinforcements 

2.1 Titanium Diboride (TiB2) 

Titanium diboride is a favourable reinforcement as it has high values of hardness 
and stiffness coupled with good electrical and thermal conductivity. When paired 
with aluminium matrix to form a composite, it does not react and thus avoids brittle 
reaction products [13]. As a ceramic TiB2 displays high melting point (2790 °C), 
remarkable wear resistance and superior strength to density ratio [14]. This makes 
the TiB2 an appreciable supplement for the cutting tool and thus, it finds applications 
in seals and wear parts. It is also used in high-temperature structural components 
[15]. 

The microstructures of AMCs reinforced with TiB2 portray uniform distribution 
of particles with interface and strong bonding with matrix. TiB2 particles formed 
in situ display various geometries of cubic, spherical and hexagonal structures [16]. 

When Al 7075 is reinforced with TiB2 in 4, 8, 12 wt% (via in situ) gradually, the 
density rises with increase of reinforcement. Tensile strength also shows an increasing 
trend with addition of reinforcement. Microhardness also shows improvement with 
a maximum of 42.4% compared to base alloy on addition of 12 wt% of TiB2 [17]. 
Another study conducted for Al 6061 shows similar tendencies in mechanical proper-
ties upon adding TiB2 in 4, 8 and 12 wt%. Tensile strength shows a steady increasing 
pattern on raising TiB2 content, so does the hardness, measured by Rockwell hard-
ness test. The wear behaviour noted indicates that higher number of TiB2 particles 
will improve the wear resistance of the composite [18]. In Al 2021, tensile strength 
improves to 135 MPa at 10 wt% TiB2 addition when compared to as cast samples. 
However, at 10 wt% TiB2 addition, the hardness value increases to 189 HV [19]. 
Another investigation on stir casted Al 7075 with reinforcement taken in 4, 6 and 
8 wt% reaffirms the increase of hardness with more amount of TiB2 particles. In this 
case, maximum hardness was achieved at 8 wt%. The wear rate is also the least at 
8 wt%, consistent with previous results [20]. In a study, base alloy Al 6063 and its 
composite with TiB2 reinforcement was compared, and results show a spike in the 
mechanical properties by 21% increase in microhardness, 65% increase in elasticity 
modulus and 47% increase in ultimate tensile strength (UTS), respectively. Ductility 
denoted by elongation percentage increased significantly by 368% [21]. When TiB2 

is varied in 5 and 10 wt% in Al 6063, the density increased linearly. The hardness 
results show consistent improvement as well [8]. An experiment was carried out to 
see the effect of wt% of TiB2 on Al 6061 matrix. Results showed a linear rise in the 
hardness and density of the composite at 5 and 10 wt%. Similar trend remains noticed 
in hybrid Al 6061 composite reinforced with SiC/TiB2, hardness was increased for 
5 wt% (SiC+ TiB2) as compared to 3 wt% SiC+2 wt% TiB2 [22]. With the increase in 
the wt% of TiB2, it shows that the bonding between the particles and matrix increases 
[23].
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2.2 Tungsten Carbide (WC) 

Tungsten carbide is a fine dark powder used in making protective coatings, as an 
abrasive material, cutting tool and other industrial applications. The density and 
stiffness are high, nearly double that of steel. The hardness of WC is also impres-
sive, comparable to corundum [24]. Moreover, tungsten carbide is a high strength 
of material which is considered to be tough and rigid. The compressive strength is 
virtually greater than all forged, melted or cast metals and alloys, making it a desir-
able reinforcement for metal matrices. Several studies observe that varying the per 
cent of tungsten carbide reinforcement in Al matrix alters mechanical properties of 
composite sample. One study on Al 6061 shows that when the wt% of WC was raised 
from 0 to 4% in steps of 1%, the tensile strength is enhanced by 3% along with 55% 
increase in UTS [25]. Another study gave matching results for these parameters up 
to 3 wt% and beyond 3 wt% WC tensile strength decreased because of improper 
bonding between matrix and reinforcement [26]. In another study, hybrid Al 7075 
composite with tungsten carbide (2, 4, 6, 8 and 10 wt%) + molybdenum disulphide 
(MoS2) (4 wt%) as reinforcements was fabricated using stir casting process. Addi-
tion of WC up to 6 wt% enhanced the hardness. Further increase in wt% of WC 
showed a decreasing trend. The tensile strength showed a rise with higher wt% of 
WC, though a declining trend in hardness is observed at 8 and 10 wt% of WC and 
4 wt%  MoS2 [24]. Composite samples of Al 6082 with WC (2, 4, 6, 8 and 10 wt%) 
was fabricated by stir casting. A reduction in density of composites is observed with 
increase in WC. Mean decrease in density is 1.15% per 2% increase of WC by weight 
[27]. When compared to the base alloy, the density of the composites (10 wt% of 
WC) is reduced to a maximum of 5.88%, and strength increases with higher WC 
up to 8 wt% and then a decline on further addition of WC. The UTS rose by 16% 
and yield strength increased up to 22% related to the base alloy [27]. When WC is 
stir casted to Al 2024, microhardness and wear property of the material showed an 
increasing trend with addition of reinforcements from 0 to 5 wt% [28]. One study 
revealed that on adding WC to Al 6061 mechanical properties like wear resistance, 
tensile strength and hardness improved. Results obtained were greatest at 3 wt% 
of WC addition. Ductility of the composite was however compromised with the 
reinforcement addition [29]. When compared to Al 6061 base alloy, the elongation 
of Al 6061-WC composite material increased. It is evident that composite material 
shows higher brittleness with increase in the filler (WC). This shows that the matrix 
experiences ductility due to influence of reinforcement material. So, ductility drops 
by about 100% when WC content increased from 0 to 4 wt%, as the material gets 
harder, ductility is lost, and we know that at 4 wt% of WC, the composite becomes 
extremely hard thus its loses its ductility entirely [30]. This also states that as the 
material becomes harder, it becomes less tensile but can bear compressive loadings. 
At 4 wt% of WC, the composite loses its ductility almost entirely, but it becomes 
excellent under compression.
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2.3 Zirconium Boride (ZrB2) 

Zirconium boride (ZrB2) has high electrical conductivity [31], high melting point and 
high hardness versus molten iron and slags. Several industrial sectors, including as 
foundry and refractory industries, use this as a desirable material for high-temperature 
applications. Metal matrix can be fabricated by various means like hot pressing. It has 
been found that hot pressing without a protective atmosphere leads to the production 
of heavy composite material with good physical properties and mechanical prop-
erties [32]. Another way is powder metallurgy which is combined with microwave 
sintering which gives high-density composites at low temperature [33]. Spark plasma 
sintering is another means to produce composite. This ensures a uniform distribution 
of ZrB2 in aluminium matrix. When compared to microwave, spark plasma produces 
composites of higher density [34]. Strength of composite material increases with 
addition of reinforcement material. When Al 2618 was reinforced with ZrB2 along 
with Si3N4 and AlN, it was found that micro-Vickers hardness, tensile strength and 
ultimate strength were improved and the wear rate decreased [31]. Further addition 
of Al2O3 + ZrB2 + TiB2 reinforcement, increases the hardness of pure aluminium 
considerably. It was found that the stiffness of composites exceeds the hardness of 
non-reinforced composites by more than 63% [32]. In AA 6061 + ZrB2 + SiC 
hybrid composite, an increase in the percentage of ZrB2 shows a significant increase 
in tensile strength, along with yield strength and UTS, but it was found that any further 
increase in the percentage of SiC results in a decrease in the tensile strength, but leads 
to an increase in the microhardness [35]. When microwave sintering was applied 
to Al–ZrB2 composites high density was obtained at low temperature. Bending 
strength and microhardness were 340 MPa and 56 VHN, respectively [33]. In another 
study, it was found that sample X–Al 6061+10%Al–10%Zr and 30%Al–3%B when 
compared sample Y–Al 6061+20%Al–10%Zr and 60%Al–3%B has larger grain size, 
but sample Y has a greater microhardness, yield strength and UTS [36]. As the wt% 
of ZrB2 increases from 0 to 10, the UTS reportedly increases by 31.77% [37]. The 
grain size reduces in presence of ZrB2. When ZrB2 in situ with AA 5052 is devel-
oped, there is again significant impact in the mechanical properties like UTS and 
yield strength up to 9 vol% reinforcement addition. The ductility was also increased 
compared to base alloy [38]. Another important characteristic of the addition of ZrB2 

is the reduction in the elongation of the matrix [35, 37]. The elongation reduces by 
38.82% as ZrB2 increase from 0 to 10 wt% [37]. 

2.4 Boron Carbide (B4C) 

B4C is a by-product of the reaction involving metal borides. It is an extremely hard 
B4C ionic material which finds application in bulletproof vests [39], armoured tank 
engine sabotage powders as well as in industrial application. B4C is the hardest 
known material after cubic boron nitride and diamond. The material can be classified
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as robust, having excellent chemical and thermal stability and is very hard with low 
density. The specific gravity is low with high elastic modulus and excellent neutron 
absorption chemical and thermal stability [40]. Given these mentioned properties, 
Al–B4C systems have been widely used as cermet and armour materials, which 
have a significant industrial investment as high-strength applications. Boron carbide 
possesses the stability of ionizing radiation [41]. The composites are fabricated by 
various means, some by addition of SiC, Al2O3, glass fibres, B4C using stir casting 
method [40] and some by extrusion process [42]. It has been found that the liquid 
metallurgy route was the most suitable route for the fabrication of Al–B4C composites 
because of its affordability and flexibility when compared to stir casting [43], but 
the stir casting process ensures homogeneous distribution [40]. It also ensures strong 
bond with the metal matrix [42]. Fabrication at higher temperatures like 900 °C causes 
agglomeration of reinforcement due to change in viscosity. Agglomeration also takes 
place when small-sized reinforcement is added in higher quantity which leads to 
a drop in mechanical properties of AMC [42]. The physical properties of metal 
increase with addition of reinforcement, particularly B4C and SiC. It was found that 
addition of B4C increased the mechanical properties of the composites, i.e. increase in 
compressive strength, hardness, elastic modulus and young’s modulus [44]. Stir cast 
Al 6061 reinforced with the constant percentage of B4C and different percentage of 
SiC hybrid composites was fabricated. Better tribological properties were identified 
at 10 wt% SiC and 3 wt% B4C [45]. Varied percentage of reinforcement material 
brings insignificant effect on mechanical properties of the composite. Three samples 
with varied percentage of alumina (2 and 3 wt%) and B4C (2 and 3 wt%) with Al 
base alloy was casted. It was found that 3 wt% alumina + 2 wt%  B4C reinforcement 
addition (sample 1) showed higher tensile strength than 2 wt% alumina + 3 wt%  
B4C (sample 2) composite. The impact value of sample 1 was found to be higher than 
base alloy but lower than sample 2, and the BHN of sample 1 is lower than sample 
2 but higher than base alloy [41]. Studies show that the size of reinforcement also 
plays an important role in determining the properties of AMC [46]. Micro-Vickers 
hardness value varies with the size of B4C added [3]. Micro-Vickers hardness value 
shows that the maximum hardness was for the particle size of 350 µm but the tensile 
strength was found to be maximum for particle size of 105 µm of B4C powder [46]. 

3 Conclusion 

The addition of reinforcements such as TiB2, WC, ZrB2, and B4C to Al 6061 
enhanced its mechanical characteristics to a considerable extent. Better results were 
obtained with 12 wt% TiB2, 3 wt% WC, 10 wt% ZrB2, and 3 wt%  B4C. The addi-
tion of reinforcements such as TiB2 and WC to Al 7075 significantly improved its 
mechanical properties. Better results were achieved with 12 wt. % TiB2 and 10 wt% 
WC. Similarly, reinforcements enhanced mechanical properties in 2xxx series of Al 
alloys. Performance of TiB2, WC and ZrB2 was enhanced by 10%, 5% and 8%,
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respectively. Stir casting process has been proven to be more efficient and cost-
effective method of casting AMCs. Hybrid composites showed superior mechanical 
properties when compared to MMCs. 
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the Layout and Cycle Time of an MSME 
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Abstract This paper named “Productivity Improvement by Optimizing the Layout 
and Cycle Time of an MSME” is aimed at identifying some major issues regarding 
the current layout of the screw manufacturing company part of production industry 
and develop an effective layout design to improve the production performance of 
enterprise. Facility planning is very important in the manufacturing process due to 
many reasons like their impact on achieving an effective product flow. Correct anal-
ysis of plant layout design can be used to improve the production performance, such 
as reducing the bottleneck rate, minimizing material handling costs, and reducing 
idle time, improve the efficiency and utilization of labor, equipment and space. String 
diagram is applied to the initial industrial layout planning to map out the path of the 
material movement, and to the scale, drawing of the plant was done using SolidWorks. 
Afterward, a new layout was designed to minimize the movement of materials and 
reduce the cycle time of the process. The research solves these problems by designing 
the factory layout, thereby increasing productivity and increasing product output in 
a shorter cycle time. 
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1 Introduction 

Many forms of studies have been carried out in the field of facility design. Efficient 
facility planning can substantially reduce a company’s operating costs by 10–30%. 
Proper analysis of the design of the facility layout may result in improved produc-
tion line efficiency. This can be achieved by increasing the capacity of a bottleneck, 
lowering material handling costs, reducing idle time, and making better use of labor, 
equipment, and space [1]. The potential production scheme must be dynamically 
reconfigurable for personalized development of small batch goods with quick turn-
around times in the cost-effective manner [2]. A crucial element in retaining produc-
tivity in the manufacturing market environment is the ability to reconfigure an existing 
production structure [3]. Taha et al. indicated that managers would search for inno-
vative approaches to facility planning in order to be effective in today’s dynamic 
manufacturing climate [4]. According to Balakrishnan et al. in the United States, 
it has been reported that over $250 billion is spent annually on preparing and re-
planning facilities. In addition, between 20 and 50% of the overall production costs 
are related to material handling, and efficient planning of facilities will minimize 
these costs by 10–30%. Many studies have been conducted in the field of facility 
design. There are some difficulties and limitations in finding the best design for the 
layout [3]. Facility planning deals with the design, configuration, and accommodation 
of a system or enterprise’s people, machines, and activities within a physical spatial 
environment [5]. The three main styles of layout are product layout, process layout, 
and group layout in production systems, which are further classified into flow line, 
cell, and middle [6]. According to Tompkins, the differentiation is focused on device 
features such as output volume and product variation between these types of layouts 
[7]. Huang states that in order to reduce overall production time, optimize organi-
zational and arrangement flexibility, maximize work-in process (WIP) turnover, and 
maximize factory productivity in compliance with production schedules, he notes 
that facility layout design determines how to organize, locate, and distribute the 
equipment and support services in a manufacturing facility [8]. Zuhdi et al. imply 
that to produce new goods, manufacturing firms need to be knowledge intensive and 
highly innovative. Upgrading the process and embracing information technology are 
also the task of small and medium enterprises in order to stay competitive. A crucial 
task that can influence the economic aspect of the business is the decision-making 
to either update the particular process or reconfigure the whole system as a response 
to consumer demand [9]. According to Reith et al. the simulation process is favored 
because of the ability to capture the complex system’s dynamics. The validation of 
the design or redesign of a complex manufacturing system prior to implementation is 
an important feature of simulation in the age of lean manufacturing [10]. The paper 
presented a comprehensive description of plant layout and identified efficient use 
of labor, ease of manufacturing and maintenance, improved production, versatility 
in manufacturing, efficient use of workers, machinery, materials and equipment, as 
well as reducing injuries, hazards, and cost of inventory handling as some of the 
advantages of well-designed plant layout [11]. Product development cycle time has
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become a strategic competitive tool for an organization and a priority for product 
development management analysis [12]. Reducing the duration of the product devel-
opment cycle and hence the time for a new product to be launched will produce 
relative benefits in terms of market share, profit, and long-term competitive advan-
tage [13–15]. Quick cycle times can lead to errors due, for example, to a lack of 
data. The production can also be carried out in such hurry that the item has not been 
properly debugged [16]. In addition, compressing cycle time could lead to the wrong 
technology being chosen [17]. 

2 Research Gaps

• Existing layout was inefficient because layout optimizing techniques were not 
used.

• The equipment/processes were not used to their full capacity because cycle time 
of the processes was high as layout optimization was not done. 

3 Methodology 

In this research paper, we studied the plant layout of a screw manufacturing company 
part of production industry to identify the shortcoming of the existing plant layout. 
After that the mapping of all the machines placed was done to scale using Solid-
Works, and this was done using advanced manufacturing methods. A new layout 
was designed to minimize the material movement and increase the productivity of 
the company’s plant. In the new layout, we propose to use the group layout type in 
which we group the same item being manufactured together, and all these groups are 
in the sequence of production. In this, the cycle time of various activities was also 
calculated to identify the bottleneck activity. For this, we used string diagram to map 
out the movement of materials in the factory and then reduced the movement and 
increased the efficiency of the system. Initially, the cycle time was more because the 
full capacity of all the machines couldn’t be utilized due to the bottleneck activity, 
i.e., polishing. Then, we proposed a solution to reduce the cycle time of the entire 
process. 

4 Objectives

• Comparison of existing and proposed layout
• Increase efficiency of the process
• Calculation of time study, identification of bottleneck, and finding solution to the 

same.
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Fig. 1 Sequence wise process in the existing layout 

5 Existing Layout 

The heading machine produces 100 pieces/min per machine. There are 5 heading 
machines. So, 25,500 pieces are produced in 51 min. The polishing machine produces 
450 pieces/min per machine. There is 1 polishing machine only. The machine works 
for 40 min. So, 18,000 pieces are produced in 40, 11 min for segregation of saw 
dust from screws. So, the process time of polishing screws is 51 min. The threading 
machine produces 300 pieces/min per machine. There are 2 threading machines. So, 
every 51 min materials are transferred from polishing to threading machine. It has 
a capacity of making 30,600 pieces in 51 min, but since only 18,000 pieces come 
from polishing machine, it takes 30 min to complete that batch. From this, we concur 
that polishing process is the bottleneck. The process time is 155 min. In 155 min, 
18,000 pieces are made. So, for 1 screw is 0.516–0.52 s. Therefore, the cycle time 
to produce 1 screw is 0.52 s (Fig. 1 and Table 1).

6 Proposed Changes

• The capacity of 5 heading machines and 2 threading machines is not fully utilized 
because of the bottleneck activity—polishing.

• Purchase another polishing machine to match up with the production by heading 
and threading machine.

• Redesigning the layout to reduce material movement distance as well as time.
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Table 1 Cycle time of the existing layout 

S. No. Process Basic time (mins) Allowances (10%) Standard time (mins) 

1 Movement of wire 
bundles and sawdust 
from entry to storage 

– – – 

2 Movement of wire 
bundle from storage 
to heading m/c 

0.31 0.03 0.33 

3 Fixing and setting up 
the machine 

15 1.5 16.5 

4 Heading process + 
Setting up polishing 
machine 

50 – 50 

5 Movement from 
heading machine to 
storage 

0.17 0.02 0.19 

6 Movement from 
storage to rolling 
machine of screws 

0.24 0.02 0.26 

7 Rolling process 
(polishing) 

40 – 40 

8 Segregation of 
sawdust and screws 

10 1 11 

9 Movement from 
rolling to threading 
machine of screws 

0.70 0.07 0.77 

10 Setting of threading 
machine 

5 0.5 5.5 

11 Threading process 30 – 30 

12 Movement from 
threading machine to 
storage 

0.35 0.04 0.39 

13 Movement of screws 
for hardening and 
tempering to other  
plant 

– – –

7 Proposed Layout 

The heading machine produces 100 pieces/min per machine. There are 5 heading 
machines. So, 25,500 pieces are produced in 51 min. The polishing machine produces 
450 pieces/min per machine. Now, there are 2 polishing machines. They work for 
40 min, so 36,000 pieces in 40 min. 11 min for segregation of saw dust from screws. 
So, the process time of polishing screws is 51 min. The threading machine produces 
300 pieces/min per machine. There are 2 threading machines. So, every 51 min
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Fig. 2 Sequence-wise process in the proposed layout 

Table 2 Comparison of distance of various stations using string diagram 

From–to string Distance traveled in meters (before) Distance traveled in meters (after) 

Entry–01 4.57 9.19 

01–02 52.64 24.56 

02–03 28.80 26.19 

04–05 9.69 7.64 

05–06 8.16 11.45 

06–07 27.11 6.74 

07–Storage 19.35 19.35

materials are transferred from polishing to threading machine. It has a capacity of 
making 30,600 pieces in 51 min, but since only 25,500 pieces come from polishing 
machine, it takes 30 min to complete that batch. The process time is 149 min. In 
149 min, 25,500 pieces are made. So, for 1 screw is 0.35–0.4 s. Therefore, the cycle 
time to produce 1 screw is 0.4 s (Fig. 2, Tables 2 and 3). 

8 Expenditure Comparison 

In this section, we compared the monthly expenditure of the company for the existing 
layout and the proposed layout. 

In this, we proposed to change the plant layout and add a polishing machine. So,
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Table 3 Cycle time of the proposed layout 

S. No. Process Basic Time (mins) Allowances (10%) Standard Time 
(mins) 

1 Movement of wire 
bundles and sawdust 
from entry to storage 

– – – 

2 Movement of wire 
bundle from storage to 
heading 
machine 

0.14 0.01 0.15 

3 Fixing and setting up 
the machine 

15 1.5 16.5 

4 Heading process + 
Setting up polishing 
machine (10 mins) 

50 – 50 

5 Movement from 
heading machine to 
storage 

0.15 0.02 0.17 

6 Movement from 
heading to rolling 
machine of 
screws 

0.17 0.02 0.19 

7 Rolling process 
(polishing) 

40 – 40 

8 Segregation of 
sawdust and screws + 
Setting of 
threading machine 
(5.5 min) 

10 1 11 

9 Movement from 
rolling to threading 
machine of screws 

0.10 0.01 0.11 

10 Threading process 30 – 30 

11 Movement from 
threading machine to 
storage 

0.30 0.03 0.33 

12 Movement of screws 
for hardening and 
tempering to other 
plant 

– – –

• Cost of the machine = Rs. 3,60,000
• Cost of layout change (electrical wiring change + cranes + setup charges) = Rs. 

40,000
• Total business loan = Rs. 4,00,000
• Business loan interest = 11.2%
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Table 4 Monthly expenditure comparison 

Expenses Before After 

Screws produced in one day 2,11,764 2,80,000 

Weight of one screw 0.002 kg 0.002 kg 

Cost of screws Rs. 115/kg Rs. 115/kg 

Cost of raw material Rs. 55/kg Rs. 55/kg 

Cost of sawdust, coolant (300 * 3 * 30 + 20 * 80 * 30)  
= Rs. 75,000 

(600  * 3 * 30  + 26 * 80 * 30)  
= Rs. 1,16,400 

Water charges (200L/day, Rs 
0.015/L) 

Rs. 90 Rs. 112 

Transportation (Distance 
46 km) 

Rs. 9660 (Rs. 7/km) Rs. 12,420 (Rs 9/km) 

Hardening and tempering Rs. 1,27,050 Rs. 1,68,000 

Electroplating (Rs 9/kg) Rs. 1,14,360 Rs. 1,51,200 

Packaging cost (Rs 6/kg) Rs. 76,230 Rs. 1,00,800 

Cost of raw material in one 
month 

Rs. 6,98,822 Rs. 9,24,000 

Labor cost per month Rs. 74,000 Rs. 96,000 

Electricity cost per month Rs. 55,000 Rs. 60,000 

Rent Rs. 60,000 Rs. 60,000 

Overhead expense (Labor + 
Electricity + Rent + 10%) 

Rs. 2,07,900 Rs. 2,37,600 

Total expense Rs. 13,09,112 Rs. 17,19,269 

Revenue generation in one 
month 

Rs. 14,61,172 Rs. 19,32,000 

Profit Rs. 1,52,060 Rs. 2,12,731 

Profit percentage (%) 10.40 11.01 

• Loan tenure = 5 years
• EMI = Rs. 8737
• Break even time = 2,12,731/5,24,214 = 2.46–2.5 years
• ROI = 40.65% (Table 4). 

9 Profit Calculations 

By layout change and addition of one polishing machine, the number of screws 
manufactured per day has increased. 

Productivity increased = (Change in production of screws/Original production of 
screws) *100 = (2,80,000−2,11,764)/2,11,764 * 100 = 32.22%.
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By layout change, the material movement had reduced which is calculated by 
change in the length of string.

• Length of string in the initial layout = 150.32 m
• Length of string in the proposed layout = 105 m
• Efficiency increased in the material movement = (45.32/150) * 100 = 30.21%. 

Profit calculation

• Profit by the company before = 10.40%
• Profit by the company after layout change = 11.01%
• The process time enhanced by = (155−149)/155 * 100 = 3.8%. 

10 Conclusion 

This research paper has provided information about plant layout for improvement of 
efficiency as well as to meet customer demands. To adopt a good layout for long-term 
success, analysis of operations required should be done properly. The most important 
thing to be addressed during designing the layout is as follows: how flexible should 
the plant layout be in order to adjust to future changes in production which was 
kept in mind while designing the new layout. As market requirements are changing 
with time and competition is increasing, to meet these requirements, production 
should be increased; cycle time should be reduced, and thus, cost of manufacturing 
will automatically decrease. This paper focused on minimizing the total distance 
for movement of material by redesigning the plant layout, and thus, the increase in 
the efficiency of material movement was by 30.21%. Using this concept, the cycle 
time of the entire process was also reduced by 3.8%. The profit of the company also 
increased from 10.40 to 11.01%. So, by implementing the changes mentioned above, 
the productivity and efficiency of the manufacturing unit increased significantly. 
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Green Manufacturing in Apparel 
Industry: Future Trends and Scope 

Ankita S. Pandey and Vasundhara Saluja 

Abstract Humans have been exploiting the environmental resources as much as the 
environment today stands in crisis. There has become an urgent need of aligning 
profits with peace and prosperity of people and planet. In the race of economic 
growth and development, the disparity between social, economic and environment 
has aroused. The impact of Covid-19 pandemic further has highlighted the sustain-
able growth to be considered for a better future. Also, viewing the United Nations 
Sustainable Development Goals, there needs to be responsible consumption and 
production. Sustainability is the greatest challenge faced by the apparel industry. 
The industry, running on the adrenaline of glamor, pricing and pace, has recently 
realized that the old systems and processes cannot sustain, but there are not enough 
new systems and processes to replace. We are facing redundancies in an empty-
handed way. Green manufacturing is an inevitable future. The paper explores key 
aspects of green manufacturing from apparel industries perspective, noting down the 
innovation and entrepreneurial solutions to the problems, identifying gaps and future 
scope. 

Keywords Sustainable development goals · Green manufacturing · Apparel 
industry · Sustainability · Eco-friendly circular design 

1 Introduction 

The world is heading toward unprecedented economic growth, the growth which is 
adversely affecting the people and the planet. In a call to action, the United Nations 
has set up Sustainable Development Goals in favor of the prosperity of people and 
the planet. The 17 SDGs are integrated—they recognize that action in one area will
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affect outcomes in others, and that development must balance social, economic and 
environmental sustainability. It is expected by all Nations to harmonize these goals. 
The goals focuses on (i) No Poverty, (ii) Zero Hunger, (iii) Good Health and Well-
Being, (iv) Quality Education, (iv) Gender Equality, (v) Clean Water and Sanitation, 
(vi) Affordable and Clean Energy, (vii) Decent Work and Economic Growth, (viii) 
Industry, Innovation and Economic Growth, (ix) Reduced Inequalities, (x) Sustain-
able Cities and Communities, (xi) Responsible Consumption and Production, (xii) 
Climate Action, (xiii) Life below Water, (xiv) Life on land, (xv) Peace, justice and 
Strong Institutions, (xvi) Partnerships for the goals, (xvii) Affordable and Clean 
energy. UNDP aims to bring these from paper to practice [16]. There needs to be 
an integration to achieve this goal, this research is majorly led by the goal toward 
“Responsible Consumption and Production.” 

The apparel industry today is the world’s second largest polluting industry; based 
on statistics and data available, wearing clothes has become a trend, and we are buying 
clothes more than ever what our elders used to wear. This trend of frequent buying has 
become popular in recent times; it is impacting the environment. The broad under-
standing of the term “Green manufacturing” is based on the definition given by the 
Green Manufacturing Expo 2008 held at New York city, “sustainable manufacturing 
is the creation of manufactured products that uses processes to conserve energy and 
natural resources, are non-polluting, are economically sound, and safe for communi-
ties, employees and consumers”. As established in the introduction, there are pressing 
concerns about environmental pollution. Also, taken up by the 12th UNDP, toward 
reducing ecological footprint by changing the way, we produce goods [16]. Producing 
goods through better means including efficient management of natural using circular 
manufacturing processes, eco-friendly raw material and waste management systems. 
These are continuous areas of research and innovation in the apparel industry. The 
apparel manufacturers are increasingly required to consider the complete product 
life cycle starting from raw materials to waste disposal from the circular design 
and ecological design perspectives. Highly Complicated are the already complex 
human-centered and human-managed systems, processes and outcomes. According 
to Elkington, “successful companies will have little option but to get involved in 
this rapidly emerging area” of taking care of sustainability in their business. Thus, 
the concept of sustainable development has emerged in manufacturing since the late 
1990s and has focused on increasing competitiveness by improving environmental 
and social performance in an economic way (Fig. 1).

2 Research Background 

In this century, population and resource management has become the biggest chal-
lenge. Environment is at stake with the growth all around. Global economy is 
proceeding at a rapid rate due to increased consumerism. As published by renowned
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Fig. 1 Impact of apparel industry [5]

research organization EMarketer, the retail sales worldwide including both offline 
and online sales are growing enormously each year. The increased needs and wants 
of the consumers seem to be a lucrative opportunity for the producers and retailers. 
This economic growth sets a very positive mood, but the same is at the altar of envi-
ronmental abyss, leading to overuse of resources, undermining the entire ecosystem. 
These practices have become a part of modern lifestyle to its core. It leads both 
producers and consumers to regard more and more products as little more than 
commodities that can be discarded relatively quickly rather than items that embody 
valuable energy and materials and that should be well maintained and designed for 
long life spans. 

Organizations all over the world are trying to make efforts to create a balance 
between production, consumerism and environment. ISO has set up criteria for an 
environmental management system and the organizations can be certified to. It maps 
out a framework that a company or organization can follow to set up an effective
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environmental management system. For the world which continues to face envi-
ronmental challenges, ISO is supporting the organizations reducing the environ-
mental impact. Achieving accredited certification to ISO 14001 certainly delivers 
commercial value to an organization, including reduced greenhouse gas emissions 
and streamlined waste management, as well as providing a better handle on busi-
ness risk and competitive advantage. So, it is commercially good for business as 
well as helping the environment. Environmental challenges need strategizing at each 
level [10]. Businesses are aligning themselves with these rising needs to benefit all 
stakeholders. In concurrence with the increased consumption which is essential for 
economy and people both, there is an awareness toward the concept of sustainability. 
“People all over the worlds have realized the importance of sustainability be it on 
consumer end or producer end both.” 

Fashion has been widely assessed as the second most polluting industry in the 
world. According to UNCTAD, some 93 billion cubic meters of water—enough to 
meet the needs of five million people—is used by the fashion industry annually, and 
around half a million tons of microfiber, which is the equivalent of 3 million barrels 
of oil, is now being dumped into the ocean every year. As for carbon emissions, the 
industry is responsible for more than all international flights and maritime shipping 
combined [17]. Fashion is style, trend and is evolving, which means that it impacts 
the environment rigorously, it needs deep strategizing at different levels. Fast fashion 
is an essential concept in the fashion industry which is in unanimity to sustainability. 
These are two very different concepts to its core, wherein fashion is heading toward 
consumerism and sustainability stands for conscious consumption. The supply chain 
of this industry is massive and to control each component is difficult. Hence, to align 
fashion with sustainability needs to be thought over from a vast perspective where 
the strategies are framed and implemented from inception. 

3 Research Methods 

The approach for this is through qualitative methods of research. It was much needed 
to collect accurate insights, as it aims to understand the path for the apparel industry 
in achieving sustainable development goals. The research will be exploratory in 
nature which includes a lot of desk research and literature review to develop an 
understanding of sustainability and complicated processes involved in the manu-
facturing of apparel and textiles. Apart from collecting the data about the concepts 
and processes, there are in-depth case studies conducted for different brands trying 
to align themselves with sustainability. The data will be collected through various 
journals, reports and Web sites. The case study aims at gaining concrete, contextual 
information about the way brands have been trying to achieve sustainability, the way 
they are aligning the processes and taking steps in this direction.
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4 Case Studies 

4.1 Eco-friendly Raw Materials 

Looking at the global fiber market overview, we found that in 2018–19, polyester 
fiber had the largest global market share of a whopping 57.7%, followed by cotton 
25.7%. The third most preferred fiber group is that of man-made cellulose fibers 
such as Viscose, Lyocell, Cupro, Modal and Acetate, with a total global market 
share of 6.4%, further followed by plant-based fibers, such as hemp, jute and linen, 
with a market share of about 6% [12, 13]. Apparel manufacturers are increasingly 
adopting sustainably grown and produced fibers and fabrics, with cotton experi-
encing maximum positive development. Recycling, organic farming and man-made 
cellulose fibers are expected to see fastest market adoption. Some of the sustainable 
fibers and fabrics which are commonly in use in the global market are organic cotton, 
recycled polyester, Lyocell, Cupro, hemp, linen, Ramie, bamboo and recycled wool. 
Some of the newer textile innovations are focusing on extracting fiber from orange, 
pineapple and banana. In this section of the paper, we have studied the recent market 
trends and adoption of sustainable fibers by the apparel industry. 

Organic cotton is grown without using chemical fertilizers and pesticides and 
therefore without adding toxic material to soil. When compared to chemical cotton, 
the water consumption is similar but without negative health and environmental 
impact. The yield per hectare of organic cotton is similar to chemically produced 
cotton with no difference in the properties of the fiber [12]. 

The organic cotton myth has broken dramatically in both the agricultural and 
apparel manufacturing sectors. This can be attributed to the sustained efforts by 
government and non-government organizations. Organic cotton production increased 
31% in 2018/19 when compared to 2017–2018. India fuels this growth by adding 
fiber volume by 37,138 MT in the year 2018/19 and contributing 51% to the total 
production of organic cotton [15], p. 4 (Fig. 2). 

Fig. 2 Organic cotton production share in 2018–19 [12, 13]
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Increased organic cotton fiber production has become the decisive factor for brands 
across the world, in adopting organic cotton in place of chemical cotton. Brands like 
Patagonia, Veja and Nudie Jeans have shifted to organic cotton for 100% production. 
Eileen Fisher, Levi Strauss and Co, HandM, Timberland, Decathlon, Outerknown, 
etc., had committed to shift to 100% organic cotton or recycled cotton by 2020. Target 
and Bestseller, on the other hand, have committed to shift to sustainably sourced 
cotton by 2022 and 2025, respectively [15], p. 17. The apparel industry is adopting the 
route of standardization and certification to ensure and communicate authenticity of 
the organic cotton source. Global Organic Textile Standard (GOTS), Organic Content 
Standard (OCS) and Better Cotton Initiative (BCI) are the leading certifications 
ensuring environmental and social sustainability. The logos are included as pictures 
below. 

Recycled polyester is made using plastic bottles, ocean waste, polyester textiles, 
etc.; market share of recycled polyester has increased from 9% in 2009 to 14% in 2019 
mostly sourced from plastic bottle recycling and not textile-to-textile recycling. The 
prominent standards used for recycled polyester are the Global Recycled Standard 
(GRS), Ocean Bound Plastic Certification, the Recycled Claim Standard (RCS) and 
the SCS Recycled Content Standard. ([13], pp. 61–66) There is an urgent need to 
off-set the negative environmental impact of polyester at a greater speed. Brands like 
Patagonia are acting as trail-blazers in such initiatives followed by commitments 
of HandM, Adidas, IKEA and Inditex to replace all virgin polyester with recycled 
polyester. 

Lyocell fabric is also called Tencel; its global production was 415.6 kg tons in 
2018, which has been forecasted to double in 10 years. It is a compostable and 
biodegradable fiber made of wood cellulose. 100% Lyocell products take approxi-
mately 2 months to decompose and can contribute to the renewal of resources in a 
much shorter span of time, especially when compared to polyester. (Lenzing AG, 
n.d.) 

Hemp, linen, flax are all fibers with several similarities and a sustainable alter-
native to cotton. All these fibers are plant based. In recent studies of hemp, post-
legalizing the production of hemp plants in countries such as the United States, 
hemp has been rated as the most sustainable and economical alternative to cotton. 
linen, Ramie and flax are fibers with similar properties and source as that of hemp. 
This group of fibers are being commonly blended with cotton to give smoother and 
more sustainable finish to the fabric. 

4.2 Circular Design and Production Processes 

The principle of circular design is based upon the idea of designing out waste 
(CircuLab, n.d.). “The future of design is circular,” as described by CircuLab, an 
international community focused on making circular design a reality through partner-
ship, upskilling and research (CircuLab, n.d.). Industrial or commodity design must 
reinvent itself to design for the urgent ecological and societal needs of the present and
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the future, following the principles of circular design, where the central idea is reduc-
tion and management of waste through design, manufacturing and retail processes. 
Thus, changing the linear industrial process to a multi-loop circular process, with 
considerations for industrial waste, retail waste and consumer waste. Resulting to 
creation of need for multiple loops life cycle design approach. Brands, such as Nike, 
Patagonia and Mud Jeans, have created self-regulating targets such as in the case of 
Nike—“zero carbon and zero waste” and are driving the initiative by defining long-
term targets and short-to-medium-term milestones. Nike’s sustainability initiatives 
are motivated with the mission to protect sports in the future. Realizing that there 
will be no sport if there is no climate. The brand’s research linking climatic temper-
ature with athletic performance is further fueling the initiatives. Their sustainability 
targets have been divided into two dimensions—sustainable material and innovation, 
circular design methods (Nike, n.d.). Both the areas are currently at different research 
and development stages in the apparel industry. 

Industrial design historically has been short sighted and ended up creating unman-
ageable quantities of waste and wasteful consumption of resources. This has further 
been manifested in the apparel industry to dangerous levels making it one of the 
highest polluting industries of the world (Marina Qutab, n.d.). The sustainable inno-
vations have accelerated in the last two decades, but have been largely limited to 
textile manufacturing. With innovations focusing on fiber, textile processes, such as 
dyeing and printing, this has created a singular outcome, by providing apparel manu-
facturers the opportunity to create eco-friendly products, which are not sustainable. 
Interesting to note here are the key findings of Business for Social Responsibili-
ties (BSR) report “Apparel Industry Life Cycle Carbon Mapping”—laundering is 
the largest contributor to a garment’s life cycle GHG footprint followed by raw 
materials. 

Figure 3 presents how design can interact with the complete life cycle of garments 
which can broadly be divided into 5 stages—design, production, distribution, use 
and end-of-life. Looking for raw material intake from all the stages to minimize 
consumption of resources not limited to raw materials. Designing for durability and 
innovating with repair and recycle techniques. Extending itself from product design 
to service design while creating aspirational sustainable stories to influence mindset 
shift in consumers. 

The key circular garment and textile design strategies that can be adopted to 
increase life of garment and raw materials are listed below:

Fig. 3 GOTS. OCS and BCI certification logos [3, 7, 12, 13] 
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1. Designing and producing durable and recyclable garments. 
2. Designing garments using 2D and 3D digital tools [11]. The new age tech-

nology companies are creating efficient and easy to use 3D design tools. The 
two most used tools in the Indian apparel manufacturing industry are “Clo3D” 
and “Tuka3D.” These software create virtual true-to-life garments minimizing 
the sampling waste. 

3. Increasing brand commitment to design and produce garments using recycled 
materials, such as recycled cotton, recycled polyester, recycled man-made cellu-
lose fibers. Brands such as Patagonia, Quicksilver, Batoko and Ecoalf have 
led the initiative of recycling ocean waste into garment production through 
multi-company collaborations [9]. 

4. Increasing market share of chemical and biological recycling methods [13], p. 63. 
5. Increasing market share of textile–textile recycling vis-a-vis plastic bottle 

recycling. 
6. Use of “closed-loop fiber–fiber technology” to ensure raw material does not enter 

the waste loop [8] p. 158. 
7. Increased use of zero-waste pattern making. 
8. Focus on waste collection and segregation. Brand MUD jeans has made a 

trailblazing contribution to green manufacturing by creating a renting service 
along with garments. Also by creating a recycling unit along with a garment 
manufacturing facility. 

The Indian perspective of adopting circular economy that will include circular 
design and green manufacturing is predicted to be positive, with projected annual 
benefits of |40 lakh crore in 2050 compared with the current linear development path 
[6]. 

An important case to be considered here is that of Arvind Ltd., who has adopted 
judicial water consumption and water recycling policies. Some of these policies 
include—efficient treatment and recycling mechanisms, identification and plugging 
of leaks in pipes and processes, conservation projects and monitoring of water use 
[2]. Figure 4 reports the outcome of these policies, showing a steady increase in the 
use of recycled water.

4.3 Waste Management 

Excessive waste generation is one of the biggest challenges faced by the apparel 
industry with approximately 48 million MT garments disposed annually. Out of this, 
35 million mt is post-consumer waste, and 1 million MT is retailer overstock [13], 
p. 92. In the production stage on an average, 15% of the textile raw material is wasted 
at the cut-make stage itself [11]. Some of the key waste reduction methods that have 
been discussed in this section of the article are—zero-waste garment construction, 
closed-loop production systems and life cycle assessment technology.
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Fig. 4 Circular design and manufacturing process and systems

Zero-waste garment construction techniques focus on the pre-consumer waste in 
garment manufacturing processes. Some of the techniques that can enable effective 
implementation of this policy are:

• Use of creative pattern making by making the reduction of textile waste a priority 
and starting point of the design process, instead of a preconceived look. The shape 
and form of the garment is driven by fabric width. Figure 5 below is an example 
of a zero-waste garment and its pattern. 

Fig. 5 Report of water recycling initiatives by Arvind Ltd. [2]
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Fig. 6 Design by timo rissanen [11], pp. 31–32 

• Use of digital design tools to reduce the prototype process. Prototype development 
or sample development process in garment manufacturing is a time- and resources-
consuming process. It often involves considerable cost with low production order 
conversion. Digital design and presentation tools, such as Adobe creative Suite, 
CorelDRAW and TUKA CAD, have been in use since early 2010’s and have 
simplified the design and development. In the last few years, several virtual and 
3D tools have also been developed and are gaining popularity, such as TUKA 
CAD 3D and CLO 3D. These tools, when combined with Adobe creative Suite, 
are offering designers a portfolio of tools, where they can develop prints, patterns, 
construction techniques, and fit as well (Fig. 6). 

The second waste management approach that we have examined in this paper is 
closed-loop supply chain system. This is a supply chain system that will completely 
reuse, recycle or compost all materials. Or alternatively, the brands and garment 
manufacturers will also be responsible for the disposal of the garment, at the end of 
its life. These systems can be developed in broadly two categories—pre-consumer 
and post-consumer waste. 

Pre-consumer supply chain system—in this model—the three important stake-
holders will be design, production and supply chain with continuous tracking and 
reporting of waste produced during the manufacturing stage. The waste which needs 
to be considered will range from raw material to natural resources such as water.

• Design team will adapt the waste into its design and modulate the design process 
method accordingly using the zero-waste design approach.
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• Production team has to ensure continuous tracking and sharing of raw material 
waste and build lean systems based on recycling and reuse of textile waste and 
other raw material waste.

• Recycling units to recycle textile waste or water waste have to become an inte-
gral part of the manufacturing vertical in addition to traditional verticals such as 
laundry and packaging; one such case of Arvind Ltd.‘s water recycling initia-
tive has been covered under circular design and production methods in the paper. 
Another case is that of Liva Reviva fabric, by Birla Cellulose, is a man-made 
cellulosic fiber made using 80% wood pulp and 20% pre-consumer fabric waste 
[4]. 

Aditya Birla group, a leading textile and garment manufacturer of India, has 
developed close partnerships and waste management policies, such as “Solid and 
Hazardous waste management policy” and “Zero Waste to Landfill program” across 
its retail factories and warehouses. [1]. 

Post-consumer supply chain system works toward applying the circular principle 
by changing the take-make-waste pattern to take-make-waste-take pattern. Under 
this model, all the 5 major stages of a garment’s life cycle are re-routed to design and 
manufacturing systems. The distributor’s role expands into collecting the garment 
and packaging waste from consumers and sending it back to (a) manufacturer (b) 
recycler to build up a green network. 

LCA or life assessment is a smart technology which is used in helping to assess 
environmental impacts of any product, i.e., from the raw material stage to the final 
stage (disposal). However performing life cycle assessment is a challenging process 
and there are always some errors, as smart technologies usually depend on reliable 
input data derived from representative sampling. It is a complex process and there-
fore usually ends in trial and error and is clearly not flawless. However, the evolu-
tion of this tool has been immense and is sustainable as well. The most common 
in today’s world is the environmental-life cycle assessment (E-LCA) which mainly 
measures the inputs and outputs of various activities like energy and carbon footprint. 
Although the LCA has become a trend which is being incorporated by some govern-
ments across the world, as a steady tool and the requirement of precision and other 
factors, especially with the ever-changing uniqueness of the environment. Life cycle 
assessment needs to be looked at from a consumer and producer perspective as well, 
the basis of which is circular economy, in order to avoid both pre-consumer waste 
and post-consumer waste. Wherein both the parties should take the responsibility 
of durability, reparability, re-usability and recyclability of the product. Life cycle 
assessment systems need technology support and also shift in the value systems, 
meaning both regulatory as well as self-regulatory.
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5 Findings 

Indian garment manufacturing needs to focus on the aspects of waste management, 
conscious consumption, conscious production, sustainable supply chain systems and 
ethical practices. In all these areas, we have identified there are innovation and inno-
vative entrepreneurial gaps. The most successful initiatives out of all that have been 
discussed in the paper are organic cotton farming, Arvind Ltd. and Aditya Birla 
Groups waste management and recycling initiatives. 

Fiber and fabrics have the largest share in the list of raw materials in the apparel 
industry. There are also several common myths around the use of eco-friendly mate-
rial, such as all natural fibers are eco-friendly and all synthetic fibers are not. Whereas, 
eco-friendly material in context with green manufacturing is a material that is either 
biodegradable or extracted from waste material, as well as is not over-consumed and 
is easily recyclable. So, one can conclude that over use of cotton, which contributes 
majorly in increased use of harmful pesticides and insecticides, is biodegradable but 
not eco-friendly. We can also say that recycled polyester, though synthetic, helps in 
making the process circular and hence is eco-friendly. 

A green manufacturer should ensure that any one fiber is not overused, or the 
fabric is not made using complex fiber blends. Some of the key indicators while 
choosing the raw material in a responsible way are as follows: low water consump-
tion, low energy needs, chemical control, no soil erosion, biodegradable and recy-
cled material (Sustain Your Style, n.d.). The same indicators are applicable to all 
the raw materials such as buttons, zippers, threads, fusible, interlinings or deco-
rative material such as sequins, beads, tapes, laces and ribbons. Some examples 
of recently introduced sustainable trims are—NATULON® Chemically Recycled 
Zipper, Plant-based zippers, Eco-friendly Finish (Snap Fastener Finishing Tech-
nology), ECO-DYE® (Waterless Zipper Dyeing Technology) (YKK fastening, n.d.). 
The eco-friendly material segment of the paper showcases that the fruits of sustain-
ability initiatives in the areas of fibers and fabrics have now reached the commercial 
application stage not just in luxury fashion but also everyday clothing items. The 
apparel trims industry also is supported with new research and new products in 
the area of sustainability though they are still limited to luxury and premium price 
segments of apparel goods due to supply and demand matrix. 

On the other hand, circularity or circular design is still in the research and innova-
tion stage. Few brands such as Patagonia or Mud Jeans have been at the fore-front of 
the initiative and have developed successful models rooted on robust and largely inde-
pendent retail and marketing formats. They have successfully established a connec-
tion with the consumer and are leading the path toward the future. The drawback 
of these existing successful models is that they are dependent on creating their own 
independent retail channels as the traditional retail channels do not support the needs 
of circularity. Hence, limiting the circular design process to large manufacturers and 
leaving the small to medium sized business units out of the loop. 

Examples of efficient waste management systems in apparel manufacturing are 
limited to large manufacturers following green compliances. The industry on the
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other hand is made up of innumerable sizes of manufacturing companies as well 
as craft and unorganized sector. These largely are non-compliant or unaccountable. 
Both the compliant and non-compliant contribute significantly in the waste creation. 
Product design in the apparel industry traditionally focuses on functionality, esthetics, 
trends and pricing, ignoring the process and product life cycle completely. Adding to 
this challenge, mapping life cycle assessment of apparel products is complex due to 
its largely unaccountable and varied use at the consumer level. Hence, there is a need 
for more multi-scale, easy to adopt and affordable life cycle assessment systems that 
can be adopted by all types of manufacturers. 

6 Challenges and Future Scope 

As evident by the finding, green manufacturing in the apparel industry is a fairly new 
concept with shallow penetration. It is largely a work-in-progress, and philosophi-
cally, the journey toward sustainability has just started. This creates a high tension 
and friction scenario as the ecological and societal needs are urgent but not being 
efficiently catered to. Due to research, skill, innovation and awareness gaps. 

Few opportunities that the paper has identified for future research and 
entrepreneurial initiatives are pointed below: 

1. Green manufacturing will affect the industry in the long run; these are not short-
term oriented goals. 

2. Green manufacturing needs to be supported by “Green Design Thinking” to 
bridge the gap between consumers and manufacturers. The definition and frame-
work of “Green Design Thinking” itself is under consideration and needs 
research, studies and academic focus. 

3. Building and adapting textile-to-textile recycling technology is also an area that 
seems to be completely ignored by textile engineers in India. 

4. Recycling networks are the need of the hour, to ensure that recycling is a 
commercially viable option for smaller manufacturers. 

5. The concern of “Sustainability” is not understood by all; this needs to be 
addressed and created awareness about. 

6. There are lot of small-scale industries all over the world, wherein aligning the 
processes to SDGs is a scope for innovation. 
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A Critical Review of Fatigue Life 
Prediction on 316LN SS 

Raj Kumar, Mohammad Mursaleen, G. A. Harmain, and Ashutosh Kumar 

Abstract Fatigue failure is referred to the slow deterioration process of structures 
that are subjected to cyclic loading, including the structural elements of nuclear 
power plants, aircraft, railways, and rotating machinery. During their operating 
life, high-temperature components resist three major damaging phenomena: creep, 
fatigue, creep-fatigue interaction (CFI), and oxidation. Temperatures, strain ampli-
tude, strain rates, hold period effect on fatigue, creep-fatigue interaction, and fatigue 
crack growth (FCG) for 316LN stainless steel (SS) are presented, and dynamic strain 
aging (DSA) role is discussed in the article. The fatigue life (FL) increases with 
nitrogen content (NC), and reduction in the stress precipitation and stress relaxation 
(SR) due to changes in dislocation structure are given in detail. Fatigue life decrease 
with increasing hold time is also presented. 

Keywords 316LN Stainless steel · FCG · Low-cycle fatigue · DSA 

1 Introduction 

316LN stainless steel is selected for its high-temperature (HT) service conditions 
as it shows good weldability, intergranular stress corrosion and chloride-induced 
crack, adaptability with sodium coolants, and corrosive environments [2, 3, 67, 75]. 
It has been extensively used in nuclear power plants, thermal power plants, and 
aircraft components that operate at elevated temperature [33, 43, 73]. High nitrogen 
content (0.22%) enhances elevated temperature creep resistance, fatigue, and frac-
ture strength [13, 31, 60]. During thermomechanical processes, 316LN SS expe-
riences several metallurgical changes including flow instabilities, work hardening, 
dynamic recovery, and dynamic recrystallization [51]. Dynamic recrystallization 
nucleation produces in subgrain growth and grain boundary projecting mechanism 
[71]. Mechanical strength of 316LN SS decreases with increasing temperature. The
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Fig. 1 Schematic diagram 
of CFI and failure modes due 
to fatigue and CFI [73] 

strain-induced martensite increases the fracture stress during the impact test [72]. 
Under high-temperature start–stop conditions, temperature and load vary with time, 
resulting in a combination of creep and fatigue deformation [29, 32, 37, 61]. Due to 
cavitation damage, creep damage can occur during the holding period and is usually 
manifested as a creep cavity at the grain inner edge [74]. While in creep-fatigue 
interactions, strong cavitation damage is observed in this material, and fatigue crack 
damage develops on the surface. When this interaction occurs, the failure mode is 
mixed (transgranular as well as intergranular), as shown in Fig. 1 [16, 48]. Elastic– 
plastic fracture mechanics (EPFM) is a tool for determining the leak before break 
(LBB) of pressurized piping systems and estimating the service life of reactor vessels 
[30]. 

2 Research Background 

Structural components which are subjected to cyclic loading such as elements of 
nuclear power plants, aircraft, and rotating machinery, fatigue life assessment study 
were presented by [23]. There are three stages: initiation of cracks, development 
of short crack to long crack, and ultimately fracture of the component [68]. The 
Paris rule is generally accepted as a useful method for measuring fatigue crack 
extension rate with a stress intensity factor [20, 63]. Modeling and simulating the 
fatigue crack extension mechanism of various structural components is of utmost 
importance to ensure safety and reliability under different loading conditions [17, 
21]. An enormous number of numerical techniques have evolved to simulate the 
crack extension problem [26, 27] and fatigue [24] like as the finite element method 
(FEM), boundary element method (BEM), and an extended finite element method 
(XFEM) [13]. XFEM is an effective numerical technique for simulating various 
discontinuities, such as cracks, contact [34, 36] inclusions [35], and cavity without 
the need for a finite element mesh to correspond to these discontinuities [13, 25].
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Samuel et al. [52], studied the tensile work hardening behavior of 316LN SS at 
different temperatures and strain rates. It has been observed that the tensile proper-
ties of the material are changed at intermediate temperatures due to dynamic stress 
aging. Experimental results show that the load-deformation curves were smooth at 
ambient and HT, whereas at a medium temperature, the irregular flow was obtained. 
Srinivasan et al. [66], investigated the LCF and CFI behavior of 316LN SS under 
different experimental condition such as various deformation behavior on this mate-
rial reported based on several mechanisms including DSA under stress, creep, oxida-
tion, and sub-structural recovery. Using the data generated in that study, an artificial 
neural network (ANN) model enabled life prediction model under LCF and CFI 
conditions. 

Kim et al. [28], conducted LCF and CF tests for two materials (316L and 316LN 
SS) with continuous cycling and 10-min hold period at temperature 600 K in air. It 
was noticed that the addition of nitrogen increased FL, CF life, and saturation stress. 
It is reported that the fracture mode in the fatigue test was transgranular and for the 
CF test was intergranular. In addition, the dislocation structure for 316L was cellular 
and planar for 316LN in the fatigue, creep-fatigue test. Precipitation of carbides at 
grain boundaries has been reported in CF tests, and it has been suggested that these 
precipitation can be avoided with addition of nitrogen. Roy et al. [49] examined the 
LCF tests of 316LN SS at room temperature with the range of strain amplitude (± 
0.3 to ± 1.0%) and strain rate (3 × 10−3s−1). The material exhibited non-masing 
behavior at higher strain rates and masing behavior at lower strain rates. It has been 
reported that FL decreases with increasing stress amplitude, and the hysteresis loop 
behavior was in good agreement with the test results. Babu et al. [3], conducted 
FCG test on 316LN SS at room temperature; the nitrogen percentage was varied 
through 0.8, 0.14, and 0.22 wt%. In this study, the direct current potential drop 
(DCPD) technique was used to estimate FCG, and the compliance technique was 
used to estimate the crack closure. It was observed that the threshold stress intensity 
factor (�K th) and effective threshold stress intensity factor �Keff.th were different 
for various nitrogen contents. Also, the fracture surface roughness parameter was 
used to quantify the slip irreversibility model. The cracks are often formed by the 
microcavity nucleating, growing, and converging, as shown in Fig. 2 [75]. 

Fig. 2 Crack formation involves a cavity nucleation, b cavity growth, c cavity polymerization, and 
d fracture [75]
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3 Factors Affecting Mechanical Properties of 316LN SS 

The effect of temperature and strain rate, hold period, nitrogen content, and dynamic 
strain aging on deformation behavior of 316LN SS has been discussed in this study. 

3.1 Effect of Temperature and Strain Rate 

The load-deformation curve is smooth at room and elevated temperature although 
irregular flow curves were obtained at intermediate temperatures. The sufficient 
plastic stress–strain data for 316LN SS are best expressed in terms of Ludwigson 
relation at ambient temperature [8, 72]. Several flow parameters observed in the 
Ludwigson–Voce equation varies with deformation rate and temperature [8]. The 
decrease in FL with an increase in the temperature range (673–873 K) is ascribed 
to detrimental effects of DSA, and beyond 873 K, the FL was affected by oxidation 
[56, 64]. This material exhibited a higher ratio of normalized stress with increasing 
temperature (573–873 K) and also observed irregular fluctuation in tensile prop-
erties due to DSA at a medium temperature and a normal behavior at elevated 
temperatures [66]. Isothermal cycling at the HT of thermomechanical fatigue yielded 
lower endurance than in-phase and out-of-phase cycling [44]. The ratcheting strain 
increases with an increase in temperature, and fatigue life decreased because of 
higher plastic deformation [58]. 

In the load-deformation curve, irregular flow/twitching at the mean temperature 
is observed, related to the attractive interaction between the solute and the mobile 
dislocation throughout deformation, known as DSA [45, 52, 56]. DSA temperature 
regime is sensitive to nitrogen percentage, with temperatures ranging from 673 to 
873 K (Fig. 3a) for nitrogen percentage less than 0.11 wt% and from 773 to 873 K 
(Fig. 3b) for nitrogen percentage greater than 0.11 wt% [45]. The direction of gener-
ating a set of non-cellular displacements increased with increasing DSA. 316LN SS 
is available in two irregular flow temperature regimes, such as the relatively low 
temperature (523–598 K) and the high temperature (673–923 K) [8].

A low-cycle fatigue test was conducted for short cycles, and no evidence of 
dynamic precipitation in the temperature range associated with rapid cycle hard-
ening. That study explicitly ruled out a precipitation effect in the rapid hardening 
of 316LN SS. The fatigue strength decreased by increasing the temperature and 
decreasing the strain rate from 3 × 10−2 to 3 × 10−5s−1 [66]. At all strain rates 
of 773 and 823 K, DSA played a vital role in fatigue deformation and fracture. In 
tensile tests at 873 K, DSA has been reported to result in a decrease in service life 
and increased fatigue strength. DSA has been described to cause hardening at an 
earlier fatigue life stage, and nitrogen retarded influence of DSA [28]. Samantaray 
et al. [50] This article has reported the influence of strain rate, deformation, working 
environment (temperature), and method of loading on tensile behavior of 316LN,
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Fig. 3 Cyclic stress response (CSR) curves of 316LN SS alloyed with different nitrogen contents 
[45]

and a correlation between deformation and microstructural features has been estab-
lished. The higher temperature regime of 316LN SS serrated flow conflicts with 
the temperature range (773–973 K) in which precipitation of chromium carbide has 
been observed. In the low-temperature range (523–623 K), the diffusion of interstitial 
solutes to displacements is responsible for serrated flow. The mechanism accountable 
for the serrated yielding in the HT range (973–923 K) is an alternative solute like Cr 
[54]. 

3.2 Effect of Hold Period 

The SR behavior in the cyclic regime at half-life was presented by the CFI, which 
introduced hold time at the peak tensile strain or peak compression strain as shown 
in Fig. 4 [73].

CFI tests have been conducted at 873 K to estimate the impact of the hold period 
(1–90 min). It has been reported that there was a reduction in fatigue resistance 
with an increase in hold time. CFI is caused by a flaw in the grain boundary that 
leads to creep in the intergranular cavity, which can lead to intergranular gaps and 
cracks that coincide with fatigue cracking and constitute the most common cause 
of premature failure [66]. It has been found that SR varies with nitrogen content 
and saturating stress during the hold time [6, 40]. In CF experiments, the creep 
deformation occurring during the hold period has been evaluated to play a vital role 
in nucleation and growth of voids indicating the occurrence of an intergranular failure 
mode attributed to gap nucleation at the grain boundary [28].
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Fig. 4 In hold-time tests, 
different stress values were 
found [73]

The occurrence of creep during hold time results in the reduction of cyclic stress to 
attain a given strain in creep-fatigue tests [61]. Declaring that 316LN stainless steel 
has a high DSA in the temperature range (573–923 K), cyclic hardening behavior 
develops. However, the planar dislocation structure deteriorates, and the dislocation 
density decreases during the hold time; the resistance to dislocation motion decreases 
[10, 28]. In CF tests, at a constant temperature and plastic strain range, FL is found to 
be reduced, while the tensile hold time is increased [39]. Sarkar et al. [57], Conducted 
creep-fatigue interaction experiment at elevated temperature (650 ˚C) for 316LN 
SS where selected loading parameter is below endurance strength with high load 
ratio. They reported that small load amplitude shows substantial CFI which indicates 
the influence of stress amplitude on the failure mechanism of material at higher 
temperatures. 

3.3 Effect of Nitrogen Content and Dynamic Strain Aging 

Nitrogen has been reported to affect fatigue and creep properties at HT by modifying 
metallurgical factors like dislocation, precipitation, and DSA. With the addition of 
nitrogen percentage, the dislocation structure is changed from unitary to planar in the 
fatigue and CF tests [40]. The temperature and time for carbide precipitation have 
been reported to increase by the addition of nitrogen [41]. The integrated effect of 
precipitation strengthening by excellent carbides and substantial solution strength-
ening by nitrogen in 316LN SS resulted in increased creep rupture life and decreased 
creep life [38]. High-temperature LCF life increased with the adding nitrogen because 
it produced planar slip and restrained DSA [28, 29, 43, 65].
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The fatigue strength at 300 and 77 K increases with the addition of nitrogen [70]. 
The creep and tensile endurance of 316LN SS was reported to improve significantly 
by enhancing the nitrogen percentage [37, 44] and also improving fracture tough-
ness at cryogenic temperatures [31]. Surface and internal creep damage decreased 
with an increase in nitrogen percentage [13]. The steady-state creep rate, the region 
of intragranular cracks, and surface cracks reduced with an increase in nitrogen 
percentage [62]. The addition of nitrogen to 316LN SS improved corrosion resistance 
by preventing pitting, intergranular corrosion, sensitization, corrosion fatigue, and 
stress corrosion cracking [18]. Two typical manifestations of dynamic strain aging 
have elastic shakedown and strain burst [55]. The cyclic stress response of 316LN 
steel is observed to show initial hardening, softening, saturation, and eventual fracture 
over a long period [45, 49]. Addition nitrogen in austenitic stainless steels (304LN 
and 316LN SS) shows a beneficial effect on flow strength via strain hardening char-
acteristics which can be attributed to bulk material strengthening and inclination 
toward planar slip hence, trim downs the susceptibility to dynamic recovery [42]. 

The effect of nitrogen on the CSR was observed in the LCF test with a strain 
amplitude of 0.6% and an ambient temperature of 300 K. The degree of softening 
increased by increasing the nitrogen percentage, especially for 0.14 and 0.22% at 
300 K [47]. The CSR with a strain amplitude of ± 0.6% develops into a plastic 
deformation greater than the strain amplitude of ± 0.4% [59]. The CSR increased 
with decreasing strain rate as depicted in Fig. 5 which shows variation of half-life 
tensile stress amplitude (HLSA) with respect to nitrogen percentage at different strain 
rates of 3 × 10−5 s−1and3 × 10−4 s−1 and temperatures [43]. The CSR of 316LN SS 
under high-temperature fatigue loading is influenced by multiple factors such as 
dislocation–dislocation and interaction, DSA, recovery process, and creep [12, 32]. 
Dynamic strain aging (DSA) is based on time and temperature phenomena. When 
DSA reduces ductility, it may affect crack propagation at high temperatures, as seen 
in Fig. 6 [29]. The activation energy of 200 kJ mol−1 was attained in temperature 
range (673–873 K), which encourages the opinion that the diffusion of exchange 
elements such as Cr to dislocation was produced by the DSA [65]. In LCF exper-
iments, it is also significant that nitrogen percentage greater than 0.07 wt% results 
in substantially larger cyclic tensile stresses [29]. Ganesan et al. [11], studied the 
deformation behavior of 316LN SS at high temperature and constant load (creep) 
for varying nitrogen percentage at 650 ˚C and reported that material creep resistance 
increases with increasing nitrogen percentage (0.07–0.22%) while creep ductility 
decreases. Increasing nitrogen percentage increases the tendency of intergranular 
deformation, while in the case of low nitrogen it shows both transgranular as well as 
intergranular cracking. Fatigue crack propagation at elevated temperature is governed 
by intergranular mode, due to the synergetic effect of DSA and oxidation, while in 
absence of oxidation, fatigue damage will transgranular [76].

The influence of nitrogen percentage in 316LN on LCF life can be obtained only 
when the time-dependent effects are minimum and the failure mode is typically 
transgranular, as shown in Fig. 7, [43].
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Fig. 5 Effect of temperature on 316 LN with two strain rates and variation in nitrogen content [43] 

Fig. 6 Effect of temperatures on yield stress and elongation for 316LN SS [29]

The flow stress rises with reducing deformation rate but increases with increasing 
temperature [46, 65]. It was observed that for 0.14% N steel, the strain increased by 
0.4% with increasing temperature (773–873 K), and the strain amplitude was 0.6%, 
showing DSA. The initial cyclic hardening of 773 and 300 K, with a deformation 
magnitude of 0.6%, occurred during DSA. In the stress–strain hysteresis loop, 0.07 
and 0.22% N of the steel at all stress amplitudes of 873 and 823 K were irregular 
flow, independent of the nitrogen. A continuous cyclic decrease in the degree of 
stress drop associated with tensile results was observed over the half-life period 
[46]. The influence of nitrogen on FL was observed at 773 and 873 K with strain 
amplitudes between 0.25 and 1.0%. It was also observed that the fatigue life increases 
or decreases with changing nitrogen content or becomes saturated with temperature 
and amplitude of applied strain at 0.14% N [47]. Reddy et al. [47], conducted LCF 
tests with a strain amplitude of 0.25% and at temperatures 773 and 873 K. It has been 
reported that the cyclic strain is influenced by DSA and secondary cyclic hardening 
(SCH) for 0.14% N steel. DSA is exhibited as a general increase in stress response 
with increasing temperature except at 873 K, whereas SCH is observed throughout
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Fig. 7 Increased LCF life for 316LN SS with optimum nitrogen percentage is due to time-dependent 
processes

the full temperature range from 773 K to 873 K with different amounts of hardening 
(during SCH) at each temperature. During SCH, increasing the nitrogen content and 
decreasing the temperature can increase the degree of hardening. At 773 K, DSA and 
SCH develop matrix hardening, and the life of LCF falls with increasing nitrogen 
content due to the rapid propagation of cracks during matrix. 

Hardening [45, 47]. In LCF tests with a strain amplitude of ± 0.4% and a temper-
ature of 873 K, 316LN SS displayed constant CSR from the initial cycle until it 
reached a near-saturated state before a rapid decrease in stress (GV and GA 2018). 
In the high-temperature regime, deformation rates of the load-deformation curves 
and temperature-dependent fragmentation flow dissipation occur. [69] In a research 
paper, the effect of sub-creep temperature on dynamic strain aging which influence 
the hardening behavior was analyzed. 316LN SS, DSA exists between 523 and 923 K; 
the material tends to have minimal ductility, and it has been observed that fracture 
resistance diminishes with rising temperature [9]. 

3.4 Effect of Temperature on Fatigue Crack Growth 

The FCG experiments were conducted at temperatures from 300, 573, and 823 K 
in the air using the �K decreasing mode under a constant R of 0.1 at a loading 
frequency of 15 Hz as shown in Fig. 8. The online crack length was estimated with 
the help of the direct current potential drop (DCPD) method [4]. The 0.22% N steel 
exhibited a larger FCG rate and lower threshold stress intensity factor (�K th) in the 
Paris regime than the 0.14% N steel. The FCG results with crack closure correction,
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Fig. 8 Effect of various 
temperatures on the FCG 
behavior of SS316LN [4] 

FCG resistance of 0.14% N steel is better than the other two 0.08 and 0.22% N steel 
in Paris and threshold regimes [3, 60]. Nitrogen is useful to the LCF resistance while 
the high slip planarity and decrease in stacking fault energy (SFE), which produces a 
high tendency to slip reversibility and reduces the cyclic strain localization [32, 44]. 
The 316LN SS will damage by creating stacking fault rings during the comparable 
stress that leads to a significant level of nearly 600 MPa due to several encouraging 
measures including radiance, raising strain, and diminishing test temperature [7]. A 
complex microstructural phenomenon governs the initiation of intragranular cracks 
during the LCF test [62]. Plastic deformation induces an effect on fatigue crack 
propagation was reported in [19]. 

While in the case of various loading patterns, loading patterns are associated with 
crack tip stress–strain behavior which controls the fatigue crack propagation rate 
[22]. The anisotropic behavior of SS 316LN at this microscopic level has been shown 
to perform an essential role in the development of fatigue cracks. Fatigue cracking 
depends on 316LN stainless steel’s graininess for surface cracks without damages and 
existing cracks [9, 63]. (Zhang et al. [76]) found that the environmental-aided effect 
on FCG rate was equivalent to the K value and that under the same K and rise time 
situations, the increase in FCG rate in HT water became more evident as the load ratio 
(R) value raised. The influence of grain boundary atmosphere distribution and grain 
size on corrosion fatigue analysis of 316LN SS in borated and lithiated HT water was 
examined by [14]. The grain boundary engineering method, rather than increasing 
the fraction of low-coincidence site lattice boundaries, was found to improve FL 
due to grain refining. The 316LN SS undergoes significant hardening under both 
cold and hot conditions. The plastic deformation of 316LN SS was formulated and 
depends on various processing parameters like deformation amplitude, deformation 
rate, temperature, and load type [50]. Samuel et al. [53], In this article, effect of 
varying load ratios on fatigue crack threshold has been reported and found that 
threshold stress intensity factor has an inverse relation with load ratio. The hardness
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value of 316LN stainless steel increases with increasing deformation rate, reaching a 
maximum amount of 350 HV at a maximum applied deformation rate of 3 ×10−3 s−1 

[1]. The growth rate of fatigue cracking decreases with an increasing load angle. 
Using different ranges of stress intensity factors, FCG rate da/dn of mode-I is lower 
than that of the mixed mode [5]. 

4 Conclusion 

The interaction between creep-fatigue and fatigue has been studied in this review. 
In the secondary cyclic hardening process, hardening is increased by increasing the 
nitrogen content and with the decrease in temperature. Dynamic strain aging is a time 
and temperature-dependent phenomenon, so yield strength increases with decreasing 
deformation rate or increasing temperature. Adding nitrogen increases the life of the 
high-temperature low-cycle fatigue as it creates glide and preserves dynamic strain 
aging. With increased hold duration, fatigue life decreases. 
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Weight-Based Object Segregation Using 
5 DOF Robotic Arm 

Awaar Vinay Kumar, Abhignya Rajapu, Kalaka Goutham, 
Yerravati Shiva Prasad Goud, and Madisetty Anuraag 

Abstract In the forthcoming industrial revolution 5.0 and the present industrial 
revolution 4.0, robotic arms play an integral role in automating the manufacturing 
industry; hence, it is critical that these robotic arms have the most robust features. 
Hence, arms with features like weight-based object segregation using high-precision 
load cells can be game changing in industries with injection molding where inline 
weight measurement of materials can save a lot of time and resources. Hence, in 
this paper, we proposed an android app-controlled Bluetooth-enabled robotic arm 
with a high-precision weight monitoring sensor module, which depicts the weight 
of the object it picks and displays it on the serial monitor as it picks. The arm takes 
the input from a graphical user interface developed on the mobile. The android app 
provides user interface for controlling and configuring this robot arm as well as 
executing commands such as picking, grasping, and homogeneous grasping. The 
robotic arm has 5° of freedom which means that it has the capability to move at 5 
different joints which get their ability to move from 6 servo motors. The robotic arm 
can easily pick and place small to medium-sized objects using the 2-finger gripper 
and simultaneously weigh the picked object. 

Keywords 5 Degrees of freedom robotic arm · Load cell · Hx711 load cell 
module · Hc-05 Bluetooth module ·Weight-based segregation · SG90 servo 
motor ·MG996R servo motor 

1 Introduction 

Robots are capable of amazing feats of strength, speed, and seemingly intelligent 
decisions; however, this last ability is entirely dependent upon the continuing devel-
opment of machine intelligence and logical routines [1]. Our future is closely bound 
with robotics as it is becoming an intrinsic part of human race. International Feder-
ation of Robotics (IFR) defines a service robot as a robot which operates semi-
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or fully autonomously to perform services useful to the well-being of humans and 
equipment, excluding manufacturing operations [2]. The new advancements in the 
field of robotics are giving us an unprecedented definition of what robots can do. 

In effect, robotic arms are emerging in automobile and manufacturing industries 
automating the process and thus streamlining it. There are many companies offering 
robotic arm models but teaching how to operate and change the functionality or 
position of the robotic arm to a factory worker who is a layman can become a pain-
stakingly arduous task. Thus, in this paper, we proposed an android app-enabled 
IoT-based robotic arm with weight-based object segregation. That even a layman can 
control with their fingertips. Though there are papers on robotic arm and Bluetooth-
enabled robotic arms, our attempt in this paper is to develop an android app-enabled 
Bluetooth-controlled robotic arm with a weight-based object segregation. 

The weight detecting sensor decoupled with the robotic arm will detect and display 
the weight of the object picked up by the robotic arm; this feature can help the 
manufacturing and packing industries where sometime the robotic arm can pick up 
weight exceeding its limit and can lead to malfunction or breaking of the robotic 
arm; this can also help in packaging of manufacturing industry where the weight of 
the product needs to be measured and segregated before packing it. 

The robotic arm system is designed by using components and hardware with 
embedded software to provide an android app-controlled robotic arm, based on 
Bluetooth technology, has been proposed in this paper to automate the manufac-
turing industry. The mass of the object is calculated using a custom-build 50-kg load 
sensor module and is then exhibited on serial monitor in real time along with the tag 
number so that it can be logged and tracked accordingly; the objects picked up by 
the robotic arm can then be segregated based on their weight. 

2 Literature Review 

In the past, some researcher’s proposed various means of designing building and 
controlling a robot arm for instance, a previous project on autonomous robot naviga-
tion using radio frequency [3]. The robot was prepared mechanically to be suitable 
for this RF to work. In a later published work, researchers Kurt E. Clothier and Ying 
Shang proposed A Geometric Approach for Robotic Arm Kinematics with Hardware 
Design, Electrical Design, and Implementation [4] where they initiated a dimensional 
perspective to the robotic arm. 

With time, there have been multiple papers published on the robotic arm which 
also include “Robotic Arm Control using Bluetooth Device” with an android appli-
cation [5] in which they put forward a mechanism to control the robotic arm using a 
Bluetooth module, which is close to our project in terms implementation. What we 
are proposing in this paper is a more efficient and robust variant of the robotic arm 
that can revolutionize the manufacturing industry.
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Fig. 1 3D model of a robotic arm 

3 Methodology 

3D Modeling Analysis of the Robotic Arm 

The robotic arm was designed using SolidWorks software; the arm includes 5 axis 
for the movement of different joints the first 3 axis which are the elbow, shoulder, 
and the waist are equipped with MG996R servos and the other 2 axis joints which 
are the wrist pitch and the wrist roll are equipped with SG 90 servos (Fig. 1). 

The gripper which is used for the pick and place function is also equipped with a 
SG90 servo. The parts of the arm were 3D printed and assembled using 2 and 4-mm 
screws. 

4 Electrical Circuit Analysis 

4.1 Robotic Arm Circuit Analysis 

For the circuit of the robotic arm, we are using the Arduino Uno and the HC-05 
module for the communication; we are using the servos SG90 and MG996R as 
actuators; servo motor is one of the DC-type motors with feedback that used in many 
applications that required controlling the system in up–down direction. Servos are 
extremely useful in robotics [6]. As we can see that the 6 digital pins of the Arduino
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are attached to 6 servo motors. Also, we need an ambient power source of voltage: 
5 V and current: 2 Amp to power the servos as the power from the Arduino isn’t 
sufficient to move the servos. 

The power pins of all the servos are connected in parallel with the power pin of 
the Arduino and the power pin of the external 5 V power source. The ground pins 
of all the servos are also connected in parallel with ground of the Arduino and the 
external power source. In the Arduino, digital pins 3, 4 act as the TX and RX pins 
appropriately (Fig. 2). 

Fig. 2 a Circuit diagram b schematic of the circuit
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4.2 Load Cell Module Circuit Analysis 

For the circuit of the load, we are using 1 Arduino, 1 HX711 module, and two 50-
kg load cells are present. First, we need to connect the positive and negative strain 
which are the opposite black and white wires. The resistance between the positive 
and the negative strain wires must be maintained at 1 KΩ, so by using a multi-meter, 
the resistance between the set of 2 wires is steadied. The resistance between the 
corresponding two red wires should also be maintained at about 1 k Ω. 

In the two pairs of black–white wires, one is connected to the E + pin of the 
HX711 module, and the other goes is given to the E-pin of the module. The E + and 
E− wires from the load cell are the power wires. The red wires are connected to the 
A+ and A− pins of the HX711 module which act as the measurement input pins. 
By connecting the DT and SCK pins to digital pins 4 and 5, VCC to 5 V, GND to 
ground of Arduino, the circuit of the weight sensor is done (Fig. 3).

The 2-load cell weight sensor circuit is coupled to the bottom of the robotic arm 
so that it computes the weight of the objects which are picked by the arm. As the 
load cell will give the output in microvolts and ARDUINO is not capable of reading 
these values, therefore, amplification is required. The best solution is to use HX711 
amplifier which is a 24-bit analog to digital amplifier [7]. While calculating the 
weight of the object, we have calibrated the sensor in such a way that it considers 
the weight of the robotic arm as tare and displays the value. 

5 Graphical User Interface Analysis 

MIT app inventor is a drag-and-drop interface visual programming tool that allows 
everyone for designing and building fully functional mobile apps for android. App 
inventor advocates a new era of personal mobile computing in which people are 
enabled to design, create, and employ personally relevant and meaningful mobile 
technology solutions for a variety of context in their daily lives, in endlessly unique 
situations [8]. 

The input to the servos is given through the app via the Bluetooth module; the 
app was built using the MIT app inventor and interface of which can be seen in the 
image. Each axis servo has a separate control to it on the app’s display along with it 
the arm speed can also be controlled through the app. 

We have used an android application which is designed using the MIT application 
inventor to control and operate the robotic arm in various modes of speeds and angles. 
This robotic arm is mainly controlled using the android device and with the help of 
the Bluetooth module which is present in the internal circuit of the robotic arm. By 
viewing at the site of the android application and the Bluetooth module, it can be 
known which sort of data is actually fleeting to the Arduino (Fig. 4).

When seen at the android application interface at the beginning, there are two 
buttons for the connecting the smartphone to the HC-05 Bluetooth module via the
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Fig. 3 a Load cell circuit model, b load cell module circuit schematic

created android application. Next, on the left side, there is an image preview of 
the robotic arm that shows all the different joints in the robotic arm. Then, on the 
opposite to this robotic arm preview, there is a slider tab for the easy controlling and 
moving of the servos and one more slider for the various speed controlling. When 
it comes to the controlling and operation of the robotic arm for moving the joints, 
there are different options, and they are grip control, wrist pitch control, wrist roll 
control, elbow control, shoulder control, and the waist control and finally the arm 
speed control. By changing the values of these operating parameters, we can operate 
the robotic arm in a very efficient and a precise manner.
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Fig. 4 Android app 
interface

The slider tabs have a variant starting, low and high value that takes care of the 
robotic arm joints. The robotic arm can be controlled to run inevitably through three 
buttons at the conclusion of the android application’s interface: SAVE, RUN, and 
RESET. There is also an option which is the label that demonstrates the total number 
of steps that we have come up to present stage. At the right side of the application 
interface, there is a disconnect button to disconnect the connection with the Bluetooth 
module. The Bluetooth module and the smartphone can be completely disconnected 
with this button easily. 

The design of the interface, buttons, and the all sliders in the android application 
are possible only with the blocks that are built behind the application. There are 
different blocks for each specified option and feature in the android application.
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Fig. 5 Process chart of the weight-based segregation using 5 DOF robotic arm 

6 Mechanism of the IoT-Based Robotic Arm 
with Weight-Based Segregation 

The user gives the input to the robotic arm through the app input is transmitted to the 
Hc-05 Bluetooth module via Arduino Uno; the Bluetooth module further transmits 
it to the servos placed in the robotic arm to perform a certain function in this case 
which is to pick or place an object of interest. The process of sending requests and 
receiving a response of sensed data using the Bluetooth HC-05 module also starts 
from the initialization of Arduino pin, status, baud rate, and SD card chip [9] (Figs. 5 
and 6).

Once the object is picked up, the weight of the object is calibrated by the load cells; 
since they are force transducers, they convert the weight or pressure or force into 
electrical; this conversion and transmission to the serial monitor is done by HX711 
module and Arduino. On the serial monitor screen, the values are displayed along 
with the time stamp. 

7 Simulation Results 

As we can infer from the image, the weight of the object can be seen displayed on 
the screen at different time stamps. From these time stamps, we can also calculate
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Fig. 6 Flowchart of the 
working of the robotic arm 
with load cell module

the weight of the object as the arm is moving, while different objects are being lifted 
by the arm. 

The weight of the robotic arm is considered as tare in order to avoid the arm’s 
weight to interrupt with the picked-up object’s weight tare basically which means 
that the sensor is calibrated in such a way that it doesn’t consider the weight of the 
robotic arm in the process of lifting the object irrelevant to the angle or position in 
which the object is being lifted. 

As we can see from Fig. 7, we can infer that no object is being picked up by the 
arm; hence, the value being displayed on the serial monitor is close to zero from 
which we can also conclude that the weight of the arm is being considered as tare,
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Fig. 7 Weight displayed on the serial monitor when there is no load 

Fig. 8 Weight displayed on the serial monitor when there is load 

whereas in Fig. 8, we can see that there is a difference in the value being displayed 
on the monitor which means that the arm is holding an object. 

This result can be useful in segregating the objects based on their weight, and 
to monitor the load, the arm is being administered so that if we place a larger load 
which can result in the damage of the servos we can be intimated, this method is also 
being researched for the use in injection mold-based product manufacturing where 
the weight of the object to be measured is very important to maintain the precision 
in molding and weight of the whole product. 

8 Result 

In this way, we have implemented an IoT-based robotic arm with weight-based segre-
gation controlled wirelessly by a graphical user interface. Therefore, the robotic arm 
is successfully connected with the smart device and with the Bluetooth module, and 
this total setup was further ordered to perform the segregation based on the parameter
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“WEIGHT.” We can see that load cell is working as per the given instructions. It is 
given the task of displaying the weight quantity of the load, the robotic arm picks. 
And then, we can see that the robotic arm places the object at the specified place 
without any deviation. 

We can see that the robotic arm accepts all the commands that the user passes 
through the android application. The load cell performs and fulfills all the tasks 
entrusted to it without hesitation. At the next step, the load cell’s readings are mirrored 
on the serial monitor. By all these tasks and after the appropriate testing of the load cell 
and weight sensor, it can be stated that the weight-based segregation using the IoT-
based robotic arm is carried out precisely. As a sign of result, we have administered 
various commands to the arm by picking and placing different objects and monitoring 
and segregating the load being apportioned to the arm. 

This method helps immensely in inline weight measurement without the need of 
picking up weighing and placing the object on the conveyor line every time and elim-
inated the need of weighing each object separately after production. Inline weighing 
can act as a hundred percent parts check because on the basis of weight plastic proces-
sors are able to ascertain if the sprues (a channel through which metal or plastic is 
poured into a mold) are cut clean or whether excessive or insufficient injection has 
been done. 

And after we have performed the weight segregation with the help of the robotic 
arm and the load cell sensor by taking numerous loads with variant weights, and it can 
be depicted and leading to the necessary result that the robot is working efficiently by 
weighing all the different loads given to precisely and by also helping us determine 
missing parts in two identical objects with the help of weight. The results can be 
illustrated shown in Fig. 9.

9 Conclusion 

In the present scenario, robotic arms are taking over the work load of humans simpli-
fying and automating various processes. Although, significant development in this 
field is necessary. From their inception, amount of human error and involvement has 
significantly reduced. 

The purpose of our project is to provide control of 5 axis moving robot arm 
design and this robot arm with a suitable microcontroller and Bluetooth module 
with an android application which can also monitor the load and segregate objects 
based on their weight. And this cutting-edge technology is really helpful in industries 
with injection molding where the component weight demonstrates the quality of the 
component and also the process consistency, and with aid of weight-based segrega-
tion, the NOK or not okay parts can be easily separated from the good ones. The 
necessary theoretical and practical information for this purpose has been obtained, 
and the necessary infrastructure has been established for the project.
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Fig. 9 a Final resulting product of robotic arm with load cell module, b final resulting product of 
robotic arm with load cell module lifting a load
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An Experimental Validation 
of Thermo-Mechanical Analytical Model 
in Laser Bending Process 

Utpal Nath and Vinod Yadav 

Abstract The present study presents a coupled thermo-mechanical analytical model 
to find out the temperature field and bend angle during laser line heating. In-house 
experiments were performed considering Al 6061-T6 aluminum alloy sheets to vali-
date the proposed model. The results of parametric study are presented to see the 
influence of laser power intensity and scanning speed on the temperature distribu-
tion and bend angle. Further, the effect of convective heat transfer coefficients on 
the temperature distribution is studied at different cooling arrangements on the irra-
diated and bottom surfaces of the sheet. The measured experimental results show 
an averaged error of 8.3% with the analytically predicted bend angles. Hence, the 
proposed model can be useful to the dedicated laser-based manufacturing industries 
for the quick estimation of temperature and bend angle. 

Keywords Laser material processing · Gaussian heat flux · Integral transform 
technique · Temperature distribution · Bend angle 

1 Introduction 

Laser bending of metallic sheets is one of the promising techniques among manu-
facturing processes that is attained by irradiating its surface with a defocused laser 
source. Recently, laser bending has drawn great attention from various researchers. 
As a newly developed approach, laser bending has provided significant progress 
in the automotive, aircraft, marine, and electronic sectors, where it offers rapid 
processing and fabrication of intricate shapes that previously relied on expensive 
conventional techniques. Laser bending has numerous merits over the conventional 
forming techniques, for example high design flexibility, minimal heat-affected zone, 
no spring-back and formability in inaccessible areas [18].  Dixit et al.  [3] presented a
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detailed review on the present scenario of the laser forming systems. The basic under-
standing of the mechanism and main parameters associated with the laser bending 
process considering different materials had been explored with various analytical and 
experimental studies. Kalvettukaran et al. [7] optimized the laser processing factors, 
namely laser beam radius, laser power, laser beam moving speed, and workpiece 
thickness based on the temperature measurement. 

A number of researchers have been proposed mathematical model of laser bending 
process for estimating the bending angle and temperature distribution. Temperature 
and thermal stress propagation during laser heating of a material is the prime concern 
of research to get the desired bend angle in laser bending because the distortion of 
the workpiece mainly relies on the temperature field. Cheng and Lin [2] proposed 
an exact solution to assess the temperature distribution in the finite plate consid-
ering a Gaussian heat flux. They compared the different heat sources, e.g., point, 
uniform, and Gaussian, to analyze the temperature profiles and found that the Gaus-
sian heat source depicts the realistic results in the laser heating of metallic sheets. 
They performed a detailed parametric study to assess the thermal history in the laser-
heated sheet. Shi et al. [24] presented a simplified analytical solution to estimate 
the temperature distributions in the laser bending process. They reported that the 
sequential thermo-mechanical analyses can be performed to assess the bend angle 
precisely. Khan and Yilbas [9] carried out semi-analytical modeling to find out the 
radial and hoop stresses in the laser bent sheet. In their study, the temperature distri-
bution is calculated by analytical solution, and the deformation analysis is carried 
out using a numerical approach. They found that the distribution of the tempera-
ture field was influenced by laser scanning speed, which further changed the stress 
field in the workpiece material. Kyrsanidi et al. [10] compared the bending angle 
considering at different scan speeds of sheets made of steel D36 and 1430 using an 
analytical model and finite element method (FEM) using Gaussian heat source. The 
FEM model is based on the temperature-dependent material properties. It was noticed 
that the bend angle is more pronounced at low scanning speed at different laser beam 
power. Mishra and Dixit [16] presented a series solution to assess the temperature 
distribution along the workpiece thickness during laser line heating. Shen et al. [23] 
analyzed the temperature distribution at different locations along the thickness of 
the sheet by employing the analytical solution. They emphasized that the tempera-
ture data across the workpiece thickness of the bended sheet is needed to accurately 
determine the bend angle. The authors reported that the model is promising to assess 
the deformation under different well-known bending mechanism as compared to the 
experimental results. Shi et al. [25] presented a mathematical model based on the 
temperature gradient mechanism (TGM) in which temperature field and distortion 
of the sheet were predicted assuming both convective and radiation boundary condi-
tions. They used a one-dimensional heat conduction model to examine the variation 
of temperature in the thickness direction. It was noticed that under the considered 
process conditions of TGM, the sheet bends about both longitudinal and transverse 
directions. Kyrsanidi et al. [11] assessed the mechanism of laser bending using both 
numerical and experimental approaches by introducing temperature-dependent mate-
rial properties. To observe the characteristic of the bending, steel alloys with 4 and



An Experimental Validation of Thermo-Mechanical Analytical Model … 457

6 mm in thickness were considered and developed a three-dimensional numerical 
scheme based on a FE model. In order to examine the bend angle of laminated plate 
by applying the laser heat source, [15] proposed a TGM-based analytical model. 
They observed that trend of the bend angle with changing the laser power and scan 
speed is in line with the existing published results. Lambiase and Ilio [13] presented 
analytical solution for the prediction of temperature field and bend angle during the 
laser forming considering different materials. Eideh et al. [4] provided a simplified 
analytical solution to assess the bend angle in laser bending of steel metal sheets 
based on elastic–plastic bending analysis. Further, they also proposed an inverse 
technique on the basis of temperature measurement for estimating the yield stress of 
the sheet. Mulay et al. [17] developed a strain energy-based mathematical model for 
evaluating the bending angle in a single laser scan. 

Over the last few decades, many researchers studied the temperature distribution 
and bend angle by numerical simulations as well as experiments. Roohi et al. [20] 
analyzed the influence of laser parameters, viz. beam power intensity, scanning speed, 
number of scans, and workpiece thickness on the final bend angle of aluminum alloy 
sheet. The results obtained from the experiments showed an ideal range of input laser 
parameters for the required bend angle of the sheet material. Zhang et al. [26] also  
investigated the bending phenomena of DP 980 steel foils (1.4 mm thick), taking 
laser power, line energies, no of passes, and direction of laser scans as process vari-
ables for high-quality forming operations. The authors revealed that the deformation 
behavior of formed geometry increases linearly with the increase of line energy. 
Hu et al. [5] conducted various experimental tests and numerical simulations to 
study the mechanism of laser bending on geometrically scaled aluminum and steel 
sheets. Numerical simulations based on the FEM were conducted in ANSYS to 
predict the nature of the bending phenomenon. Experiments of laser bending were 
performed using an Nd-YAG laser system by varying the component thickness and 
validated with the developed FEA module, which exhibits the significance of consid-
ering the size effects. Hu et al. [6] provided an experimental study to investigate the 
physics behind the laser forming by introducing the edge effects. Kant and Joshi [8] 
performed various experimental tests and FEM simulations to examine the optimum 
laser process conditions for larger bending angles with negligible edge effect in laser-
heated slab. Shen et al. [22] developed a thermo-mechanical FEM numerical model 
to analyze the temperature distribution and bend angle with moving boundary condi-
tions and suggested the possibility of utilizing forced cooling systems in a single laser 
scan. It is evident from results that the arrangement of forced cooling can drastically 
reduce the maximum temperature as compared to natural cooling, which further 
increased the bend angle of the sheet. Labeas [12] developed a three-dimensional 
FEM model to estimate both temperature distribution and bend angle considering a 
single or multi-pass moving heat source. The authors also carried out a number of 
experimental trials on aluminum thin sheets to validate the simulated FEM results. 

In this work, a simplified thermo-mechanical model is employed for finding out 
the temperature distribution and bend angle during laser bending process. The model 
comprises two modules—thermal module and deformation module. The thermal
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modules use the integral transform method to solve the governing heat transfer equa-
tion, whereas the deformation module is relying on the strain energy theory. The 
proposed analytical model incorporates the effect of workpiece geometry, the laser-
irradiated path, convective heat transfer coefficients at the bottom and top surfaces, 
and the laser parameters associated with the single pass of heating source. To include 
the aforementioned laser process parameters together is the novelty of this work. It 
is evident from past literature that the existing thermo-mechanical numerical models 
required a considerable amount of computational time, even with powerful work-
stations. Thus, an attempt is made to develop an analytical solution that requires 
insignificant computational time in an ordinary computer. The efficacy of the devel-
oped model is verified by performing a set of in-house experiments under different 
process conditions. Further, the thermal stress, thermal strain, and stored strain energy 
in the sheet surface are evaluated based on the obtained temperature distribution. 

2 Analytical Model 

In this section, an analytical model is proposed to analyze the temperature field and 
bend angle in the laser bending. Section 2.1 presents the series solution to estimate 
the temperature distribution in a laser-heated sheet considering a single pass of laser 
heat source. Section 2.2 derived the closed-form expression to calculate the bend 
angle. 

2.1 Estimation of Temperature Distribution 

During laser bending, the laser source irradiates along with the pre-set locations of 
the sheet surface that causes thermal expansion in the irradiated zone. The expansion 
due to the temperature variations across the workpiece thickness is countered by the 
surrounding material. The mechanism of laser bending is a complicated phenomenon 
[4]. Following assumptions are considered to develop the analytical model: (i) The 
worksheet is free of gravitational force, (ii) the laser-scanned region does not undergo 
any phase transition, (iii) creep strains are negligible, (iv) surface melting is not 
considered, and (v) plastic deformation in the laser heating line of metallic substrate 
is neglected. Figure 1 shows a schematic arrangement of the laser bending process. 
A moving laser heat source traverses the material surface at specified scan speed in 
the predefined direction.

In order to simplify the mathematical model, the one-dimensional heat transfer 
is considered. Figure 2 shows the one-dimensional heat source. Consider a one-
dimensional plate with convective boundary conditions subjected with an instanta-
neous heat source at z = b for time t = τ , as shown in Fig. 2.

Following governing heat transfer equation is solved for obtaining the temperature 
field:
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Fig. 1 general schematic representation of laser bending

Fig. 2 1D plate subjected with instantaneous heat source

∂2T 

∂z2 
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δ(z − b)δ(t − τ ) − 
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α 
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∂t 
= 0 (1)  

Where q is the heat input per unit area, k is the thermal conductivity, b is the instan-
taneous distance along the thickness direction, δ is the Dirac delta function, τ is the 
instantaneous time, t is the time, T is the temperature, and α is the thermal diffusivity 
of the material. The thermal diffusivity is defined as 

α = 
k 

ρcp 
(2) 

where ρ is the material density and cp is the specific heat of the material. The boundary 
and initial conditions are considered as
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T = T∞, t = 0 (5)  

where hl and hu are the heat transfer coefficients (HTC) at the bottom and top surfaces 
of the workpiece, respectively. Equations (1–5) are solved using integral transform 
technique [19, 21]. The following expression provides the temperature distribution 
in z-direction of the sheet: 
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where βm is the positive roots which is defined by following transcendental equation:
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In this work, the moving laser beam is assumed to be circular with the Gaussian 
heat source distribution [8]. 
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where η, P, and r are the absorption coefficient of the material, the beam power 
intensity, and the laser beam radius, respectively. 

Substituting Eq. (8) into Eq. (6) and utilizing the Green function theorem, the 
following series solution of three-dimensional transient temperature distribution is 
obtained as [1]: 
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Where v is the travel speed of the heating source in m/s. Appendix provides the 
detailed derivation of Eq. (9). 

2.2 Estimation of Bending Angle 

In order to evaluate the equivalent thermal strains and stresses induced during laser 
heating, the mean temperature is calculated as follows [4, 17]: 

Tm = 

nΣ
i=1 

T 

n 
(10) 

where n defines the number of locations to measure the temperature along with 
the sheet thickness. In this work, a total of four locations are taken into account to 
estimate the mean temperature, as shown in Fig. 1. The expression of the thermal 
strain and stresses can be written as 

εtavg = αth(Tm − T∞) (11) 

and 

σtavg = αth E(Tm − T∞) (12) 

where E and αth represent Young’s modulus and thermal expansion coefficient of the 
workpiece. Thus, the strain energy of the laser-heated sheet due to induced thermal 
strain and stress can be expressed as 

Uσ−εavg = 
1 

2 
σtavg εtavg Vh (13) 

where Vh is the volume of the irradiated zone for unit width and can be given by 

Vh = bhl (14) 

where bh is the heated length of laser beam and l is the workpiece thickness. The 
strain energy stored by means of reactive bending moment is calculated as 

UBM = 
1 

2 
Mθ (15) 

where M is given by 

M = 
E I  

bh 
θ (16)
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where θ and I are the bend angle and the second moment of inertia, respectively. By 
equating the Eqs. (13) and (15), the expression of bend angle is obtained as 

θ =
/

σtavg εtavgb
2 
hl 

EI 
. (17) 

3 Determination of Temperature Field and Bending Angle 
by FEM 

The three-dimensional numerical solutions based on FE model are carried out to 
compare the temperature distribution profiles with time of the proposed analytical 
model. In lieu of experimentally measured temperature distribution with time, a FEM 
result is considered as the virtual experiments for the laser bending process. However, 
the bend angle is measured experimentally. The experimental procedure is explained 
in the next section. 

A FE-based numerical model was developed using commercial software Abaqus 
6.10 to obtain the temperature history as well as the bend angle during the single 
pass of laser heat source. Following assumptions are considered to simulate the laser 
bending process: the sheet is assumed to be flat and free from the residual stresses. 
The heat source is modeled by a Gaussian distribution. The von Mises yield criteria 
is employed in order to evaluate the plastic deformation. The HTC of 20 W/m2-°C 
has been taken for the natural convection. During simulations, one edge of the sheet 
parallel to the predefined laser line is clamped, which was fully constrained in terms 
of both displacements and rotations. The details of the FEM simulation procedure 
are explained in [18]. 

4 Experimental Study 

In the present study, experiments on single scan laser bending of Al6061-T6 
aluminum alloy strips were conducted to better understand the laser bending process. 
A continuous-wave LVD Orion 3015 2.5 kW CNC operated CO2 laser machine was 
used to perform the experimental tests. The experiments were carried out at the 
IIT Guwahati, and the experimental test setup is shown in Fig. 3. The  samples of  
Al6061-T6 aluminum alloy were cut into the required dimension of (100 × 50 × 
1.5) mm3. Before the laser line heating, the predefined laser scan path on the metal 
surface was coated with black spray paint, ensuring the uniform absorption along 
the predefined traveling path. The coated sheets are allowed to air-dry at ambient 
temperature for about half an hour. The coated test specimen was clamped at one 
end using a fixture over the movable laser bed, as shown in Fig. 3b. A defocus laser
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beam of spot size 3.87 mm was moved along the predefined locations of the metallic 
substrate. The coating of the sheet is damaged due to the heating of the moving laser 
source. After the laser line heating, the test samples are allowed to cool at normal 
room temperature. Table 1 depicts the set of experimental tests which was conducted 
by taking the different combinations of laser power and scan speed from different 
parameter levels. Figure 4 shows the photograph of the CMM for measuring the 
obtain bend angle. For the same process condition, the experiment was performed 
twice, and the average of generated bend angles (measured at different locations as 
shown in Fig. 4b) was taken as the experimental result. After completing the laser 
line heating, the bending angle was calculated at three different locations along the 
sample width using M/s. Accurate making coordinate measuring machine (CMM), 
and the average of three readings was taken as the final result of bend angle. The 
touch probe was moved along all three-axis to obtain the data points on both sides 
of the scanned path. Figure 5 shows some laser bended workpieces obtained during 
the laser line heating at different process conditions. 

Fig. 3 Photograph of the experimental setup a CO2 laser machine and b fixture to bend the sheet 
by applying laser heat source 

Table 1 Different laser parameters used for the tests considering single laser pass 

Laser bending parameters Unit Ranges 

Laser beam power, P W 450, 500, 550, 600, 700 

Scan speed, v mm/min 1000, 1250, 1500, 2000, 2500 

Beam diameter, D mm 3.87 

Sheet thickness, l mm 1.5
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Fig. 4 Photograph of a CMM to calculate the bend angle of laser bended specimen and b 
measurement locations of bend angle along the length of the workpiece 

Fig. 5 Laser bent workpieces with single laser scan. a P = 500 W, V = 2000 mm/min, and D = 
3.87 mm; b P = 600 W, V = 1500 mm/min, and D = 3.87 mm 

5 Results and Discussion 

The proposed analytical solution is compared by estimating the temperature and 
deformation field at different laser process parameters for a single pass with the 
results available in the literature followed by the in-house experimental results. After 
validating the analytical model, a parametric study is also presented.
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5.1 Comparison of Analytical Solution with the Existing 
Literatures 

The transient temperature profile and the bend angle estimated with the analytical 
model are validated with the results [11, 18]. Kyrsanidi et al. [11] performed the 
experiments on D36 shipbuilding steel having the dimensions (300 × 150 × 6) mm3. 
The following laser process parameters are considered: P = 1500 W, D = 16 mm, 
v = 5 mm/s, η = 0.8, k = 35.1 W/m°C, hu = hl = 20 W/m2-°C, ρ = 7860 kg/m3, 
cp = 427 J/kg-°C, E = 210 GPa, and αth = 12 × 10–6/°C. Figure 6 compares the 
proposed model with the FEM simulations and experimental results of [11]. It is 
found that the variation of the temperature distribution is similar to that obtained 
by FEM and experimental study. Due to consideration of the semi-infinite plate, the 
prediction of maximum temperature from the proposed analytical solution deviates 
from FEM results [11]. Results show that the maximum deviation in the temperature 
rise is approximately less than 10% while comparing with the results [11]. Hence, 
the proposed analytical model provides an excellent estimation of the temperature 
field for a finite thickness plate. In addition that, it is found that the proposed model 
provides the bending angle with an accuracy of 76.5% and 80% while comparing the 
results reported by [11] and FEM, respectively (Fig. 7). Thus, the proposed analytical 
model is validated and can be used to obtain the bending angles for a different set of 
workpiece materials as well.

Further assessing the proposed model with the different classes of workpiece 
material, the results reported by [23, 4] are taken as a benchmark. The dimension of 
the workpiece made by AISI 1010 was considered as (80 × 80 × 2.3) mm3. The  laser  
power was varied between 800 and 1300 W and the beam travel speed between 40 
and 65 mm/s. The radius of the laser beam was 2 mm, and the absorption coefficient 
is 0.8. Figure 8 compares the bend angle obtained from the analytical model with the 
experimental [23] and analytical results [4]. Results show that the analytical model 
predicts the bending angle with an accuracy of 93.6% and 81.29% while comparing 
with published [23] and [4] results, respectively.

5.2 Comparison of Analytical Solution with Experiment 

In this subsection, the bend angles given by analytical model are compared with that 
given by the experimental tests. The detail of the experimental procedure is described 
in Sect. 4. Each experiment was performed with two replicates. The properties of 
the Al 6061-T6 aluminum alloy is taken from [20]. The absorption coefficient of the 
workpiece is assumed to be 0.65. 

Table 2 shows the percentage deviation between the proposed model and experi-
mentally measured bend angles at different sets of process conditions. It is observed 
that the maximum deviation is 16.31% at corresponding the process parameters 
of Case 10. By comparing the proposed model with the experimental results, it is
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Fig. 6 Comparison of transient temperature distribution obtained from proposed analytical model 
with FEM simulation and experimental results of [11] at the mid-point of bottom surface 

Fig. 7 Evaluation of bend angle obtained from proposed analytical model with [11] and  FEM

observed that the average error of bend angles is less than 10%. Thus, the proposed 
model is validated. Further, it is found that the bend angle is increased with increasing 
the laser beam power keeping scanning speed constant. With an increase in the laser 
power, the magnitude of input energy into the metallic sheet has increased, resulting 
in higher plastic deformation. Similarly, the effect of scan speed on the bend angle is 
also analyzed. As expected, an increase in scan speed results in a decrease in bending
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Fig. 8 Evaluation of bend angle obtained from proposed analytical model with [23] and  [4] at the  
mid-point of bottom surface

angle. It is because of the fact that the interaction span between the laser heat source 
and sheet surface is reduced. Thus, the energy input per unit length decreases, which 
results reduction in the magnitude of final bend angle. 

Table 2 Experimental and analytical bend angle 

Case Parameter Bend angle (°) Error (%) 

P (W) v (mm/min) D (mm) Experiment Proposed 
modelTrial 1 Trial 2 Averaged 

1 450 1500 20 0.31 0.33 0.32 0.343 7.18 

2 500 1500 20 0.37 0.398 0.384 0.418 8.13 

3 550 1500 20 0.425 0.445 0.435 0.46 5.74 

4 600 1500 20 0.472 0.5 0.486 0.506 4.12 

5 700 1500 20 0.521 0.551 0.536 0.587 9.51 

6 500 1000 20 0.41 0.436 0.423 0.434 2.6 

7 500 1250 20 0.384 0.416 0.4 0.423 5.75 

8 500 1500 20 0.37 0.398 0.384 0.418 8.85 

9 500 2000 20 0.33 0.35 0.34 0.39 14.71 

10 500 2500 20 0.318 0.332 0.325 0.378 16.31
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5.3 Parametric Study Using the Proposed Temperature Model 

For determining the relationships between the bending angle and different laser 
parameters, it is essential to first analyze the influence of different processing param-
eters on the temperature profile during laser bending. The effect of processing factors, 
viz. beam input power, scanning speed, and HTC on the temperature distribution of 
laser-formed sheets is investigated in this section. The related change in induced 
thermal stain and stress and its effect on the stored strain energy in the workpiece 
is also discussed. Figure 9 depicts the variation of temperature with time at three 
different laser powers keeping constant scan speed v is 1500 mm/min. This study 
shows that the magnitude of temperature at the mid-point of the bottom surface 
increases with increasing the laser power intensity. This is due to the increase in the 
laser input energy per unit area at the heated zone. Figure 10 shows the temperature 
distribution for various scan speeds keeping constant P is 500 W. It is seen that the 
magnitude of temperature rise decreases with increasing scan speed. It is because 
the interaction span between the laser source and the sheet surface is reduced. 

To investigate the influence of HTC on the temperature distribution, four different 
cooling conditions are considered as natural cooling on both top and bottom surfaces 
(Case 1); natural cooling on the top surface, and forced cooling on the bottom surface 
(Case 2); natural cooling on the bottom surface and forced cooling on the top surface 
(Case 3); and forced cooling on both top and bottom surfaces (Case 4). The similar 
cooling conditions are analyzed by Shen et al. [22] using FEM simulations. Figure 11 
depicts the temperature distribution with time at the mid-point of the bottom surface

Fig. 9 Effect of laser input power on the surface temperature distribution
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Fig. 10 Effect of scan speed on the surface temperature distribution

for all the cases. The laser process parameters are considered, such as the laser input 
power is 600 W, the scan speed is 1500 mm/min, and the spot size is 3.87 mm. 
The convective HTC for air and water are assumed to be 20 and 1000 W/m2 K, 
respectively, as depicted in Fig. 11. The values of convective heat transfer coefficients 
are taken from [14]. It is observed that the temperature profile for forced cooling 
conditions is lower as compared to natural cooling. It is due to the effect of water 
cooling, which is characterized by a HTC almost 50 times more than calm air media. 
Comparing all four cooling conditions, cooling on both top and surfaces with the 
forced cooling results in the lowest, while the rest two forced cooling conditions have 
almost the same temperature profile. These results are also in line with the results 
of FEM simulations [22]. This observation is further explored here by varying the 
convective HTC at the top and bottom surfaces of the workpiece (Fig. 12).

5.4 Estimation of Strain Energy at Different Laser Bending 
Process Parameters 

The strain energy is calculated at different laser beam power and scanning speed 
keeping constant other laser process parameters. It is observed that the temperature 
fields differ with the different laser bending process conditions. Therefore, the strain 
energy stored in the laser-heated sheets is varied. Hence, the strain energy is calculated 
at different laser process parameters and tabulated in Table 3. The results depicted
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Fig. 11 Effect of convective HTC at top and bottom surfaces on the transient surface temperature 
distribution 

Fig. 12 Comparison of the surface temperature distribution at different cooling conditions in laser 
forming

in Table 3 show that the thermal stress (average stress) increases linearly with the 
increased laser power at a constant scan speed, which further increases the induced 
strain energy in the workpiece. On the one hand, an increase in scan speed decreases 
the thermal stress at constant beam power intensity and, furthermore, decreases the 
stored strain energy and results in the reduction of worksheet bending.
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Table 3 Variations of stress–strain and strain energy in laser-formed Al 6061-T6 aluminum sheet 

Case P (W) v (mm/min) Average stress (MPa) Average strain Strain energy (N-mm) 

1 450 1500 176.5 0.002563 1.32 

2 500 1500 198 0.002873 1.65 

3 550 1500 219.1 0.00318 2.02 

4 600 1500 238 0.003457 2.39 

5 700 1500 280.9 0.00407 3.32 

6 500 1000 209 0.003027 1.84 

7 500 1250 203.3 0.00294 1.74 

8 500 1500 198 0.002874 1.65 

9 500 2000 189.5 0.002749 1.51 

10 500 2500 181.7 0.002637 1.39 

6 Conclusions 

In this chapter, a coupled thermo-mechanical analytical model is developed to calcu-
late the temperature history and bend angle of the sheet during laser bending process. 
The estimation of temperature distribution solution is derived by using integral 
transform technique. The temperature distribution is taken as the input to find the 
bend angle using the strain energy approach. The proposed model is validated by 
performing the in-house experiments at different laser power intensity and scan speed. 
The averaged error between results predicted by analytical model and experimental 
results is found to be less than 10%. Hence, the proposed analytical model may be 
useful to assess the temperature distribution and bend angle precisely. 
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Appendix 

Derivation of Eq. (9) by Utilizing the Green Function Theorem [1] 

Green function for x–y plane of order infinity for a heating source at x’–y’ plane, one 
can write as 

G
(
x, y, x ', y'||t, τ

) = 1 

4πα(t − τ ) 
e−R2/4α(t−τ ) (18)
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where 

R = (x − x ')2 + (y − y')2 (19) 

Equation (6) can be written in the form of Green function for z-direction only 
with the given heat source at b = 0 as follows: 
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Utilizing Eqs. (18) and (20), Green function of temperature distribution relation 
for three-dimensional case considering the convective heat transfer losses (hl and hu) 
at z = 0 and l obtains 
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The expression for temperature field can be derived as [25] 

T − T∞ = q 
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Substituting Eq. (8) into Eq. (22), the solution of the transient heat transfer equa-
tion with laser heating source can be evaluated from the superposition of heat transfer 
equation for the instantaneous heat source over the distributed zone. The heat transfer 
equation is solved primarily in the fixed coordinates then integrated with respect to 
time. The superposition can be written as follows: 
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Integrating Eq. (23) with respect to space variables x, y and instantaneous time τ , 
the final expression of temperature distribution given by Eq. (9) is obtained. 
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Heat Transfer Analysis at Mould-Casting 
Interface for Improving the Casting 
Process 

Mohammad Asif, Muhammad Muneef Sadiq, and Muhammed Muaz 

Abstract The interfacial heat transfer coefficient (IHTC) formed at the casting-
mould interface is an important parameter to affect the quality of cast product. Hence, 
the present study aims to perform the heat transfer analysis on the interface of mould 
and casting. The effect of pouring temperature and the properties of the cast metal 
were investigated by evaluating interfacial heat flux and interfacial heat transfer 
coefficient (IHTC) using transient temperatures inside the mould and casting. During 
the experiments, transient temperatures inside the mould and casting are recorded. 
Effects of pouring temperature, casting material and mould material on the transient 
heat flux and IHTC are also studied. From the results, both interfacial heat flux and 
interfacial heat transfer coefficient are found to be increasing with increase in pouring 
temperature keeping all other parameters constant. At same pouring temperature, 
interfacial heat flux is found to be independent of casting material, whilst IHTC is 
found to be dependent on the properties of casting material. Peak value of IHTC is 
found to be much higher in case of zinc metal casting as compared to aluminium 
metal casting. Novel and physically based analytical interpretation of the results is 
provided. The results will be useful for metal forming industries to develop better 
castings at lower costs. 

Keywords Interfacial heat transfer coefficient · Metal casting · Permanent mould ·
Inverse method · Interfacial heat flux 

1 Introduction 

A sudden change in the temperature is observed at the interface of a hot and a cold 
contacting body. It is due to resistance to heat transfer between the contacting surfaces 
known as thermal contact resistance. Its reciprocal is called interfacial heat transfer 
coefficient (IHTC). IHTC is an important parameter in modelling and designing 
of casting operation. For the casting, the thermal contact resistances, found at the
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casting and mould interface, have been considered amongst the crucial factors to 
control the mechanical and physical properties of the final castings [1]. Casting 
involves (a) pouring of molten metal into a mould cavity, (b) allowing it to solidify 
and (c) removing the part from the mould. As the molten metal starts solidifying, 
it shrinks, and a gap is formed between the casting and inner wall of the mould 
which is occupied by the metal oxide gases released during solidification of the 
molten metal. This gap results in an additional thermal resistance which leads to a 
considerable temperature gradient between the mould wall and casting. Rate of heat 
transfer through the mould-casting interface is a function of this temperature gradient 
and (IHTC) at the interface. Quality of casting products depends on the rate of heat 
transfer through the mould-casting interface during solidification and cooling of the 
casting materials. Microstructure of casting products and its mechanical properties 
depend upon the solidifying and cooling process of the casting. Further, casting 
defects such as hot spots can also be avoided by proper cooling practices. Therefore, 
accurate knowledge of interfacial heat transfer coefficient (IHTC) at the mould-
casting interface is necessary in design of casting process [2]. In casting, it depends 
on various factors such as mould/die material casting material, initial temperature 
of the mould, pouring temperature of the molten metal, coating material and its 
thickness at the inner wall of the mould, pressure at the interface, ambient condition 
and types of casting method. Interfacial heat transfer has been an important area of 
research in past few decades [3–6]. 

Interfacial or surface heat flux and interfacial heat transfer coefficient are two 
important parameters for the study of systems involving heat transfer [7]. Prabhu et al. 
[8] performed experiments to analyse heat flux at the die-casting interface. Castings 
of lead, zinc and aluminium metal were cast in three different moulds made up of 
steel and graphite. Inverse method was used to obtain the interfacial heat flux during 
solidification of the casting. Surface temperatures and IHTC have been evaluated. 
Correlations of maximum value of heat flux with thermal diffusivities and transient 
heat flux with time were formulated. Kim et al. [9] performed experiments to evaluate 
interfacial heat transfer coefficient at the die-casting interface. Cylindrical copper die 
was used to cast aluminium castings during the experiments. Temperature data with 
time at the casting surface and inside the die were used as an input to solve inverse 
problem. Interfacial heat transfer coefficient was analysed during different phases 
of the casting material such as liquid phase, solid phase and during solidification. 
Effects of ceramic and carbon coatings at the die surface and superheating of casting 
material on the IHTC were also analysed. Peak values of IHTC were found maximum 
when no coating was applied and minimum for carbon coating. Oliveira et al. [10] 
applied the non-linear inverse heat transfer method to estimate heat transfer coeffi-
cient at interface of the metal and sand mould. Experiments have been performed on 
plate shape castings with varying thicknesses for aluminium alloys. The IHTC was 
observed to depend on the casting material. Bohacek et al. [6] estimated the heat 
transfer coefficient at the cast-mould interface using the air gap thickness which was 
calculated by applying a plane stress model. Model was applied for different coating 
thicknesses, rotation rates and temperatures of solidus. Oliveira et al. [11] applied 
the Levenberg–Marquardt technique to estimate the thermal contact resistance at
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metal–mould interface, hence to find out the interfacial heat transfer coefficient. The 
finite volume method was utilized to solve for the cooling process of an alloy casting 
in a mould. Heat dissipation in only one side of the mould has been considered 
so as to ensure uphill and unidirectional solidification. Vishweshwaran et al. [12] 
numerically investigated a one-dimensional transient heat conduction model at the 
metal–mould interface in order to find out the interfacial heat transfer coefficient 
during horizontal directional solidification of Sn–5-wt% Pb alloy. The unknown 
IHTC was estimated using an inverse method of particle swarm optimization along 
with Bayesian framework. Aksoy and Koru [1] estimated the interfacial heat transfer 
coefficient and heat flux at the interface of casting mould. They worked on the pres-
sure casting of cylindrical mould made of AlSi8Cu3Fe aluminium alloy. IHTC and 
heat flux were determined by using experimentally measured temperatures. Further, 
machine learning algorithms were utilized in order to determine IHTC. ANNR algo-
rithm has been observed as the most accurate model. Natsume et al. [13] carried 
out experiments on unidirectional castings of Al-1mass% Si alloy and acquired the 
cooling curves during solidification. The time-dependent heat transfer coefficient 
was determined to evaluate the suitability of the method for real experimental data. 
Jayakrishna et al. [14] established an inverse heat transfer model based on Salp 
swarm optimization algorithm for the estimation of heat flux at the hot faces of a 
mould in thin slab continuous casting. A funnel-shaped mould was assumed having 
complex arrangement of cooling slots. The estimated heat flux profile was utilized 
to observe the fluid flow and thermal characteristics of the solidifying steel strand 
inside the mould. Stieven et al. [15] developed two numerical models to estimate the 
IHTC in directional solidification. The models were based on thermal resistance and 
thermal gradient formulation at the interface of metal–mould. In the literatures, it 
was found that experiments for the study of heat flux at mould-casting interface with 
copper die were generally performed which is costly [7]. Mild steel might be a good 
alternative to serve as die material. Further, study using mild steel die with zinc as 
casting material was not properly performed. In addition, it has been noted that heat 
transfer analysis at the interface of aluminium casting and mild steel die has not been 
performed. Therefore, in the present work, the objective was to study interfacial heat 
transfer at the mould-casting interface for different mould and casting materials for 
various parameters. Further, experiments were performed using indigenously fabri-
cated experimental setup. The experimental results were first used to estimate the 
interfacial heat flux and interfacial heat transfer coefficient at the mould-casting inter-
face. Finally, the effect of different pouring temperature on the interfacial heat flux 
and interfacial heat transfer coefficient was studied. Hence, heat transfer experiments 
were performed by taking pure aluminium and zinc as casting materials, whilst mild 
steel was taken as die material. The heat transfer analysis performed in study might 
be useful for metal forming industries to develop better castings at lower costs.
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2 Materials and Method 

2.1 Numerical Methodology 

Transient heat flux is estimated numerically by using inverse heat conduction method. 
A hollow cylindrical die is considered whose top and bottom surfaces are insulated. 
When the casting material is poured into the die, a transient heat flux will be subjected 
at the inner curved surface of the cylinder, as shown in Fig. 1. Here, heat transfer 
is assumed to be in radial direction only through the cylinder wall to atmosphere 
and assumed to be neglected in all other directions. Conjugate gradient method with 
adjoint problem has been employed to solve the inverse heat conduction problem 
for the estimation of unknown transient heat flux at the die-casting interface. In the 
inverse problem, thermophysical properties of the die, casting, boundary conditions 
and transient temperature data in the die and casting at different radial locations 
have been provided as an input to estimate the unknown heat flux with time. The 
transient temperature distribution in the wall has been provided for various die and 
casting materials. The steps involved in conjugate gradient method are direct problem, 
inverse problem, sensitivity problem, adjoint problem, gradient equation, iterative 
procedure, stopping criterion, computational algorithm [16]. The implicit form of 
finite difference method has been used for discretizing the intermediate boundary 
value problems as it is unconditionally stable and fast convergent. All the problems 
have been programmed with MATLAB. 

Mathematically, the one-dimensional heat conduction problem considered is 
given as:

Fig. 1 Geometry of the die 
and computational grid 
formation 
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The solution of the inverse problem is done in such a way that the following 
objective function is minimized: 

S[Q(t)] = 
t f{

0

|
N1−1Σ
i=2 

(Ti − Yi )2
|
dt (5) 

where Ti is the temperatures estimated by the inverse problem and Yi is the measured 
temperatures. 

2.2 Experimental Methodology 

Casting experiments are performed using permanent moulds/dies of cylindrical 
shape. Temperature history inside the die wall at radial locations and inside the 
casting material near the surface is recorded. These temperature data are given as 
input to the inverse method, and heat flux at the die-casting interface and transient 
temperature at the inner die surface are estimated. Using the heat flux and inter-
face temperatures, thermal contact conductance during solidification of the casting 
is calculated. The die used in the experiments is made up of mild steel (Thermal 
conductivity = 54 W/mK, thermal diffusivity = 1.48 × 10−5 m2/s) in the form of 
a hollow cylinder having outer diameter of 100 mm, inner diameter of 50 mm and 
height of 100 mm. Four blind holes of 3 mm diameter have been created on the top 
side of the die and 40 mm in depth at four different radial locations 5 mm (centre to 
centre) apart from each other, as shown in Fig. 2a.

Due to cylindrical shape of the die and symmetrical heat flux condition, heat 
transfer can take place in radial and axial directions. Since we are considering one-
dimensional radial heat transfer, we have to inhibit the heat transfer in axial direction. 
For this purpose, the insulating covers at the top and bottom of the die have been 
provided. The insulating covers are made up of concrete material having thermal 
conductivity much less than the die metals. Further, small holes are provided at the 
top plate for inserting thermocouples and to release the trapped air during casting. 
Six mineral-insulated Chromel–Alumel (K-Type) very fine thermocouples of 0.1 mm
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Fig. 2 a Casting die, b 
K-type thermocouple, c 
experimental setup

diameter covered in a SS probe of 40 mm length and 1.5 mm diameter (Fig. 2b) are 
used to measure the temperatures. These thermocouples are having range of 200– 
1260 °C with accuracy ± 1.1 °C or ± 0.4%. All the thermocouples are connected to 
the temperature data logger. The temperature data logger indicates temperatures in 
the real time as well as save these temperatures with time in a data storage device. 
The temperature data logger can have a resolution of 1 °C. 

A coal-based pit furnace has been used to melt the casting material. The pit 
furnace can melt maximum of 20-kg metal at a time. It is fitted with an electric 
blower. Figure 2c shows the actual pictorial view of the combined setup which 
shows the metallic die with top and bottom insulation slabs and all the thermocou-
ples placed in die and in casting gap. Pouring temperature is an important parameter 
in order to produce defect-free sound castings. For each set of material, experi-
ments are performed for three different pouring temperatures. Two materials, namely 
aluminium and zinc, are taken for producing castings. Both the materials are selected 
because of their applications in casting, low melting point and easy availability and 
wide industrial application.
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Casting experiments are performed in order to study the interfacial heat transfer 
at the casting-mould interface. Initially, experimental setup is assembled as shown 
in Fig. 2c by placing the die between top and bottom insulating plates. Then, the 
thermocouples are fixed at the required locations at which temperature has to be 
recorded. Four thermocouples are inserted inside the holes drilled for them in the 
die wall. One thermocouple is placed very close to the die wall at the same depth 
at which thermocouples in the die wall are inserted. In order to prevent this ther-
mocouple from getting stuck inside the solidifying casting, a copper sleeve is used 
to protect it. A thermocouple is placed on the hole through which molten metal is 
poured in order to measure the pouring temperature of the molten metal. All the ther-
mocouples are connected to data logger in order to record the transient temperatures. 
Simultaneously, casting material is melted inside the furnace and then superheated 
up to the desired pouring temperature. Once the molten metal reached the desired 
temperature, it is poured inside the mould, and temperatures are recorded through the 
data logger. The temperatures are recorded until the temperatures inside the die reach 
the steady-state conditions. Typical temperature versus time curves for aluminium 
and zinc casting materials are shown in Fig. 3a and b, respectively. 

In these curves, T (casting) refers to the temperature of casting near the interface. 
T1, T2, T3 and T4 are the temperatures inside the mould wall with T1 being closest 
to the interface. It can be noticed from these curves that as the molten metal is poured 
into the mould, the mould temperatures closest to the interface (T1) increase more 
rapidly to a maximum temperature. After the occurrence of a peak, these temperatures 
decrease at a slower rate and become nearly constant after a short period of time. For 
example, in Fig. 3b, temperature T1 inside the mould increases rapidly as the molten 
zinc is poured into the mild steel mould. It reaches a peak value of 222 °C in 24 s 
and then decreases slowly to a value of 210 °C and then become nearly constant. 
Temperatures at other locations (T2, T3 and T4) inside the mould increase rapidly at

0 

100 

200 

300 

400 

500 

600 

0 50  100  150  

Te
m

pe
ra

tu
re

, ℃℃
 

Time, Sec 

T (Casting) 

T1 

T2 

T3 

T4 

0 

50 

100 

150 

200 

250 

300 

350 

400 

450 

500 

0 50  100  150  

Te
m

pe
ra

tu
re

, ℃
 

Time, Sec 

T (Casting) 

T1 

T2 

T3 

T4 

Fig. 3 a Transient temperature data of thermocouples for aluminium casting, b Transient 
temperature data of thermocouples for zinc casting 
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the initial stage when the molten metal is poured. Then, these temperatures increase 
at a slow rate and become approximately constant after a period of time. 

Temperature inside the casting near the mould-casting interface, T (casting), 
initially rises very fast to a peak value and then decreases at a relatively slower 
rate to the freezing point of the casting metal. After the solidification of the casting 
near the interface is completed, the temperature of the casting decreases at a nearly 
constant rate which is much lower as compared to the liquid state of the casting. 
Initially, the temperatures may be lower than the expected values due to the delayed 
response of the thermocouples. Further, the temperatures can be found lower due to 
the thermal contact resistance at the interface of thermocouples and mould/casting 
materials. 

3 Results and Discussion 

3.1 Zinc Casting in Mild Steel Mould 

Castings of zinc metal have been produced inside mild steel mould for three different 
pouring temperatures. Variation of heat flux with time, for these castings, is shown in 
Fig. 4a. Q1, Q2 and Q3 are transient heat flux estimated at the mould-casting interface 
for pouring temperatures 750 °C, 550 °C and 500 °C, respectively. At all the three 
pouring temperatures, heat flux is increasing rapidly as soon as the molten metal is 
poured into the casting. It is reaching the peak values for Q1 and Q2 in nearly 32 s. 
Peak value of Q3 is taking a little longer and occurring in 40 s. Peak value of heat flux 
for Q1 (639.09 kW/m2) is much greater than peak values for Q2 (296.40 kW/m2) 
and Q3 (249.85 kW/m2). The occurrence of peak heat flux can be associated with the 
formation of thin shell of solidified metal at the interface and/or completion of filling 
of mould with molten metal [10]. After attaining the peak values, the heat flux starts 
decreasing. As the solidification propagates, slopes of all the three curves decrease. 
After the completion of solidification, the heat flux at the interface decreases due to 
shrinkage of casting and expansion of mould which is result of heat transfer from 
casting to the mould. Heat flux values for Q1 become miniscule after 88 s, whilst 
values of Q2 and Q3 take longer time of nearly 120 s. It is evident from the figure that 
the maximum value of heat flux is increasing with increasing the value of pouring 
temperature.

Variation of interfacial heat transfer coefficient with time is shown in Fig. 4. 
IHTC1, IHTC2 and IHTC3 are interfacial heat transfer coefficients at the mould-
casting interface for pouring temperatures 750 °C, 550 °C and 500 °C, respec-
tively. IHTC has been calculated using estimated transient heat flux and temperature 
gradient at the interface. The IHTC curves thus obtained are somewhat similar to 
the heat flux curves. Peak values of IHTC are increasing with increase in pouring 
temperature as well. Values of IHTC in all the curves increase rapidly to a maximum 
value and then decrease to a negligible value at a comparatively slower rate. Peak
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(a) (b) 

Fig. 4 a Variation of heat flux with time for three different pouring temperatures for zinc casting, 
b variation of IHTC with time for three different pouring temperatures for zinc casting

value of IHTC1 (3453.98 W/m2K) is much higher than the peak values of IHTC2 
(1060.86 W/m2K) and IHTC3 (1085.70 W/m2K). Curve for IHTC2 and its peak value 
is not as expected. It can be due to the delayed response of the thermocouple used 
to measure the interface temperature of casting and/or experimental error induced 
in the temperature measurements. Curve for IHTC3 increases to a maximum value 
of 1085.70 W/m2K in initial 40 s and then decreases for nearly 60 s to reach its 
minimum value. After 56 s, values of IHTC1 and IHTC3 are comparable and their 
curves have similar slopes. 

3.2 Aluminium Casting in Mild Steel Mould 

Castings of aluminium metal have been produced inside mild steel mould for three 
different pouring temperatures. Variations of heat flux with time, for these castings, 
are shown in Fig. 5a. Q1, Q2 and Q3 are transient heat flux estimated at the mould-
casting interface for pouring temperatures 730 °C, 710 °C and 670 °C, respectively. 
As the molten metal is poured into the mould cavity, heat flux increases suddenly and 
reaches a maximum value in 32 s for all the pouring temperatures. It can be easily 
observed that maximum value of heat flux is increasing with increase in the pouring 
temperature. Peak values for Q1, Q2 and Q3 are 595.37 kW/m2, 473.22 kW/m2 and 
323.72 kW/m2, respectively. Then, the values of heat flux keep decreasing throughout 
the considered time span. Values of heat flux for Q1 become negligible in 104 s, whilst 
for Q2 and Q3, it took nearly 120 s. It can be observed that area under the curve for 
Q3 is much less as compared to Q1 and Q2. It is because the molten metal is poured 
nearly at melting point in case of Q3, whilst in case of Q1 and Q2, it is superheated 
to a higher temperature.
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Fig. 5 a Variation of heat flux with time for three different pouring temperatures for aluminium 
casting, b Variation of IHTC with time for three different pouring temperatures for aluminium 
casting 

Variation of interfacial heat transfer coefficient with time is shown in Fig. 5b. 
IHTC1, IHTC2 and IHTC3 are interfacial heat transfer coefficients at the mould-
casting interface for pouring temperatures 730 °C, 710 °C, and 670 °C, respectively. 
As the molten metal is poured into the mould cavity, IHTC values for all the pouring 
temperatures increase rapidly to a peak value. Maximum values occur in 32 s for 
IHTC1 and IHTC3 curves which are same as in case of heat flux curves. Whilst a peak 
shift is observed in case of IHTC2 curve as it took 40 s to reach its maximum value. 
Peak values of IHTC1, IHTC2 and IHTC3 are 1862.55 W/m2K, 1349.96 W/m2K 
and 807.21 W/m2K, respectively. Hence, peak values of IHTC are also increasing 
with increase in pouring temperature. After attaining peak values, IHTC decreases 
continuously throughout the time span considered. Values of IHTC1 diminish a bit 
earlier as compared to the values of IHTC2 and IHTC3. 

4 Conclusion 

The analysis of interfacial heat transfer at the mould-casting interface has been done 
in this work by taking pure aluminium and zinc as casting materials whilst mild steel 
as die material. Conclusions on the basis of this study are as follows: 

• Interfacial heat flux and interfacial heat transfer coefficient depend on pouring 
temperature of molten metal and mould material. 

• Both heat flux and IHTC tend to increase with increase in the pouring temperature. 
• Interfacial heat transfer coefficient depends upon properties of casting material.
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• Maximum value of IHTC for zinc casting is found to be much more than 
aluminium casting for same mould material. 

• Mild steel can be used as a good alternative to serve as die material. It will be 
useful for metal forming industries to develop better castings at lower costs. 
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Modeling and Analysis of Wire EDM 
Process Parameters for AZ-31 Alloy 
Using Response Surface Methodology 

Durgesh Pandey, Rajesh Babbar, Aviral Misra, and R. K. Bansal 

Abstract Magnesium alloys are some of the recently developed biomaterials that 
have a number of beneficial properties including biocompatibility, biodegradability, 
and mechanical properties that are comparable to that of bone. The poor corrosion 
resistance of magnesium alloys is sometimes beneficial in terms to avoid the second 
surgery to remove the implant. This paper focuses on the machining characteristics of 
the wire EDM process for AZ-31 alloy. The input process parameters selected based 
on past literature are pulse-on duration, servo voltage, wire tension, and wire feed rate, 
whereas the output response is kerf width. The experiments are designed based on 
central composite design (CCD) of response surface methodology. To determine the 
critical process parameters, ANOVA analysis has also been conducted. Experimental 
results indicate that with the increase in pulse-on duration and servo voltage, kerf 
width of AZ-31 alloy always increases, whereas the kerf width for AZ-31 alloy 
always decreases with an increase in wire feed rate and wire tension. 

Keywords AZ-31 · Kerf width · Wire EDM · RSM 

1 Introduction 

Medical application like orthopedic implants requires a biocompatible and 
biodegradable material. Materials such as titanium alloys and magnesium alloys 
are popular these days. Magnesium has a principal advantage as it has a strength 
modulus comparable to that of the human bone, which minimizes the stress shielding 
effect [1]. The human body has a natural regeneration ability to form fresh tissues, 
and the biodegradable magnesium alloy implant can dissolve with the formation of 
new fresh natural bone tissues. As a result, a second surgery to remove temporary 
or permanent implants can be avoided [2]. The part fabrication using biomaterials, 
such as magnesium alloys for biomedical applications, is extremely challenging by
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using traditional methods of manufacturing, particularly for the part having intricate 
shapes and requires high-dimensional accuracy [3]. Magnesium alloy is the mixture 
of magnesium with other alloying elements such as aluminum, zinc, manganese, 
and silicon (denoted by A, Z, M, and S, respectively). AZ-31 magnesium alloy has 
the composition of aluminum (3%) and zinc (1%). Wire EDM is a non-conventional 
machining technique that can be used for machining of a variety of materials including 
titanium, magnesium alloy having intricate shapes and are difficult to machine with 
conventional methods [4]. A fine surface finish, high-dimensional accuracy, and 
stress-free surface could be obtained by using wire EDM [5]. 

In the past, attempts have been made to study the machining characteristics of 
wire EDM considering the output response such as surface roughness (Ra) of the  
machined part, material removal rate (MRR), cutting speed, and kerf width. Chaud-
hary et al. [6] had studied the effect of mechanical wire tension on Ra, kerf width, 
MRR, and hardness of recast layer using AISI 404 stainless steel as workpiece. 
Pulse-on duration, pulse-off duration, and current were fixed input parameters. It has 
been observed that Ra value decreases with increase in wire mechanical tension, and 
wire mechanical tension has almost no considerable influence on the MRR and recast 
layer hardness. Sharma et al. [7] had conducted experiments on high-strength low 
alloy steel (HSLA) on wire EDM using RSM to optimize output response such as 
MRR and Ra. Experimental results indicate MRR, and Ra increases with increase in 
Ton and peak current and decreases with increase in Toff and servo voltage. Alias et al. 
[8] had studied the effect of three different machine feed rates (2, 4 and 6 mm/min) on 
output responses such as kerf width, MRR, and Ra, while current, wire feed rate, wire 
tension, and voltage were kept constant taking Ti-6Al-4 V as workpiece. It has been 
found that the increase in machine feed rate leads to decrease in kerf width. Pulse-on 
time and open-circuit voltage were found to be the most influencing parameters on 
MRR and kerf width. Experimental results also indicate lower Ra value obtained with 
lower machine feed rate, and Ra was mostly affected by wire tension and spark gap 
voltage. Klocke et al. [9] had studied the surface quality of slots produced by wire 
EDM vs broaching operation for Inconel 718 superalloy using different wire elec-
trode materials such as standard brass wire (BS), coated high-speed wire electrode 
(TPX), and prototype wire (AG). Experimental results indicate BS wire electrode 
had the best mean Ra = 0.61value, and a practically layer-free surface was obtained 
in terms of the recast layer. Tosun [10] had investigated the influence of cutting 
parameters on the size of the crater (depth and diameter) on the electrode wire. Ton, 
open-circuit voltage (OCV), wire feed rate, and dielectric cleansing pressure were 
used as input cutting parameters. Tool electrode and work material were made brass 
wire (ø 0.25 mm) and AISI 4140, respectively. Experimental results indicate that 
increases in Ton, open-circuit voltage (OCV), and wire feed rate result in a rise in 
crater size, but increases in dielectric flushing pressure result in a reduction in crater 
size on wire electrode. Khan et al. [11] had conducted experiments on WEDM taking 
cryogenic treated Ti-6Al-4 V as workpiece. In their investigation, Ton, Toff, wire feed 
rate, flushing pressure, wire tension, peak current, and spark gap voltage have been 
taken as input variable and Ra was taken as output response. The cryogenic treatment 
of Ti-6AL-4 V has been done in a liquid nitrogen environment for 24 h. Pulse-on
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time, peak current, and servo voltage were found to be main significant input param-
eter. Ramamurthy et al. [12] had conducted experiments on Ti-6AL-4 V workpiece 
by using WEDM. Different wire electrodes such as zinc-coated, brass, and diffused 
brass wire have been chosen for the experiments. Experimental results indicate that 
a diffused brass wire tool electrode can produce a minimum Ra with minimum kerf 
width than the zinc-coated wire and brass wire electrode due to its lower flush ability. 
Razak et al. [13] had conducted experiments on wire EDM taking magnesium AZ-31 
alloy as workpiece. It has been found that the Ton was the most significant input vari-
able that affects Ra. Experimental results indicate peak current, 80 V, 16 µ-sec Ton, 
and 512 µ-sec Toff were the best EDM conditions. Tosun et al. [14] investigated the 
effect of process parameters on wire wear, size of craters erosion on the wire, and Ra 

taking brass wire as electrode, and AISI 4140 steel as workpiece. It was found that 
the increase in Ton and OCV increases the wire wear rate, and increase in wire feed 
rate and dielectric flushing pressure decreases the wire wear rate. Nain et al. [15] had 
examined the effect of process parameters on Ra and the effect of recast layer by using 
the fuzzy and BP-ANN model, and Ton was found to be most influencing parameter 
followed by wire tension and servo voltage. Mandal et al. [16] had investigated the 
effect of process parameters on surface integrity for Al 6061 alloy and kerf width. 
Average value of kerf width along with the cutting length has been taken in study. 
Ton and servo voltage were found to be the most influencing parameters followed 
by Toff and wire tension. With increase in Ton and servo voltage, the kerf width also 
increases. Prasad et al. [4] had investigated the wire EDM process parameters on 
output response as Ra and MRR taking Ti-6Al-4 V as workpiece. Author concludes 
that Ton and peak current (Ip) were the most significant parameters for MRR and Ra, 
whereas servo voltage and Toff were less effective parameters. The literature survey 
suggested that very few attempts are made to examine the machining characteristics 
of wire EDM on magnesium alloy AZ-31. Hence, in the present work, attempt has 
been made to analyze the machining characteristics of wire EDM for AZ-31 alloy. 
The part accuracy is considered as major machining characteristics; thus, kerf width 
is taken as output machining response. The input processes parameters selected are 
pulse-on duration, wire feed rate, servo voltage, and wire mechanical tension that are 
varied during the experimentations, and all other parameters are kept constant. An 
ANOVA analysis was performed of the experimental data to estimate the percentage 
contribution of the variable process parameters. A statistical model is formulated 
from the experimental data, and surface plot is observed for the interaction between 
the process parameters. 

2 Experimentations 

The experiments were carried out on “Electronica Elektra Maxi cut 734” wire EDM 
machine setup. The wire EDM machine consists of several parts such as work head, 
operating unit, wire feed unit, and work tank. The photograph of the experimental 
setup is shown in Fig. 1. The magnesium alloy AZ-31 plate of dimension 100 ×
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50 × 6 mm3 was used as the workpiece material. The chemical composition of the 
AZ-31 plate is given in Table 1. A brass wire of diameter 0.25 mm was used as a 
tool electrode. Deionized water was used as the dielectric fluid. It was continuously 
circulated through the machining region to eliminate debris generated during erosion 
and also offer adequate cooling to the wire electrode and workpiece. The magnesium 
alloy AZ-31 workpiece was mounted on the wire EDM machine, and a 15 mm straight 
cut has been made sample to measure the kerf width. An optical microscope (LEICA 
DM 2700 M) is used to measure the kerf width. 

The machining characteristics of wire EDM is affected by the process parameters 
like pulse-off duration, pulse-on duration, servo voltage, peak current, wire feed rate, 
wire mechanical tension, flushing pressure, and material of the tool wire electrodes. 
However, depending on the capabilities and configuration of the wire cut EDM 
machine, pulse-on duration, wire feed rate, servo voltage, and wire tension have been 
selected as input variable process parameters, whereas other machining parameters 
like peak current, pulse-off duration, dielectric fluid pressure, and distance between 
the upper nozzle and lower flushing nozzle were kept constant, and their magnitude

Fig. 1 Machine setup for experimentation 

Table 1 Chemical composition of AZ-31 alloys 

Element Mg Al Zn Fe 

Content (%) 95.82 2.80 1.36 0.02 
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Table 2 Input variables and their ranges 

S. No. Input variables Level I Level II Level III Level IV Level V 

1 Pulse-on duration (Ton) in µs 2 4 6 8 10 

2 Wire feed rate (WFR) in m/min 1 2 3 4 5 

3 Servo voltage (SV) in volt 40 50 60 70 80 

4 Wire tension (WT) in gm 200 400 600 800 1000 

is 1 Amp, 8 µ-sec, 10 kg/cm2, and 25 mm, respectively. Output response was taken 
as kerf width. The experiments were designed using response surface methodology 
(RSM) since the number of experiments required reduced substantially compared 
to a full factorial design [17]. Based on central composite design (CCD), 31 sets of 
experiments had been designed. The input process parameters and their levels for 
experimentation are given in Table 2. For each experiment number, three repetitions 
are made to do away with any experimental bias. For each set of experiment, three 
15 mm straight cuts at three different locations were made and an optical microscope 
(LEICA DM 2700 M) was used to measure the kerf width. The optical microscopic 
image of kerf width of magnesium alloy for experiment no. 8 is shown in Fig. 2. The  
average of three values of kerf width was considered as an output response for each 
set of experiment. 

Fig. 2 Optical microscopic image of kerf width of magnesium alloy (experiment no. 8)
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2.1 Response Surface Methodology (RSM) 

The best method to discover the best-fitted model which has several independent 
variables affect the response variable is to use response surface methodology (RSM). 
The empirical model, as given in Eq. (1), may be used to predict the relation between 
the output response and its independent input variables. Surface plots may be used 
to visualize the response for any output response (ϕ). 

ϕ = ψ(y1, y2, y3, . . . , . . .  yi , . . . , . . . ,  yk) (1) 

where ϕ represents the system’s output response, ψ represents the response function, 
yi represents the independent parameter, and k represents the number of controllable 
parameters. 

As indicated in Eq. (2), the response surface for the two-degree mathematical 
model is made up of nonlinear, linear, and two-factor interaction terms of yi ’s 
parameters. 

ϕ = do + 
k∑

i=1 

di yi + 
k∑

i=1 

dii  y
2 
i + 

k−1∑

i=1 

k∑

i+1 

di j  yi y j + β (2) 

where do is a constant term, di, dii, and dij are the coefficients of the regression, and 
β is the random error. 

A RSM with an axial or star point, in addition to the three-level components, is 
known as a central composite design (CCD). The axial or star point (α) raises the  
number of levels to five, allowing the experimental design to be more flexible. It 
also makes precise predictions of the linear and quadratic interaction effects of the 
process parameters. 

The total number of experiments for a given factor (k) is given by Eq. (3) 

N = 2k + 2 ∗ k + nc (3) 

Here, N is the total experiments, k is the total number of factors in the experiments, 
and nc is the total number of center points in the experimentation. To find the value 
of the axial point, we need to find the value of α as given by Eq. (4) 

α = 2(k/4) (4) 

In the present experimentation work, for four factors and seven center points, the 
total number of experimental runs is computed as = 24 + 2 ∗ 4 + 7 = 31. 

The experimental design with output response as kerf width is given in Table 3.
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Table 3 Experimental design and results 

Exp. no. Pulse-on 
duration Ton 
(µs) 

Wire feed rate 
(WFR) (m/min) 

Servo voltage 
(SV) (volt) 

Wire tension 
(WT) (gm) 

Kerf width 
(µm) 

1 6 3 40 600 332 

2 8 2 70 400 398 

3 8 4 50 800 344 

4 8 4 70 400 404 

5 8 4 50 400 355 

6 10 3 60 600 382 

7 6 3 80 600 398 

8 6 1 60 600 378 

9 6 3 60 600 382 

10 6 3 60 600 376 

11 6 3 60 600 375 

12 6 5 60 600 361 

13 8 2 50 800 365 

14 8 2 50 400 359 

15 6 3 60 600 370 

16 6 3 60 200 374 

17 4 4 50 400 332 

18 2 3 60 600 350 

19 4 2 50 800 351 

20 8 4 70 800 380 

21 6 3 60 600 367 

22 6 3 60 1000 351 

23 6 3 60 600 371 

24 4 4 50 800 317 

25 6 3 60 600 366 

26 4 2 70 800 383 

27 4 2 70 400 386 

28 8 2 70 800 387 

29 4 4 70 800 362 

30 4 4 70 400 387 

31 4 2 50 400 355
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3 Results and Discussion 

In order to analyze the results for the experimental observation, an analysis of vari-
ance (ANOVA) technique was used. Thereafter, to obtain a multivariable regression 
equation, regression analysis was performed. The developed model was verified by 
comparing the p-value (at 95% confidence interval) for the adequacy of the model. 
ANOVA is a statistical analysis tool for obtaining the contribution of process parame-
ters on output responses. To assess the significance of created regression model, lack 
of fit, model terms, and coefficients, an ANOVA test has been conducted and the 
results are given in Table 4. The F-value of the model is found to be 43.11 indicating 
that the F values are statistically significant and that the data fits into them adequately. 
For further investigation, the lack of fit must be insignificant. The p-value for lack of 
fit is 0.8986 indicating that the lack of fit is not significant. The significant term that 
affects the kerf width of AZ-31 was found to be servo voltage (SV), pulse-on duration 
(Ton), wire tension (WT), and wire feed rate (WFR). Furthermore, the interaction 
between the parameters is found significant for (Ton) × (WFR), (WFR) × (SV), 
(WT) × (SV), and (WFR) × (WT). In Table 4, Adeq Precision is a measure of the 
signal-to-noise ratio which comes out to 27.3546, which is greater than 4, which 
indicates the model fitted significantly. The coefficient of variation (C.V.) represents 
the variation in the data, which comes out to be 1.21%.

Furthermore, a statistical model is developed using regression analysis, and the 
regression equation developed for predicting and analyzing the effect of process 
parameters on kerf width is given by Eq. (5). 

Kerf width = 174.1 + 5.98(Ton) − 22.75(WFR) + 3.81(SV) + 0.1683(WT) 
− 0.368(Ton × Ton) − 0.597(WFR × WFR) 
− 0.01722(SV × SV) − 0.000059(WT × WT) 
+ 1.594(Ton × WFR) − 0.0531(Ton × SV) 
+ 0.00109(Ton × WT) + 0.381(WFR × SV) 
− 0.01969(WFR × WT) − 0.001219(SV × WT) (5) 

The main effect plot for kerf width as a response is obtained as shown in Fig. 3. 
It is observed from the main effect plot that with an increase in Ton, kerf width of 
magnesium alloy increases. This is due to the reason that with an increase in Ton, 
discharge energy increases that leads to more ionization in the working gap which 
increases the number of electrons that impacts the workpiece surface leading to a 
generation of greater kerf width. It is also observed that with an increase in wire 
feed rate, the kerf width of magnesium alloy shows a decreasing trend. This is due to 
the reason that with increasing wire feed rate, the amplitude of wire vibration in the 
direction perpendicular to the cutting motion decreases, so kerf width decreases. With 
an increase in servo voltage, the kerf width of magnesium alloy increases. This is 
due to the reason that with an increase in servo voltage, the specific discharge energy 
increases and the material removal takes place with higher crater depth, so kerf width
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Table 4 ANOVA table for kerf width of AZ-31 magnesium alloy 

Source Sum of 
squares 

Degree of 
freedom 

Mean 
square 

F-value P-value 

Model 12,031.81 14 859.41 43.11 < 0.0001 Significant 

Ton 1395.38 1 1395.38 70.00 < 0.0001 

WFR 782.04 1 782.04 39.23 < 0.0001 

SV 8103.37 1 8103.37 406.48 < 0.0001 

WT 737.04 1 737.04 36.97 < 0.0001 

Ton × WFR 162.56 1 162.56 8.15 0.0114 

Ton × SV 18.06 1 18.06 0.9061 0.3553 

Ton × WT 3.06 1 3.06 0.1536 0.7003 

WFR × SV 232.56 1 232.56 11.67 0.0035 

WFR × WT 248.06 1 248.06 12.44 0.0028 

SV × WT 95.06 1 95.06 4.77 0.0442 

Ton × Ton 61.94 1 61.94 3.11 0.0970 

WFR × WFR 10.18 1 10.18 1.5108 0.4851 

SV × SV 84.77 1 84.77 4.25 0.0492 

WT × WT 157.48 1 157.48 7.90 0.0126 

Residual 318.96 16 19.94 

Lack of fit 129.25 10 12.93 0.4088 0.8986 Not 
significant 

Pure error 189.71 6 31.62 

Core. total 12,350.77 30 

Fit statistics 

Std. dev 4.46 R2 0.9742 

Mean 367.68 Adjusted 
R2 

0.9516 

C.V. % 1.21 Predicted 
R2 

0.9188 

Adeq precision 27.3546

increases. From Fig. 3, it was also observed that an increase in wire tension kerf width 
of magnesium alloy shows a decreasing trend. The reason for the behavior is due to 
fact that increased tension in the wire electrode reduces mechanical vibrations in the 
wire. So, the amplitude of wire vibration in the direction perpendicular to the cutting 
motion decreases with increases in wire tension; hence, kerf width decreases.

Figure 4 shows the percentage contribution of the significant process parameters 
on the kerf width of AZ-31. The most contributing factor in regression model is servo 
voltage (65.61%), followed by pulse-on duration (11.3%), wire feed rate (6.33%), 
wire tension (5.967%), interaction term of wire feed rate and wire tension (2%), 
interaction term of wire feed and servo voltage (1.88%), error (1.54%), square of
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Fig. 3 Main effect plot of process parameters for kerf width

wire tension (1.27%), interaction term of servo voltage and wire tension (0.769%), 
and square of wire tension (0.6863%). 

Figure 5 illustrates the surface plot for the significant interaction terms. Figure 5a 
shows that the minimum value of the kerf width is obtained for a low pulse-on 
duration and increased wire feed rate. An increase in pulse-on duration and the

Fig. 4 Bar graph of percentage contribution of significant model term for kerf width 
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decreased pulse-on time can increase the kerf width to a certain extent, and thereafter, 
it becomes constant. The surface plot as shown in Fig. 5b illustrates that a low servo 
voltage and a high feed rate are required to achieve a low value of the kerf width. 
The wire tension reduces the vibration; hence, an increased wire tension and a low 
servo voltage will provide a low kerf width or an increased accuracy of cut as shown 
in Fig. 5c. Figure 5d illustrates that a high wire tension and a high wire feed rate 
provide a more accurate cut. But, an increased wire tension leads to frequent wire 
breakage, and an increased wire feed rate increases the cost of machining. Hence, a 
thoughtful selection of parameters is required during the machining of AZ-31 alloy 
using wire EDM.

4 Future Scope of Research 

• In the present investigation, only four process parameters, i.e., pulse-on duration, 
servo voltage, wire feed rate, and wire mechanical tension on kerf width were 
studied. Some other process parameters like pulse-off duration, peak current, 
flushing pressure, etc., could also be considered to investigate the effect of input 
process parameters. 

• Similar kinds of investigations could also be made to investigate some other 
machining responses like micro hardness, heat affected zone, surface roughness, 
recast layer thickness, etc. Further, similar kinds of investigations could also be 
made on different biomaterials like titanium, magnesium alloys, etc. 

5 Conclusions 

In this paper, experiments have been carried out to identify the effect of process 
parameters such as Ton, SV, WFR, and WT on kerf width for AZ-31 alloy. Experi-
mental results were statistically analyzed to find out the significant factors affecting 
kerf width. Based on the present work, the following conclusions are drawn: 

• Kerf width for AZ-31 alloy always increases with an increase in Ton and SV, 
whereas it decreases with an increase in WFR and WT. 

• The developed regression model indicates that SV was the most influencing 
parameter followed by Ton, WFR, and WT. 

• The developed regression model is used to draw the surface plots for the interaction 
between the process parameters, and considering the production time and cost, a 
judicious selection of process parameters can be made.
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Fig. 5 3-Dimensional surface plot of kerf width for a pulse-on duration (Ton) and wire feed rate, 
b wire feed rate and servo voltage, c wire tension and servo voltage, and d wire tension and wire 
feed rate



Modeling and Analysis of Wire EDM Process Parameters for AZ-31 … 499

Fig. 5 (continued)
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Barriers to Healthcare Waste 
Management: A QFD Strategy 

Abhishek Raj and Cherian Samuel 

Abstract One of the most critical aspects of sustainability is healthcare waste 
management. Waste increases at a high rate as the population and healthcare services 
grow. As a result, proper healthcare waste treatment is increasingly vital for the envi-
ronment’s and people’s safety. Healthcare waste management (HCWM) necessitates 
efficient waste collection and segregation for proper disposal. The article outlines 
a method for identifying the concerns and challenges that the healthcare industry 
has regarding the treatment and management of healthcare waste. A survey was 
conducted, and quality function deployment was used to analyze the results. The 
research reveals various elements that impact the healthcare waste management. This 
study will produce a report that will assist stakeholders in implementing healthcare 
waste management. 

Keywords Healthcare waste management · QFD · India 

1 Introduction 

As we all know, healthcare waste is a rapidly expanding waste in the world. Health-
care waste is being driven by several pandemics and a growing number of hospitals. 
The proper handling of healthcare waste necessitates cost-effective, ecologically 
benign methods. The most important aspect of hospital waste management is collec-
tion and segregation. Because many healthcare wastes are nonhazardous, adequate 
segregation is required to save high treatment costs. Healthcare waste is a problem in 
both developing and rich countries. Following a literature review, it was determined 
that healthcare waste management is a critical issue for all sorts of countries and that 
its disposal is a complex undertaking. Healthcare waste management is difficult for 
healthcare companies.
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However, a detailed study on HCWM obstacles is sparse for underdeveloped 
countries like India. Various constraints and problems that are roadblocks to adopting 
proper healthcare waste management are identified in this research. Using the two 
parameters, a QFD analysis was performed to identify the significant flaws in the 
supply chain structure. The parameters that will assist the authorities in efficiently 
implementing the law have also been prioritized in the analysis. The best way for 
converting customer requirements into a technological design that enhances health-
care waste management service quality and meets customers want to use quality 
function deployment (QFD) [1, 2]. 

2 Research Background 

2.1 Healthcare Waste 

Every country’s healthcare waste management is constantly a hot topic of discussion. 
Even though it is a critical issue, it receives little attention in some countries. There 
are severe concerns with the lack of waste management methods, transparent regu-
lations, proper knowledge and awareness, strict regulation, and sufficient finances 
[3]. International trade agreements must increase economic gains, but they are not as 
beneficial in terms of health [4]. In India, garbage creation ranges from 0.5 to 2 kg per 
bed and per day, with a total of 0.33 million tons per year, this is a massive amount 
of rubbish that must be managed carefully [5]. There are about six lakh hospital 
beds, twenty-three thousand Health Centers, and registered nursing homes in India. 
Many health centers are involved in every part of metropolitan and semi-urban areas, 
and some hospitals and dispensaries are not registered [6]. An increase in popu-
lation also contributes to a higher likelihood of disease outbreaks. Open dumping 
and poorly built landfills are the most common disposal and treatment methods 
employed in underdeveloped countries, posing health and societal risks. The lack of 
consciousness and general alertness is a severe obstacle [7]. 

2.2 HCWM in Various Countries 

Since the first act was passed, China has paid less attention to waste management 
act 380. The centralization of trash removal is required under this act [8]. Proper 
segregation of waste is unavoidable, and if there is a failure in parting, it will be 
highlighted by the healthcare waste pointers [9]. If workers are not adequately trained, 
they will not see the importance of the exercise code, and there will always be a risk 
of death to workers, patients, and others [10]. Jakarta, one of Indonesia’s capitals, 
suffers from the NIMBY (Not in My Backyard). By 2020, most existing and potential 
landfill sites will be complete [11].
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A study on healthcare waste management was conducted in Ghanaian hospitals. 
The findings show that healthcare personnel in private hospitals are more knowl-
edgeable about healthcare waste and disposal materials than those in government 
and semi-government hospitals (Stephen et al. 2020). This research presents a set of 
indicators for evaluating HCWM in developing cities. The proposed indicator can 
be used by government agencies and hospitals to examine the HCWM system and 
identify common roadblocks (Navarro et al. 2020). Many countries have previously 
enacted rigorous restrictions regarding the disposal of medical waste. However, there 
are still several obstacles and issues that prevent the proper disposal of healthcare 
waste. Hospital employees must also receive proper training and be aware of their 
surroundings. India is classified as a developing country. Due to unequal resource 
allocation, poor infrastructure, and high healthcare costs, there is inequality in access 
to healthcare services in India. Because safe disposal of healthcare waste is a difficult 
task, healthcare waste management has gotten a lot of attention since the Biomed-
ical Waste Management and Handling Rules were implemented in 1998. In India, 
garbage creation ranges from 0.5 to 2 kg per bed and per day, with a total of 0.33 
million tons per year; this is a massive amount of rubbish that must be managed 
carefully (Patil et al. 2001). There are about six lakh hospital beds, twenty-three 
thousand Health Centers, and registered nursing homes in India. Many hospitals 
and dispensaries are unregistered, and health clinics can be found in every corner 
of urban and semi-urban areas [6]. An increase in population also contributes to a 
higher likelihood of disease outbreaks. The barriers were identified using a literature 
study of publications published in various journals over the previous years and expert 
opinion. Only articles that have been peer-reviewed have been targeted. 

3 Research Methods 

Quality Function Deployment (QFD) is a tool used in Total Quality Management 
(TQM) to develop customers’ demands and expectations systematically. Mitsubishi 
developed QFD for shipbuilding requirements in the late 1960s and early 1970s. QFD 
is a method for translating a customer’s voice into technical needs in an organized 
manner. The QFD process is driven by the “voice of the customer”; hence, the process 
starts with recording the “voice of the customer.” The quality department is not the 
only place where QFD is used. It is a handy tool for everyone (Fig. 1).

4 Application of Research Methods 

The HOQ matrix is used to apply QFD in this investigation. 
“What’s” is presented by HOQ as client feedback, while “How’s” is presented as 

technical requirements for “What’s” (Fig. 2).
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Fig. 1 Flow chart of QFD

Fig. 2 HOQ. Source Akao [12]
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The steps to use the HOQ tool are as follows. 

• Compile a list of consumers’ spoken and unspoken wants (What’s) 
• Determine which customers are the most important. 
• Determine the technical specifications (How’s). 
• Create a matrix of correlations. 
• Create a matrix of relationships. 
• Prioritize the technological specifications. 
• Determine which technological requirement should be implemented. 

The application of QFD in the healthcare waste management sector is performed 
for the first time, as far as we know. This study found customers’ requirements by 
using the QFD technique. 

Step 1: Make the set of customer requirements (What’s) 

In this step, the customer requirements, known as the “voice of the customers,” are 
identified and defined as the “what’s” in the HOQ matrix. 4 experts participated, 
including two from Government hospitals and two from private hospitals. All of the 
experts have more than 20 years of experience in the healthcare sector. To identify the 
customers’ requirements and improve the quality of healthcare waste management 
services, this group will help. For further information, the group was contacted 
through phone and email. 

Step 2: Find customer priority 

The customers were asked to fill the questionnaire using a standard five-point Likert 
scale with five assigned as the Highest Priority and one as the lowest priority. 
Customer priority will be placed on the right-hand side of the customer requirements 
(Table 1).

Table 1 Customer Priority 
List 

User’s need (what’s) User importance (1–5; 5 = 
highest importance) 

Easy segregation and 
collection of waste 

5 

Low disposal cost of waste 5 

No harmful effects of waste 4 

Recycling of waste 2 

Neat and clean hospital 4 

Awareness of employees 
regarding healthcare waste 

3 

Less quantity of waste 3
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Step 3: Find the technical requirements (How’s) 

The technical requirements are assigned at the top of the HOQ, known as the “How’s” 
of the HOQ [2]. ISM is used to find the technical requirements. “How’s” describes 
how the organization will meet the customer requirements. 

Step 4: Generate a correlation matrix of the technical requirements 

By using the symbols: + +  for (strong positive); + for (positive); − −  for (strong 
negative); and − for (negative) [2]. It represents those technical requirements that 
have a significant impact on the result (Fig. 3). 

Step 5: Generation of a relationship matrix

Fig. 3 Correlation matrix 
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This step will find how the how’s are related to what’s. The symbols which are used 
in this study are: O =  9 (strong relation); O = 3 (medium relation); Δ = 1 (weak 
relations); and if there is no relationship, we will use blank cells for that. 

Step 6: Give priority to the technical requirements 

The relative priority of the technical requirements is found through the technical 
priority matrix. 

Step 7: Find which technical requirement to deploy 

Using this step, the organization can find the strategic goals by considering the 
requirements. 

5 Results 

The design requirements are identified using these barriers. A five-point Likert scale 
was used to determine the priority of each criterion among customers. The interre-
lationships between technical and customer needs were mapped out in a correlation 
matrix. Implementing QFD allows for the selection of key activities to meet the needs 
of the healthcare waste management sector, and it tends to improve residents’ quality 
of life. The healthcare sector requires continuous improvement since it improves 
internal and external elements. 

6 Discussion 

Presently, healthcare waste management is one of the most complex issues. So, 
proper implementation of waste management is necessary to make the atmosphere 
less polluted. During this study, many barriers were identified. These barriers are 
the main obstacles in implementing healthcare waste management. Top authorities 
must be supportive, and there must be some good policies of the government which 
promote proper management of healthcare waste. There must be some training and 
awareness programs organized at the hospital level to enhance the knowledge of 
workers and staff. Healthcare waste management must be on the priority list of 
all the hospitals so that enough numbers of employees must be assigned for the 
management of waste correctly. This study gives a unique insight into healthcare 
waste management service quality. QFD is a modified approach that can be used 
to enhance service quality. This study proposes new ideas for determining which 
aspects have the most impact on customer satisfaction. There are certain drawbacks 
to this study. These impediments have essential repercussions for persons and society. 
Hence, their removal is required to implement healthcare waste management prop-
erly. These hurdles must aid lawmakers, and hospital administrators in developing
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policies that benefit persons and society. The barriers to the healthcare waste manage-
ment sector, which we identified, are the leading barriers supported by various studies 
(Ranjan et al. 2020) [5, 6]. The barriers to implementing healthcare waste manage-
ment in India are similar to that of most other developing nations, identified by several 
research [3, 10]. 

7 Conclusions 

Government support and policies, awareness, training and workshops, high impor-
tance to waste management, and assistance of top authorities are all design needs 
with higher weights than others, as shown in Fig. 4. Because these issues have a 
significant impact on people and society, proper implementation of healthcare waste 
management necessitates consideration. These elements must be relevant to politi-
cians and hospital administrators for policies beneficial to people and society. Our 
research is timely and has practical ramifications, according to us.

This research provides a unique perspective on the quality of healthcare waste 
management services. QFD is a modified strategy that can improve the quality of 
service. This study proposes a new way of determining which aspects have the 
most impact on customer happiness. In the future, QFD can be combined with 
other approaches such as AHP to solve data structures and perform requirement 
prioritizing.



Barriers to Healthcare Waste Management: A QFD Strategy 509

Fig. 4 House of quality
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Interference Fringe-Based Metrology
for Industrial Applications

Pavan Kumar Asundi and R. Deepa

Abstract Optical 3D scanners have become widely used metrological tool for
rapidly capturing dense 3Dmodels of objects. The contact-based measurement tech-
niques offer high accuracy but are hindered by the operational speed and ease of oper-
ation. The optic-based metrology, a non-contact approach, is an alternative which
would offer reliable accuracy with high data acquisition rate. Interference property of
light is one of the tools extensively used in optic-based metrology to derive measure-
ments. In interference-based optical metrology, the resultant fringes which are a band
of light intensity are analyzed by an optical transfer function which yields the 2D and
3D data. An extension of fringe frequency principle is digital fringe projection tech-
niquewhere fringes are digitally generated and illuminated on the component and the
deformed fringes are analyzed by transfer functions to draw the 3D measurements.
This article would brief sinusoidal fringe-based measurement techniques.

Keywords Optical metrology · Interference fringe · Digital fringe projection ·
Triangulation

1 Introduction

In conventional contact-based metrology, the duration for the scan of component
is high and portability of equipments is a tedious task. The optic-based measure-
ments, a non-contact technique, provide ease of operation and mobility. Optic-based
metrology is an application of geometric and wave nature of light.

The fringes, the resultant of wave nature of the light, are formed by superpo-
sition of waves. Correlating the intensity of the fringe pattern, measurements can
be derived. The fringes are resultant of either by interference or by the diffrac-
tion phenomena [1, 2]. In this article, measurement based on fringes obtained from
interference phenomena is viewed.
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The conventional interferometer is employed for determination of surface topog-
raphy, optical flatness, refractive index and dimensionmeasurements. The analysis of
the fringe pattern by path difference and phase shift analogies derives the dimensional
data.

The 3D topographic measurements can be obtained by the fringes’ interference
principle and the spatial domain analysis. Fringes carry information about the object’s
depth, which can be retrieved through phase shifting algorithm and the point spread
function. These techniques are employed by few devices like vertical scanning
interferometer, phase shift interferometer, etc. [3–5].

The interferometer for topographic measurement relies on the wave properties of
light. During the measurement iterations, interferometer separates the source light
into two independent paths, one of which falls on reference surface and the other on
the object surface. The separated light beam is recombined and is directed to a digital
camera which captures the intensity pattern (fringe pattern). The intensity pattern is
highly sensitive to the differences in path lengths of reference arm and measurement
arm. Efficient comparison of the fringe pattern of object surface with the reference
surface retrieves the nanometer resolutions [6–9].

Measurement based on interferometry is sought only for components having
a reflective surface and are of dimensions in few millimeters. The digital fringe
projection technique, which involves digitally generated fringe pattern, caters to
components with non-reflective surface with higher dimensions [4, 10].

In digital fringe projection (DFP), sinusoidal fringe pattern of desired frequency
and bandwidth are generated and impinged on the component to derive the measure-
ments. The DFP system consists of projector to project the desired pattern, camera
to capture the fringe pattern and the PC for the computation [10].

Section 2 discusses about the 2Dmeasurements derived from interference fringes,
and Sect. 3 describes about the 3D profile measurement techniques involving the
principle of interference and spatial fringe analysis. Section 4 describes about the
DFP technique, and Sect. 5 draws the conclusion.

2 2D Measurements

In this section principle of interference, 2D measurements and form analysis by
fringes are discussed.

2.1 Linear Measurements

Michelson employed the principle of interference to measure the distance between
the sun and the earth and employed the same to measure the object dimension [1].
The construction of Michelson interferometer is described in Fig. 1.
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Fig. 1 Michelson
interferometer

The Michelson interferometer setup consists of a light source L and a beam
splitterM1 which is a semi-silvered glass plate. The reference reflectorM3 is perfect
reflecting mirror placed at a known distance. Measurement plane M2 consists of
plane mirror placed normal to light source, at the unknown distance, whose distance
to be found out. At the observation plane, generated fringe patterns are analyzed.
Light from the source gets split at beam splitterM1, where splitter partially reflects
beam toward M3 and transmits the rest toward measurement plane M2, which is
placed normal to the beam splitter. The M1 recombines the reflected rays from M2
and M3 and directs the resultant wave to observation plane. The resultant fringes
seen at observation plane are generated by the superposition of light waves at M1.
When the path difference of light waves is in even harmonics, constructive interfer-
ence occurs.When the path difference of light waves is in odd harmonics, destructive
interference occurs. These alternative harmonics generate bright and dark band of
fringes as shown in Fig. 2. Figures 3 and 4 describe the path difference variation on
intensity of the fringe pattern.

Michelson working module is based on the amplitude division of wavefronts,
whichwouldmeasure smallwavefront deformationswith a high accuracy, in the order

Fig. 2 Fringe pattern

Fig. 3 Resultant intensity
due to odd harmonic
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Fig. 4 Resultant intensity
due to even harmonic

of a fraction of the wavelength. For linear measurements of optics using Michelson
setup, the fringe patterns are first observed at reference state. The test object, whose
dimension to be measured, is introduced in the measurement arm, and the deflection
in the fringe pattern is observed. To counter the fringe deflections and to obtain
the fringe pattern similar at reference state, the reference plane is translated. The
displaced units are noted, and the dimension is determined using Eq. (1) [6, 9].

Length = (Displacement of Reference plane)
/

(Refractive Index of object) (1)

The Michelson setup can measure only one dimension of a component at a given
instance.

The accuracy of an interferometer depends on factors, such as the optical quality
of the components, the measuring methods, the light source properties and external
factors, such as ambient lighting and mechanical vibrations.

2.2 Form Analysis

Tocheck theoptical flatness and to analyze topographic form,Fizeau interferometer is
preferred as the fringes obtained in this setup are of equal thickness, equal inclination
and uniform intensity distribution [7]. Fizeau setup is as shown in Fig. 5.

Fizeau setup is equipped with a collimated monochromatic light source which
provides normal incidence. Fringes obtained in this setup are centered normally at
observation plane, which is the reason for equal inclination. Since the optical paths
of reference and observation plane are comparable, deviation in fringe intensity is
easily noticeable.

An optical flat is an ideal reference with flat reflecting surface, made of quartz or
pyrexwhichproduces planewavefront at optimizedwavelength [11, 12]. Fizeau setup
employs a reference flat, as the interference fringe makes it possible to accurately
compare the flatness of test object with reference optical flat.

The optical flatness is dimensionless, but inferred with respect to the operating
wavelength. Numerical value of optical flatness is calculated using Eq. (2) [4, 11].
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Fig. 5 Construction of
Fizeau interferometer

Optical Flatness = (k ∗ λ)/(2dt) (2)

where

k is the fringe deviation,

d is the distance between the two fringe,

λ is the operating wavelength,

t is the thickness of object.
Roughness Ra can be measured by accessing the fringe intensity described by

Eq. (3) [7].

Ra = λ/(4π ) ∗
/(

ln
(
(Max + Min)

/
(Max − Min)

))
(3)

Max and Min correspond to maximum and minimum fringe intensities.
Another advantage of Fizeau setup is Fizeau fringe depicts variation based on

the topographic changes of the optics, and hence, it is employed to check the
concave/convex feature or any surface deformation present in the optics. If the work-
piece is flat and parallel to the base plate, the fringe pattern will be uniform, parallel
and equally spaced as shown in Fig. 6. When the workpiece is flat with non-uniform
thickness, fringes with irregular pattern will be obtained as shown in Fig. 7.When the
test piece has concave or convex surfaces, the fringes project the same deformations
as the test surface as shown in Fig. 8.

Fig. 6 Fringe pattern of
uniform flat test optic
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Fig. 7 Fringe pattern of
non-uniform flat test optic

Fig. 8 Fringe pattern of
convex surfaces

Fizeau interferometer is sensitive to multiple reflections; hence, stray reflection
needs to be addressed for accurate results.

3 3D Measurements

Conventional technique to get 3D profile of the micro-structures and tools such as
MEMS and micro-mirrors is by stylus profiler or by scanning probe microscopy,
which involves physical contact of the probing with the component. These tech-
niques are time consuming, and there are probabilities of component damage during
themeasurement process. In non-contact approach, accurate 3Dprofile of the compo-
nents is realized by the combination of interference principle and the spatial domain
transforms [8]. The sinusoidal fringes carry surface deformation information. The
surface information is retrieved by subjecting the fringes to point spread function.
Fourier analysis of point spread function and optical transfer function derives the
phase information by the spatial analysis of the frequency to the surface variation.
The depth information is retrieved from the phase relations depicted by Eq. (4).

Depth = λ/(4π ) ∗ Phase (4)

where

λ is the fringe wavelength.
To derive the phase information, fringe must be of good contrast and be clearly

distinguishable between sharp and blurred regions. Highly distinguishable fringes
can be obtained byminimizing the stray reflection [9]. Phase shift interferometer and
vertical scan interferometer are the two major derivatives of these combinations.
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Fig. 9 Phase shift
interferometer

3.1 Phase Shift Interferometer

The phase shift interferometer (PSI) uses laser, which offers long coherence length;
hence, with ease high contrast fringe patterns are obtained. Figure 9 depicts the PSI.

The PSI has conventional Twyman–Green interferometric setup, with the micro-
scopic objective to achieve higher resolution and magnification. PSI reference plane
is driven by piezo-electric transducer, which aids the mechanical motion of reference
to achieve the desired path length to get high contrast fringes. It is embedded with
high-resolution camera to capture the interferogram.

In PSI, sequence of images with controlled phase shifts of fringes is captured.
The phase shift is introduced by movement of reference plane. In general, for ease
of analysis, phase shift of π /2 is introduced between successive images, which is
implied by moving reference mirror by λ/8. The interferogram is processed using
phase shifting or Fourier transform technique. The calculated phases are between
−π and +π. In order to obtain the actual phases, which are directly related to the
profile of the measured surface, a phase unwrapping technique is to be carried out
[8, 9]. The 3D data is retrieved from the relation described by Eq. (4). PSI is suitable
for components with smooth surface and has topographic transitions greater than
quarter wavelength.

3.2 White Light Interferometer

White light interferometer (WLI) works based on coherence scanning interferom-
etry (CSI), which considers the changes in the intensity of the fringes, obtained by
superposition of multiple wavelengths. Figure 10 depicts WLI construction which
has Twyman–Green setup. The illumination is sourcedwith incoherent high intensity
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Fig. 10 White light
interferometer [5]

light. It has micro-objectives for better magnification and resolution and camera to
capture the interferogram. To adjust the desired path difference, the setup is aided
with piezo-actuator, which accelerates vertical displacement [5].

The resultant fringes in the CSI are formed due to the incoherent superposition
of varied frequencies. WLI with low coherence light source works based on this
principle. The variation in fringe frequency is due to the vertical position offset of
the microscopic object and the component, hence also termed as vertical scan inter-
ferometer. The WLI offers low coherence length; hence, focus of fringe can be done
at ease. The noise due to spurious interference fringes is avoided because of the
low coherence length, and interference can be obtained only when the path length is
within a fewmicrons or less, thereby reducing themultiple reflections and the diffrac-
tion losses. This makes the WLI immune to ambient lighting. If spurious reflections
are present, they do not form the fringe patterns due to mismatch coherence length,
hence less prone to noise [3, 8]. During the scan process, intensities of fringes with
coherent wavelength combine at plane of observation. From the intensity correlation
and point spread function, 3D depth data is derived.

One of the hindrances ofWLI is the restricted field of view, usually in fewmillime-
ters, i.e., due to choice of optics. The vertical size of the test object is restricted, and
also if the lateral size increases, the number of images to be stitched also increases,
resulting in hampered depth information [5]. Advantage of WLI over PSI is the
parallel phase shift is encoded simultaneously on spatial position in single interfer-
ogram, whereas in case of PSI interferograms are captured sequentially [4]. Since
WLI has short coherence length of source light, this evades the shading problem and
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makes it suitable for analysis of surfaces with deep structural variations less than
quarter wavelength [4, 5, 8].

4 Digital Fringe Projection

Interferometer has limitation with respect to the surface reflectivity and the dimen-
sions. To retrieve the measurement quality at resolution of interferometer, digital
fringe projection (DFP) technique is evolved, where sinusoidal fringes of desired
frequencies are generated digitally and impinged on the test object. DFP technique
is conglomerate of principle of sinusoidal fringes and the computer vision.

The generated fringes are projected on the surface of the object under a certain
angle of incidence. The deformed pattern is observed in different orientation. The
observed fringes are spatially analyzed to derive the 3D profile measurements. The
DFP utilizes the spatial properties of fringes and the triangulation principle [10, 13].
The fringe projection system consists of a projector to project the pattern of desired
utility on the test object, a camera to capture the fringe patterns and a computer to
carry out the fringe analysis. Figure 11 depicts the fringe projection system.

Measurement through fringe projection techniques involves the following:

• Projection of a sinusoidal fringe pattern on the object.
• Recording the interferogram, obtained by the object’s surface variation.
• Calculation of the phase modulation by fringe analysis techniques to obtain the

phase maps.
• Unwrap the phase maps to get continuous phase distribution, proportional to the

object height variations.
• Calibrate the system for mapping the unwrapped phase values to 3D coordinates.

The digital fringe patterns may be either binary coded, gray coded or color coded,
whereas the conventional interference fringe pattern is sinusoidal. Since the pattern
is coded, correspondences between image points and points of the projected pattern
can be easily found. The decoded points can be triangulated, and 3D information
is retrieved [14]. The maximum number of patterns that can be projected is the

Fig. 11 Fringe projection
system [10]



520 P. K. Asundi and R. Deepa

resolution in pixels of the projector device. The projector projects the fringe pattern
sequentially on the object, and the camera captures these patterns. The captured
images are analyzed in frequency domain to obtain the wrapped phase maps. The
wrapped phase maps are discontinuous as it is generated by the arctan function; thus,
unwrapping is carried out by comparing the phase at neighboring pixels to determine
the fringe order and then adding or subtracting 2π to get the continuous phase maps
[15, 16]. The continuous phase maps are obtained either by spatial or by temporal
unwrapping techniques. The spatial method unwraps by comparing the neighboring
phase values and thus does not provide absolute phase value. Spatial unwrapping is
prone to noise and surface reflectivity errors, and it is suitable for static projections
on uniform surface. Temporal phase unwrap is suitable for dynamic scenarios for
varied textures as it acquires information at a differential time scenarios resulting in
absolute fringe order and absolute unwrapped phase maps [14]. In temporal unwrap
method, multiple images with varied pattern sequences are captured and processed
to derive the phase values. For high-speed measurements, the number of pattern
sequences must be restricted [16, 17]. Once the phase values are retrieved, corre-
sponding projector coordinate with respect to the camera is determined. The stereo
calibration is carried out to obtain the 3D point cloud of the test object.

Care must be taken during the capturing of the fringe images as the presence of
shadows or non-uniform reflectivity of the object surface results in the fringe discon-
tinuities which would make the phase unwrapping difficult. The angle between the
camera axis and the projector axis also plays a vital role. As the angle of triangu-
lation increases, the depth information retrieved is more accurate. At larger angles,
the pattern sequence on the object will not be uniformly projected, as the projector
will be having a shallow angle with the object plane resulting in wider pattern on
the lateral end of the object [15]. DFP has been extensively used in industry for
solid modeling, fast prototyping, quality control and deformation analysis as it is a
non-contact measuring with high spatial resolution measurement capability.

5 Conclusion

Interferometry is a choice for ultra-high precision measurements for the nano-level
resolution. Interferometric approach is sought for objects which have reflective
surfaces and dimensions up to 1000 mm.

To test the optics and measure its optical characteristics such as aberrations, flat-
ness, circularity and radius of curvature, Fizeau interferometer setup is preferred.
Mirror, glass plate and lens are few objects which are tested using Fizeau setup. PSI
is used for analysis of test object with uniform topographical feature. Characteristics
such as form, roughness, radius of curvature, eccentricity of siliconwafers, thin trans-
parent films and micro-mirrors are inspected using the PSI. For object with varied
topography, WLI is apt, as it is equipped with short coherence length. To obtain the
3D profiles of theMEMS devices, WLI is preferred. WLI is used in micro-lens fabri-
cation to characterize the focal length, surface roughness and optical aberrations, as
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its response is quick to sporadic variations. Semiconductor chips, micro-needle and
micro-tool analysis and strain and form analysis of micro-structures are carried out
usingWLI. Typical object size underWLI inspection would be less than 50 mm. The
DFP technique is preferred for measurement of macro-components. Performance of
DFP in ambient light is better compared to conventional interferometric setup. DFP
can be employed for reverse engineering. Realization of DFP is more economic and
convenient. The DFP system cannot be implemented on dark objects or on highly
reflective objects. DFP offers a decent accuracy at sub-micron level and is suitable
when the objects have higher dimensions.
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Dimensions of Employee Well-Being
at Work: A New Analytic Framework

Shivangi Singh and Poonam Gautam

Abstract The conception of employee well-being has attracted increasing interest
in recent years. The study discussed dimensions of employee well-being such as
physical, social, and psychological dimensions. The purpose of this study is to under-
stand the critical nature of employeewell-being, an often-overlooked aspect of human
resourcemanagement. Thepaper attempted to identify the relationship betweenphys-
ical, social, psychological, and employee well-being. Further, it also aims to identify
the impact of gender on employee well-being. The findings of the study indicated
that there is a significant difference on the basis of gender on perceived employee
well-being. The physical, psychological, and social well-being are affecting thewell-
being of employees. The study suggested placing more emphasis on the aspect of
social well-being.

Keywords Employee well-being · Physical well-being · Psychological
well-being · Social well-being · Textile industry · Human resource management

1 Introduction

The conception of employee well-being has attracted increasing interest in recent
years [20, 5]. The researchers have argued that having a healthy workforce can be
good for businesses [4]. As a result, understanding the dynamics of employee well-
being at work is very important in learning about the different domains that have an
impact on how well people are able to do their jobs.

Employees are the valuable assets of any organisation without whom, there can
be buildings standing all alone. The term employee well-being has attracted atten-
tion from both corporate and academic fraternities. Hence, it became the need of the
hour in today’s dynamic environment. It has become an important concern for the
benefit of organisations and society. Employee well-being has been demonstrated
to have a number of positive effects on firms, including performance, productivity,
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turnover, and indirect costs [6, 10, 21]. Numerous scholars recognise the critical
nature of employee well-being and undertake research beginning with a definition of
employee well-being. According to Currie [5], employee well-being has defined as
the combination of a person’s contentment, physical health, and mental well-being.
Grant et al. [9] defined three dimensions to describewell-being by analysing different
study results from psychologists and sociologists, these include psychological, phys-
ical, and social well-being. The psychological components encompass “satisfaction,
self-respect, personal growth, purpose in life, environmental mastery, and auton-
omy”. The physical dimensions include “nourishment, shelter, health care, clothing,
and mobility”, to name a few. These include being part of the community, being
accepted in public, being social, making a contribution to society, and being part of a
social group [10]. Unfortunately, human resource management (HRM) usually does
not pay much attention to the well-being of employees [15]. According to [9], firms
choose to devote more resources to improving employee well-being because indi-
viduals, especially managers, believe in the “happy-productive worker hypothesis”,
which asserted that employees who are happier will be productive than those who
are not [8].

2 Review of Literature

Grant et al. [9] classified employee well-being into physical, psychological, and
social well-being.

Psychological Well-being

Psychological well-being is a mental state where people experience happiness and
satisfaction with their own lives. It is about how people interpret and add some
meaning to their lives. Job satisfaction refers to the extent to which employees feel
satisfied with their job. Psychological well-being encompasses good mental health,
peace of mind, happiness, sorrow, and job satisfaction. Employees experiencing a
high level of psychological well-being are found to be associated with a high level of
income, good relationshipswith others, peace ofmind, better employee performance,
and productivity at work.

Cartwright and Cooper [2] found two important aspects of psychological well-
being. The first one is about employees experiencing a feeling of happiness and posi-
tive emotions at work called Hedonic well-being, which is also known as subjective
well-being [7]. Hedonic well-being also has been categorised into two components
namely affective and cognitive components [16]. Bandyopadhyay and Srivastava [1]
identified psychological well-being as an important factor determining the behaviour
and decision-making ability of employees in organisations. To sumup,Hedonicwell-
being is represented by the presence of positive and negative emotions at work. The
second one refers to the extent of attaining some purpose and meaning in life called
eudaimonic well-being. Ryff et al. [18] talked about eudaimonic well-being in terms
of six things: “self-acceptance, personal growth, autonomy, purpose in life, positive
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relationships with other people, and environmental mastery”. Self-acceptance refers
to the extent where people are aware of their own strengths, weaknesses, talents,
abilities, and skills. In other words, it is an individual’s own satisfaction with one
self-indicating positive outlook towards their life by accepting both strengths and
weaknesses. Personal growth involves realising one’s own potential, bringing change
and improvement in their own behaviour resulting in the personal development of
an individual. Autonomy is the capability to make decisions on their own. Purpose
in life means deriving some meaning to life. Environmental mastery means how
capable an individual is, in handling the critical situation and meeting the growing
demands of the environment.

Social Well-being

The concept of social well-beingwas introduced byKeyes in 1998. Social well-being
refers to the feeling of sense of belongingness, good relationship with others, love,
and affection for each other.Maslow in his paper “ATheory ofHumanMotivation” in
1943 identified five basic needs of motivation at the workplace. In his five hierarchy
of need theory of motivation, physiological well-being bestows physical well-being
comprising of need for food, clothing, and shelter, on the other hand, social needs
set forth social well-being encompass the need for belonging, love, affection, and
friendship. Maslow placed social needs above physiological and safety needs. He
argued humans always have a thirst for friendship, love, affection, and belongingness
to others. If this need is unmet, then one cannot move upward to self-esteem and
self-actualisation needs, respectively. Keyes [11] defined “social well-being as the
appraisal of one’s circumstance and functioning in society”.

There are five dimensions of social well-being, “social integration, social accep-
tance, social contribution, social coherence, and social actualisation”. Social integra-
tion is the context in which an individual identifies himself/herself with society and
feels connected with communities. Social acceptance refers to gaining acceptance
of oneself by others in society. Humans are social animals who urge social accep-
tance by other people. Employees who have accepted their strengths and weaknesses
tend to be healthy. Social contribution is the combination of one’s self-efficacy and
social responsibility. It refers to the extent where people live and evaluate contribu-
tions made by them in society. In particular, it is a step towards the upliftment of
society, therefore striking to maintain the balance. Social actualisation can be termed
as realising the potential of society to flourish through its people and institutions.
Social coherence is the perceived behaviour of an individual to analyse the things
happening in the world. In nutshell, Healthy people identify themselves with society,
and they tend to socialise, assess their contribution, and are very much concerned
about happenings around the world [11].

Physical Well-being

Physical well-being is analogous to physical health and mental health [13, 14]. Phys-
ical well-being refers to the state of being physically and mentally fit to perform the
task.McCloughen et al. [13] defined physical well-being as “happiness, contentment,
or confidence with general physical health”. It is firmly believed that employees
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suffering from bad physical and mental health tend to affect employment. This could
result in a loss of earnings and employee productivity reducing the consumption
of healthy food. There can be various reasons responsible for bad physical and
mental health including occupational stress, improper sleep, smoking habits, alcohol,
unhealthy diet, and depression [14]. Therefore, people with good health are most
likely to experience better emotional well-being at work. On physical well-being,
several studies have been done relating it with different aspects. For example, [19]
produced empirical evidence discussing the strong relationship and beneficial effects
of optimism with physical well-being. Optimism refers to the positive state of mind,
attitude, and outlook towards life. Optimism was found to be a protective factor
influencing the physical well-being of employees by maintaining a healthy lifestyle.
This is the reason why it is found to be a positive correlate of physical well-being in
several studies [3]. Thus, people with optimistic attitudes toward life are likely to be
high at physical well-being at work. In contrast, McKee-Ryan et al. [12] does a meta-
review of studies related to psychological and physical well-being. They categorised
physical well-being into two parts, subjective health such as alcohol consumption
and objective physical health. The study found that growing rate of unemployment
causes severe effect on psychological and physical well-being.

Objectives of the study

1. To examine the impact of gender on employee’s well-being.
2. To examine the relationship between employee well-being, physical well-being,

social well-being, and psychological well-being.
3. To examine the impact of psychological, social, and physical well-being on

employee’s overall well-being working in the textile sector.

3 Material and Methods

This study aims to examine the role of gender in influencing employeewell-being and
also attempted to analyse the impact of physical, social, and psychologicalwell-being
on employee’s overall well-being at work on textile employees in Ludhiana. The data
has been collected from medium and small organisations. The present study is based
on primary data, and the research is descriptive in nature. The employees working
in Ludhiana Textile organisations were the population for the study. Employees who
were present at the time of the survey were included in the study. 254 workers (139
males, 115 females) were surveyed from the Ludhiana Industrial Textile hub.

Instruments

The datawas collected through structured administered questionnaires from previous
studies. For this purpose, employee well-being was measured through Juniper (20)
instrument, and physical well-being and social well-being were measured using the
Wellbeing Assessment Tool of Mckinsey Health Centre at the University of Illinois
on a 5-point Likert scale (1—Strongly Disagree to 5—Strongly Agree); and Carol
and Ryff 18 items measures were used comprising six dimensions (“autonomy”,
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“environmental mastery”, “self-acceptance”, “purpose in life”, personal growth”,
“positive relations with others”) on 5-point Likert scale from strongly disagree to
strongly agree.

4 Results and Discussion

Descriptive Statistics

The descriptive statistics and Cronbach’s alpha values are depicted in Table 1. The
mean value of physical well-being is 39.1 indicating employees were physically
fit and healthy. The mean value of social well-being (40.4) indicates that whenever
employees will find better, theywill develop congenial relationswith their colleagues
and managers. On the other hand, the mean value of psychological well-being (24.9)
indicates that employees were happy and satisfied with their work. Similarly, the
mean value of employee well-being (31.7) indicates that employees will perform
activities for the organisation whether it adds value directly or indirectly.

The Cronbach’s alpha values of physical well-being (0.803), social well-being
(0.630), psychological well-being (0.507), and employee well-being (0.603) are
above 0.5 indicating that the sample is a true representative of the population.

H01: There is a significant relationship between gender and employee well-being.

As gender was selected to be an aspect associated with employee well-being,
Independent-samples t test was used to test whether there is a mean-level difference
in perceived employee well-being between male and female employees.

Table 2 displays the result of the t test and Levene’s test for equality of variance,
where a significant difference in the variance of two groups (male and female), i.e.
p value—0.000 is found to be less than 0.05. Thus, an alternative hypothesis is
accepted.

The results indicated that male employees are more satisfied with employee well-
being practices than female employees.

H02: There is a significant relationship between employee wellbeing, physical
wellbeing, social wellbeing, and psychological wellbeing.

Table 1 Mean, standard
deviation, and reliabilities

Variable Mean SD Cronbach’s alpha

Physical well-being 39.1 3.98 0.803

Social well-being 40.4 2.67 0.630

Psychological well-being 24.9 3.22 0.507

Employee well-being 31.7 3.47 0.603

Source Primary data



528 S. Singh and P. Gautam

Table 2 t Test result, test of homogeneity of variances and mean across gender

Gender Mean Levene’s test
for equality of
variances

t test for equality of means

F Sig T Df Sig. (2-tailed) Mean diff SE diff

Male
Female

3.28
3.05

1.695 0.194 5.507 252 0.000 2.28 0.414

Correlation

The correlation was employed to examine the correlation between employee well-
being (EW), physical well-being (PW), social well-being (SW), and psychological
well-being (PSW).

H02: There is a significant relationship between employee wellbeing, physical
wellbeing, social wellbeing, and psychological wellbeing.

The results shown inTable 3 indicated the relationship between employeewell-being,
physical well-being (0.496), social well-being (0.177), and psychological well-being
(0.334) is positively correlated and significant. The relationship between physical
well-being and social well-being (0.691) is positively correlated and significant. On
the other hand, the physical well-being and psychological well-being are negatively
correlated and insignificant at 0.672. Social well-being and psychological well-being
are negatively correlated but significant at 0.001.

Stepwise Multiple Regression

The stepwise multiple regression was employed to find out the impact of physical
well-being, socialwell-being, and psychologicalwell-being on employeewell-being.
On the basis of objectives, the following hypothesis has been framed.

H03: Physical Wellbeing is positively related to Employee Wellbeing

As shown in Table 4, the value of R2 is 0.246 indicating 24.6% of the variation
in employee well-being is explained by physical well-being; on the other hand, F
value (F = 82.110) at which sig. value is 0.000 less than 0.005 indicating physical
well-being is predicting employee well-being.

Table 3 Correlation matrix Variable name EW PW SW

Physical well-being 0.496**

Social well-being 0.177** 0.691**

Psychological well-being 0.334** − 0.027 − 0.206**

Source Primary data
EW Employee well-being; PW Physical well-being; SW Social
well-being
**Correlation is significant at the p < 0.01
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Table 4 Multiple regression (physical well-being and employee well-being)

Model summary ANOVA

R R2 Adjusted R2 Std. errors of the estimate F Sig. F

0.496a 0.246 0.243 3.02065 82.110 0.000b

Source Primary data

Unstandardised coefficients Standardised coefficients T Sig

Model B Std. error Beta

(Constant) 14.847 1.879 7.901 0.000

Physical well-being 0.432 0.048 0.496 9.061 0.000

aPredictors: (constant), physical well-being
bDependent variable: employee well-being

As shown in Table 4, under coefficients, Employee well-being= 14.847+ 0.432
(physical well-being) which indicates physical well-being is positively related to
employee well-being. The research results revealed physical well-being was found
to be significant and positively related to employee well-being. Thus, an alternative
hypothesis is accepted. Employees were completely involved in physical activities
such as brisk walking, maintained desirable weight, were involved in exercises, and
were free from diseases. They are able to make prompt decisions, satisfied with their
job, and increased involvement in work.

H04: Social Wellbeing is positively related to Employee Wellbeing.

As shown in Table 5, the value of R2 is 0.031 indicating 3.1% of the variation in
employee well-being is explained by social well-being. The F value (F = 8.139) at
sig. value 0.005 less than 0.05 indicating social well-being is predicting employee
well-being.

As shown in Table 5, under unstandardised coefficients, employee well-being =
22.518 + 0.229 (social well-being) which indicates social well-being is positively
related to employee well-being. The research results revealed social well-being was
found to be significant and have a positive impact on employee well-being. As a

Table 5 Multiple regression (social well-being and employee well-being)

Model summary ANOVAb

R R2 Adjusted R2 Std. errors of the estimate F Sig. F

0.177a 0.031 0.027 3.42328 8.139 0.005b

Unstandardised coefficients Standardised coefficients T Sig

Model B Std. error Beta

(Constant) 22.518 3.256 6.915 0.000

Social well-being 0.229 0.080 0.177 2.853 0.005b

aPredictors: (constant), social well-being
bDependent variable: employee well-being
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Table 6 Multiple regression (psychological well-being and employee well-being)

Model summary ANOVAb

R R2 Adjusted R2 Std. errors of the estimate F Sig. F

0.334a 0.112 0.108 3.27838 31.641 0.000b

Unstandardised coefficients Standardised coefficients T Sig

Model B Std. error Beta

(Constant) 0.360 0.064 14.165 0.000

EE 0.335 0.077 0.334 5.625 0.000

aPredictors: (constant), psychological well-being
bDependent variable: employee well-being

result, the alternative hypothesis is accepted. Employees have good and trustable
relations with their family, friends and colleagues. A person’s overall health is greatly
influenced by their sense of social well-being.

H05: Psychological Wellbeing is positively related to Employee Wellbeing.

As shown in Table 6, the value of R2 is 0.112 indicating 11% of the variation in
employee well-being is explained by psychological well-being. The F value (F =
31.641) at sig. value 0.000 less than 0.05 indicating psychological well-being is
predicting employee well-being.

As shown in Table 6, in unstandardised coefficients, the value of employee well-
being = 0.360 + 0.335 (psychological well-being) indicates there is a positive rela-
tionship between psychological well-being and employee well-being. The results
revealed psychological well-being was found to be significant and have a positive
impact on employee well-being. Thus, an alternative hypothesis is accepted. The
results indicated that employees scored high on the aspect of personal growth and
environmental mastery dimensions of psychological well-being.

5 Conclusion

In nutshell, the present study examined the impact of physical, social, and psycho-
logical well-being on employee well-being. Human resource managers in firms
frequently overlook these important factors of employee well-being [15]. The
conception of well-being should be particularly promoted in textile organisations
in order to offer a better life to employees.

Therefore, the relationship between employee well-being, physical well-being,
social well-being, and psychological well-being are positively correlated and signif-
icant. The results revealed that overall physical well-being and psychological well-
being are able to predict the well-being of employees. Moreover, only 3% of the
variation in employee well-being is explained by social well-being which is very
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low. One cause for this could be a lack of adequate measurement of the aforemen-
tioned characteristics or of social well-being. Furthermore, this means that there
must be more things in life that are linked to social well-being. The study also
suggested placing emphasis on developing positive relations with others, attaining
some purpose in life, and realising their own potentialities.

6 Limitations

The study has some limitations.According to some researchers, employeewell-being
has a number of significant effects on an organisation’s performance [6, 10, 21].
The authors do not investigate how employee well-being affects an organisations
performance. In the future, a combination of qualitative and quantitative research
methods should be used to explore other aspects of employee well-being and its
dimensions.

7 Managerial Implications

Our research results can be used both for theoretical and practical purposes.Managers
can encourage the overall development of the textile sector workforce by promoting
the well-being of all employees at the middle and lower level. The implications
for management include those healthy relationships that may be established in the
organisations through fostering support, building trust, and involving employees [17].
This is likely to be facilitated by managers’ effective application of human resource
management strategies, which foster positive attitudes and behaviours that create a
positive work environment.
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Analysis of Strategies to Tackle
the Environmental Impact of the Vaccine
Supply Chain: A Fuzzy DEMATEL
Approach
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Abstract To combat the COVID-19 pandemic, the scientific community has
progressed from discovering antivirals to the large-scale production of vaccines.
Mass vaccination programs to curb the COVID-19 pandemic started in many parts
of the world at the beginning of 2021. Mass vaccination aims to exit from health
emergencies by vaccinating all the population with the required dose in the shortest
possible time. The production rate has been boosted, and many new production
facilities have been opened to fulfill worldwide demand. The objective of the vacci-
nation program is to maximize the medical benefit with the lowest cost and equitable
distribution of vaccines worldwide. However, the environmental impact of this long-
run immunization program has received very little attention. This study explores the
environmental impact of the vaccine supply chain (VSC) and analyzes the mitigation
strategies to minimize it without affecting the medical, economic, and social bene-
fits of vaccination. The fuzzy DEMATEL technique has been used to prioritize the
mitigation techniques and find cause and effect relations among them. The finding of
studies shows that the “optimal vial design” is most important, and “vaccine aware-
ness and education” is themost impactful strategy to tackle the environmental impact
of VSC.
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1 Introduction

The unprecedented event of the COVID-19 pandemic created great havoc on human
life, resulting in strict lockdown measures worldwide. Normalcy has returned to
various regions of the world following a nearly year-long lockdown, all thanks to
vaccines. The end of COVID-19 is in sight, with billions of people now vaccinated.
In the last one year, vaccine production has been unparalleled, and almost 5 billion
doses were administered in different parts of the world as of mid-September 2021
[28]. While this is an incredible success for humanity, it is not so for the earth
because the need to distribute vaccines has taken precedence over sustainability
considerations due to the severity of the pandemic. This disadvantage arises from the
fact that vaccine-related energy consumption was not optimized throughout vaccine
development-distribution [15], and the vaccination wastages are not disposed of
properly at the end of life. The vaccination rollout producesmassive amounts of trash,
which is exacerbated by the fact that most vaccines require two doses, resulting in
double thewaste [24].When compared to themedical and economic issues created by
the pandemic, the ecological impact of immunization appears to be a minor issue
[17].

Vaccines, being biopharmaceutical product, requires stringent temperature control
from their inception to final delivery. The vaccine’s storage and transportation related
emissions are some of the most significant environmental concerns. The vaccines
are kept at low and ultra-low temperatures (specified by manufacturers); thus, their
distribution requires cold chain logistics. The giant freezers that keep vaccines cool
to the trucks and planes of cold chain logistics, as well as the millions of trash vials
and syringes at the immunization sites, are detrimental to the environment and pose
the risk of climate change [11].

Many of the vaccines approved for COVID-19 require deep freezers for their
storage. The quantity of vaccines required to immunize thewhole population requires
a large number of cold storage for a very long time, and it will add huge pressure to
climate change. The environmental imbalance caused by vaccines’ packaging, ware-
housing, and deep freezing has resulted in a considerable surge in CO2 greenhouse
emissions [22]. Vaccines from Pfizer-BioNTech are needed to be stored at temper-
atures between − 80 and − 60°C [1]. Companies have been employing hydroflu-
orocarbons (HFCs) based refrigeration units to store and transfer vaccines at this
temperature. Unfortunately, HFCs have a 23,000-fold larger global warming effect
than CO2 [24]. Even in this grave scenario, when priorities have shifted dramatically
in the fight for the survival of the population, the environmental impact should not
be overlooked [15].

The vaccine waste created due to improper handling and quality failure during
storage and transportation along with open vial waste at vaccination sites, are signif-
icant concerns globally. It slows down the vaccination rate and also poses environ-
mental and health-related risks. The point of delivery of vaccine or vaccination site
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contributes waste such as disinfectants, protective equipment of workers, packaging
materials, syringes, needles, vials, and single-use plastic equipment [13]. The proper
disposal of biohazardous and infectious vaccine waste is critical for a sustainable
vaccine supply chain. The infectious medical waste produced at the vaccination
sites is potentially dangerous because they have high pathogenicity (ability to cause
disease) and may be resistant to treatment [5]. Waste treatment and management of
vaccine waste collection, treatment, recycling, and energy recovery seem to be more
difficult during the mass vaccination process for COVID-19. In today’s healthcare
environment, employees, patients, and the community must all be educated on how
to manage infectious waste. The administration and policymakers should be aware
of the consequence of managing hazardous infectious waste and emissions related to
cold chain logistics and make strategies accordingly to minimize the environmental
impact of energy, materials, and process used in vaccination programs.

The analysis of mitigation strategies to control the environmental impact plays
a critical role in the selection of these strategies. This study explores the strategies
to tackle the environmental impact of the vaccine supply chain with the following
objectives.

1. Identification of strategies for minimization of environmental impact of vacci-
nation.

2. Prioritization of environmental impact mitigation strategies.
3. Establishment of cause effect among these mitigation strategies.

The mitigation strategies are identified from the literature and finalized with
the help of expert interviews and field visits. A multicriteria decision-making
(MCDM) method has been used to prioritize the strategies and establish cause-effect
relationships among them.

2 Literature Review

Vaccination is used as one of the most feasible preventive measures for the control
of infectious diseases. In the past, several infectious diseases were either eliminated
or successfully controlled with vaccines. Many countries run regular vaccination
programs for infants and pregnant ladies to prevent existing infectious diseases [7].
The successful delivery of vaccine within stipulated time requires a vaccine supply
chain (VSC) with optimal cost and minimum impact to the environment. Vaccines
and associated products are produced, manufactured, procured, disseminated, and
disposed of at their own risk to the environment. TheVSC impacts the environment in
two ways: i) the infectious medical wastes of vaccine waste and other immunization-
associated waste at the point of delivery, ii) the CO2 emission due to cold-chain
logistics.

Excessive waste in vaccinations is a major issue around the world. Overordering,
moving products to locations, where they can’t be adequately stored or used, and
accepting products with insufficient remaining shelf life are all major causes. Work
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on product optimization can assist in strengthening logistics systems and, as a result,
reduce the amount of trash that needs to be disposed of by boosting capacity for
right quantification, redistribution, and proper acceptance procedures [27]. Schiffling
and Breen [23] reported that vaccine waste ranges from 0.3 to 30% during mass
vaccination in different parts of the world. The major cause of vaccine waste is
failure to maintain the required temperature conditioning, vaccine expiration, vial
breakage, and open vial waste due to poor crowd management at vaccination sites
[25]. Several studies show how the vial size and effective crowd management can
reduce open vial waste [2, 12, 14]. Babanyara [4] study explored the environmental
and human health effects of hazardous medical waste, including infectious wastes
from immunization. The vaccinewaste, alongwith other solidwaste generated during
immunization, requires standard guidelines to dispose of so that its impact on human
health and the environment can be minimized [19, 26].

Zaffran et al. [29] study was one of the initial studies which considered the envi-
ronmental impact of energy,material, and process used inVSC.They also highlighted
that more research and development are required for technical advancement to mini-
mize the ecological impact of vaccination. Lloyd et al. [18] presented a method
for increasing the energy efficiency of vaccine and temperature-sensitive medicine
distribution that was tested in Tunisia’s Kasserine region. In the previous studies,
the major impact of vaccination was related to the vaccine waste and medical waste
produced at immunization sites, but mass vaccination for COVID-19 raised several
other challenges to the environment, including energy efficiency and CO2 emission.

The urgency of large-scale vaccination efforts against COVID-19, a tremendous
and unprecedented race in industrial production, resulted in a huge amount of raw
material and energy requirement and a significant increase in the production of glass,
needles, plastic, and rubber for syringes and vials [21]. Also, maintaining the cold
chain logistics throughout the supply chain requires a massive amount of energy
and uses highly detrimental HFCs in case of ultra-low temperature requirements
[11]. Jiang et al. [15] gave perspective about the energy and environmental impact
of COVID-19 vaccination and concluded that the UN sustainable goal couldn’t be
achieved with unsustainable vaccine management. Phadke et al. [21] study shows
how sustainable packaging and prefilled syringes can save a considerable amount of
vaccine waste and also states that recycling needles and plastic can reduce material
wastage. Klemeš et al. [16] gave the details of energy estimates in the life cycle
of a vaccine and suggested that the environmental impact must be minimized even
during emergencies to avoid risk of climate change. Kurzweil et al. [17] estimated the
environmental impact of mRNA vaccines based on their CO2 equivalent with their
different storage strategies, cooling technology, logistics route, and vaccination sites.
This study also observed that air freight, road transportation, and last-mile delivery
emit roughly 19 times as much carbon dioxide as ultra-deep freeze technologies,
dry ice manufacture, glass, and medical polymers for packaging. Santos et al. [22]
compared the ideal storage of different COVID-19 vaccines approved by WHO
with their thermal load for cooling as well as the type of refrigerant fluid used
in freezers. This study also developed an index to measure the energy efficiency
and environmental impact of different vaccines. Hasija et al. [13] study assessed
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the different type of vaccine-related waste and its potential impact on environment
based on the proportion of population vaccinated. The study also discussed the several
medical waste treatment techniques based on the microfiber generated during their
disposal.

The literature review of the vaccine supply chain waste management and its envi-
ronmental impact shows that there are few studies that consider the environmental
impacts of the vaccine supply chain, but there is almost no study that analyzes the
mitigation strategy to tackle the environmental impact of VSC.

3 Methodology

This section of the study gives a brief overview of the methodology used to identify
and analyze the mitigation strategies of the environmental impact of VSC. The miti-
gation strategies have been identified with the help of literature review, field survey,
and experts. The literature related to vaccine wastage, vaccine waste management,
and environmental impact of vaccination/immunization is explored, which shows the
impact of vaccine-related wastes on the environment and suggestions/strategies to
reduce it. Field survey of different vaccine warehouses, mass immunization sites, and
hospitals of North India was conducted to assess the energy requirement in storing
and shipping of vaccines as well as vaccine and solid waste produced at the different
nodes of VSC. A total of four experts were contacted, a senior doctor of community
healthcare, a pharmacist involved in cold chain logistics, a senior professor having
expertise in the green supply chain, and a consultant of the medical waste manage-
ment agency: all having sound expertise in their respective fields. Several strategies
were identified from the literature review and field visit, but eight strategies were
finalized after several rounds of discussion with the expert. The finalized strategies
with their brief description are given in Table 1. After the finalization of mitiga-
tion strategies, the fuzzy DEMATEL technique is used to prioritize and find the
cause-effect relationship among the strategies.

3.1 Fuzzy DEMATEL

The DEMATEL approach was first suggested by the Battelle Memorial Institute
Geneva Research Center [10]. DEMATEL is an approach for decision-making that
analyzes interrelationships and finds the influence of significant factors in the form
of a cause and effect diagram, i.e., digraph [6]. In this study, fuzzy is integrated with
the standard DEMATEL technique to model the ambiguity of expert’s opinion and
allows a more accurate decision-making process.
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Table 1 Strategies to tackle environmental challenges of VSC

Code Strategies Description References

TV Thermostable vaccines Vaccine than can be stored at
normal temperature for longer
durations

[29]

NR Use of natural refrigerants Natural refrigerants have a lesser
impact on environment compared
to HFCs

[16]

LM Innovations for last-mile delivery Cool box and other technique to
keep vaccines at a lower
temperature for remote
vaccination centers

Expert opinion

IT Installation of IoT devices To monitor the temperature of
vaccines throughout SC and
avoid wastage

Expert opinion

OV Optimal vials Vial size to be optimized for
minimum open vial waste

[3, 12, 14]

RR Recycle and reuse Reuse of packaging materials and
recycling of the vials, syringes,
and needles

[15, 21]

WM Selection of waste management
techniques

Proper segregation and disposal
techniques which minimizes the
CO2 emission and other
environmental impact

[13, 15, 16, 21]

VA Vaccine awareness Educating masses for safe and
responsible vaccination

[8]

3.1.1 Fuzzy Set Theory

The fuzzy set conceptwas given byZadeh 1965,with the purpose ofmeasuring uncer-
tainty. The fuzzy sets use number ranges between 0 and 1 to measure uncertainty.
Linguistic scales are used to assess the degree of uncertainty in a given circumstance.
The triangular fuzzy numbers (TFN) were introduced, as shown in Fig. 1, and the
membership function (x) is defined as follows:

µ (x) =

⎧
⎪⎨

⎪⎩

x−l
m−l , x ∈ [l,m]
x−u
m−u , x ∈ [m, u]
0, otherwise
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Fig. 1 Triangular fuzzy number

3.1.2 Steps of Fuzzy DEMTEL

Step 1: Fuzzy initial direct relation matrix

B̃i jk =
(
b̃i jk

)

n×n
=

∣
∣
∣
∣
∣
∣
∣
∣
∣
∣
∣
∣
∣

0 b̃12k b̃12k
b̃21k 0 b̃2nk
. .

. .

. .

b̃n1k b̃n2k 0

∣
∣
∣
∣
∣
∣
∣
∣
∣
∣
∣
∣
∣

(1)

The Eq. (1) shows the influence of factor i on factor j based on the linguistic variable
and their triangular fuzzy numbers given in Table 2. Where b̃i jk = (li jk,mi jk, ui jk), i
and j denote pairwise values of each element, and k shows the number of experts.

The fuzzy initial direct relation matrix is obtained by aggregating all the K fuzzy
matrices of Eq. (1) as,

Table 2 Linguistic variables
to triangular fuzzy number
conversion [9]

Linguistic variables TFN

No influence (NO) (0.0, 0.0, 0.25)

Very low influence (VL) (0.0, 0.25, 0.5)

Low influence (L) (0.25, 0.5, 0.75)

High influence (H) (0.5, 0.75, 0.1)

Very high influence (VH) (0.75, 1, 1)
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Ỹ =
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(2)

ỹi j = (
li j,mi j , ui j

) =
[

min
(
li jk

)
,
1

k

∑

k
max

(
ui jk

)
]

, (k = 1, 2 . . . K ) (3)

Step 2: Normalized Fuzzy matrix

If, M̃ =
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∣
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∣
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∣
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∣

(4)

where matrix M̃ is normalized fuzzy direct matrix produced with the help of Eqs.
(5) and (6)

M̃ = (̃pi j ) = ỹi j
r

= li j
r
,
mi j

r
,
ui j
r

(5)

r = max

⎛

⎝max1≤i≤n

⎛

⎝
n∑

j=1

ui j

⎞

⎠ max1≤ j≤n

(
n∑

i=1

ui j

)⎞

⎠ (6)

Step 3: Total Fuzzy relation matrix

Total fuzzy relation matrix T̃ is developed by adding all direct and indirect effects
of factors by Eq. (7),

T̃ = lim
k→∞

(
M̃1 + M̃2 + ... . . . M̃k

)
= M̃ ×

(
I − M̃

)−1
(7)

Step 4: Defuzzification of Total Fuzzy relation matrix

The total fuzzy matrix T̃ calculated by Eq. (7) is defuzzified using Eq. (8) and got
the crisp total relation matrix T = (ti j )

(
ti j

) = l ′′i j + 4m ′′
i j + u′′

ij

6
(8)
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Step 5: Calculating prominence (R + C) and relation (R − C)

R =
⎡

⎣
n∑

j=1

ti j

⎤

⎦

n∗1
(9)

C =
[

n∑

i=1

ti j

]

1∗n
(10)

The (R+C) shows the amount of influence of each factor and (R−C) values divides
the attributes into cause-effect groups.

4 Application of the Proposed Methodology

The above-mentioned fuzzy DEMATELmethodology is used to prioritize the strate-
gies to tackle the environmental impact of VSC. The experts’ initial direct relation
matrix was in linguistic form, and these matrices were converted to fuzzy direct rela-
tion matrices using Table 2. Equation (3) combined the initial fuzzy direct matrices
into a single aggregated fuzzy matrix, which is shown in Table 3. After aggregating
the individual matrices, Eqs. (5) and (6) are used to create the normalized fuzzy
direct matrix, which is shown in Table 4. With the help of Eq. (7), the total fuzzy
relation matrix is computed using the approach described in Step 3. The total fuzzy
relation matrix is defuzzified for further calculation using Eq. (8) and given in Table
5 as defuzzified total relation matrix.

5 Result and Discussion

The result of the proposed methodology is given in Table 6. The (Ri + Ci ) value
shows the total influence of a criteria/technique, both in terms of receiving and
dispatching over each other. The ranking of importance is based on the (Ri + Ci )

value. The importance of mitigation strategies is in the order of OV > LM > WM
> TV > VA > IT > RR > NR. The “Optimal vial design (OV)” is weighted highest
among all, followed by the innovations in last-mile delivery (LM). The high impor-
tance of the vial design may be due to the excessive open vial wastage during mass
vaccination, which leads to the generation of a huge amount of hazardous waste
on a daily basis [20]. Innovation in last-mile delivery is the next ranked important
strategy which is also related to vaccine wastage at remote vaccination centers due
to the lack of low-temperature storage for an extended time. The geographic and
demographic distribution of north India, which includes the hilly area as well as the
deserts, requires customized last-mile delivery techniques to reach all populations
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Table 5 Defuzzified total relation matrix

TV NR LM IT OV RR WM VA Ri Ci

TV 0.1083 0.2451 0.2685 0.1266 0.2478 0.1812 0.2406 0.1245 1.5426 0.9634

NR 0.127 0.0781 0.201 0.0904 0.2195 0.1163 0.2156 0.0771 1.1249 1.0006

LM 0.1555 0.1314 0.1271 0.1572 0.2211 0.1954 0.2278 0.118 1.3334 1.4063

IT 0.1462 0.1491 0.2421 0.088 0.2518 0.1867 0.2808 0.1424 1.487 0.8242

OV 0.1744 0.1387 0.231 0.0967 0.1207 0.1681 0.2231 0.0853 1.238 1.5226

RR 0.0586 0.0556 0.0903 0.054 0.1006 0.0892 0.2351 0.0994 0.7828 1.4549

WM 0.0552 0.0534 0.0677 0.0515 0.0991 0.2222 0.102 0.1256 0.7766 1.8556

VA 0.1382 0.1494 0.1787 0.1598 0.262 0.2959 0.3307 0.0988 1.6135 0.8712

with minimum wastage and emission. Zaffran et al. [29] also emphasize on inno-
vation in last-mile delivery for environmentally sustainable VSC. The selection of
the best waste management technique is also important to reduce the environmental
impact of the waste generated during the vaccination. The emission and microfiber
created during the disposal process also contribute to significant pollution. The use
of thermostable vaccines is the next ranked strategy that will significantly reduce
the load of the low and ultra-low freezer in VSC. This will also reduce the vaccine
wastages due to temperature variances related issues during storage and shipment.
These outcomes also indicate that reducing vaccine wastage is more important in the
current scenario than other environmental impacts due to the huge amount of vaccine
waste is producing daily due to mass vaccination of COVID-19.

The (Ri −Ci ) value of Table 6 shows the impact of mitigation strategies, and the
strategies are ranked in order of their impact as VA < IT < TV < NR < LM < OV <
RR < WM. The “vaccine awareness and education” (VA) gained the most impact,
followed by the “Installation of IoT” and other connected devices (IT) to monitor the
temperature and other energy-related information. The high impact value of VAmay
be because awareness and education regarding the responsible use of the vaccine
have multifold benefits. The aware beneficiary will demand a greener supply chain

Table 6 Fuzzy DEMATEL results

Strategy (Ri + Ci ) Importance (Ri − Ci ) Impact Identity

TV 2.505972 4 0.579176 3 Cause

NR 2.125552 8 0.124275 4 Cause

LM 2.739749 2 − 0.07287 5 Effect

IT 2.311215 6 0.662845 2 Cause

OV 2.760608 1 − 0.28456 6 Effect

RR 2.237654 7 − 0.67212 7 Effect

WM 2.632141 3 − 1.07904 8 Effect

VA 2.484645 5 0.742298 1 Cause
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Fig. 2 Cause and effect digraph

and participate in the proper disposal of waste, resulting in a more sustainable VSC.
The IoT and other connected devices will help monitor the VSC energy requirement
at each node and avoid storage wastage due to temperature leakage. The use of
“Thermostable vaccine” and use of “Natural refrigerants” are other strategies that
have a higher impact.

Table 6 also divides the strategies into cause -and effect types. The factorwith posi-
tive (Ri − Ci ) values come in cause group and the factors with negative (Ri − Ci )

values come in effect group. Figure 2 shows cause-effect digraph in which ther-
mostable vaccines, use of natural refrigerants, installation of IoT devices, and vaccine
awareness come in the cause group, and they are influencing the other strategies.
These strategies should be implemented first, and they will influence the other
strategies of the effect group.

6 Conclusion

Mass vaccination programsworldwide gave a ray of hopewith the pandemic struggle,
but it will not save the earth from climate change. Thus, the environmental impact of
mass vaccination programsmust beminimized. This study analyzes the key strategies
to tackle the environmental impacts of VSC by using the fuzzyDEMATEL approach.
Total eight strategies were finalized with the help of a literature review and experts’
opinions. The fuzzy technique is used with DEMATEL to model the cause-effect
relationship along with the ambiguity of human judgment. The “Optimal vial design
(OV)” became the most important strategy, and “vaccine awareness and education”
(VA) has the highest impact value. The inclusion of these studies will enhance the
environmental sustainability of VSC.
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The study was conducted during the initial phase of mass vaccination against
COVID-19 with a limited number of experts in Northern India. As mass vacci-
nation programs in different parts of the world advance, additional environmental
concerns will emerge. Empirical studies with more experts and innovative mitigation
strategies may be another extension of such research.
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and Ravi Pratap Singh

Abstract The quality andmanufacturing process go hand in hand for any production
unit. The potential growth of the industry depends upon the overall quality of its
product in the market. Due to globalization, numerous firms are established for
the fabrication and production of commercial goods. The total quality management
(TQM) is the new concept incorporated to boosts the productivity of the firmwith the
different quality check levels introduced at the different stages of production. In case
of infrastructure engineering, quality check is the most critical aspect as the products
are to be utilized for public transport/use. In the present study, the implementation
of total quality management (TQM) for infrastructure engineering such as electric
tower fabrication in the transmission system is discussed. The quality check at each
level of fabrication is studied for maintaining the overall quality of the products
at the field site. This paper discusses the TQM concepts and practices adopted in
the field of infrastructure engineering. The study is carried out using questionnaire
survey conducted inWardha region and also using physical interviewswithmanagers
and engineers at all levels and then subsequent analysis was done for its effective
implementation.
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1 Introduction

The overall growth and development of the nation resemble the growth in infrastruc-
ture engineering. The infrastructure engineering contributes significant amount to the
country’s gross domestic product (GDP). The rapid growth in infrastructure engi-
neering is seen after World War-II. Infrastructure engineering leads to the construc-
tion of high-speed expressway, bridges, dam, which will improve the standard of
living with comfort for the common man. In energy sector, the consistent growth
is observed since last two decades due to the ever-increasing energy demand of
the country with the increase in the per capita income. The rise is significant sine
year 2000, however dependency on the conventional fuel is also reduced. In case of
the energy sector, infrastructure engineering is related to the construction of energy
station, sub-station, alongwith uniform power transmission line and grids. The trans-
mission line usually has the voltage ratings of 220 and 400 kV for the transmission
purpose, later gets step down at the sub-station. The transmission system provides the
linkage between the power generation system and distribution system, hence main-
taining the desired standards of the quality level is essential. The present study is
related to the total quality management in the infrastructure engineering pertaining to
the transmission system [1]. The fabrication process which includes the machining
operations along with the galvanization operation which includes surface coating
are the two major procedures in production process. The generalized layout of the
transmission line is as shown in Fig. 1.

The transmission system can be further sub-categorized in fabrication and design
layout. In the present study, the total quality management associated with the fabrica-
tion process of the transmission tower is focused [2]. The fabrication process involves
selection of the suitable grade of steel for the production unit till dispatch of the final

Fig. 1 The generalized layout of the power distribution system from generation to consumer
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sub-components to the desired site of the transmission system. The detail quality
check in all the processes is discussed in the subsequent chapters.

2 Need of Total Quality Management

AfterWorldWar-II, W. Edwards introduced the concept of total quality management
(TQM) in order to rebuild the shattered Japanese economy. The TQM primarily
focusedon continuous quality improvement in the areas of product, service, consumer
and business relationship. The concept of TQM though introduced in the late 1950s
became more popular in 1980s due to the rapid industrialization. It is a method in
which all the stakeholders involved actively to improve the overall quality of goods
and services. According to ISO, total quality management is defined as management
approach of an organization centered on quality, based on participation of all its
members and aiming at long term benefits to all members of the organization and
society. In infrastructure engineering, the product cycle starts with the procurement
of the rawmaterial, pre-processing, processing, post-processing, along with packing,
dispatch and erection/assembly of the sub-components at the site.Hence,maintaining
the desired level of quality in each processing unit is utmost important formaintaining
the overall quality of product. In the present work, the total quality management for
the infrastructure engineering related to the fabrication of the transmission tower is
performed at the various level to get at insight for the overall quality of the plant [3].

The quality check is performed at each level from the selection of raw material to
erection of tower at the site location. The TQM involves the four-level quality check
model, which is as follows;

● Level 1. Inspection
● Level 2. Quality control
● Level 3. Quality assurance
● Level 4. Total quality management.

The above four levels of quality check are performed at different level in case of
infrastructure engineering which is incorporated in the subsequent sections.

3 Quality Check for the Raw Materials

3.1 Material Yard

Once the order is received from the particular firm for the establishment of the
transmission line between the source andfinal sub-station, the total number of electric
tower and grade of tower is finalized from the design and planning department. The
steel requirement for the fabrication of the power transmission tower is L-section
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channel. The material requirement is usually mild steel and high tensile steel. Each
tower is made up of series of mild steel and high tensile steel angles in order to
provide the required strength and flexibility under different loading conditions.

There are two types of elementary check for estimating the different grades of
steel. Both the processes are primary processes followed by the chemical testing in
each case. The color coding and embossing method is usually used at the primary
stage [4].

Color coding: The use of different colors is used to identify the different grade of
steel. In general, the extreme edges of the flanges are painted with different colors
to identify the steel grade. In case of high tensile steel, red color is used to paint the
side flange, while in case of mild steel, a green or yellow color is used. As it is the
basic identification process, hence cannot be applied to the angle after cutting from
the material end.

Material embossing: The mild steel and high tension steel is identified with the suit-
able embossing on the inner surface of the angle flanges. The mild steel is embossed
with “MS” while the high tensile steel is with “HT” symbols to identify the basic
grades of steel. The different embossing is at the regular interval for the entire length
of the angle, hence it is relatively easy to identify the steel grades.

Material testing: The material testing is followed by the elementary primary check
for the steel grades. The steel plates and angles are cut on CNC cutting machines for
the desired length and dimensions. The raw material in the form of angles and plates
are usually bundled in the order of 10 and final stack for each angle dimension and
plate is made arranged for the material testing. The generalized check is performed
for the physical dimension of the angle and plate before the actual material testing.

Mechanical testing: The mechanical properties are the vital aspects for any angle
and plate. The entire strength of the angle depends upon the mechanical properties
of raw material. The raw material in the form of angle and plate is usually cold-
rolled with relatively low variation in mechanical properties. The material testing
involves yield strength, impact strength along with hardness measurement for the
selected steel grade. As, all the above mechanical testing processes are destructive in
nature, as the material gets damaged in the testing procedure. In all the processes, the
standard specimen of 10 × 10 mm is selected for the different mechanical testing.
In every lot size the first, twenty-fifth, and last piece are selected for the mechanical
testing. In case of yield strength, universal testing machine (UTM) is used, while for
the impact testing Izod chary test is performed with the same sample configuration.
The hardness of the material is identified with Rockwell hardness testing machine.
Mechanical testing is the first quality check process before the start of the actual
fabrication of the angles and plates. Figure 2 indicates the various mechanical testing
equipment’s.

Chemical testing:After the primary check for the physical strength of thematerial, the
chemical analysis is performed for the determination of chemical content in ferrous
and non-ferrous materials. The spectrometer is used for determination of such type
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Fig. 2 Various mechanical testing machines—universal testing machine, Izod-Charpy machine,
and Rockwell hardness testing machine

chemical composition. The optical and mass spectrometers are most commonly used
for the chemical composition analysis. The sample size for the chemical test is similar
to that of the mechanical test, as the metal is to be cut from the same lot size. Figure 3
illustrates spectroscope for chemical testing of angles and plates.

The percentage of carbon, manganese, and nickel determines the strength and the
suitable grade of the steel. As both mechanical and chemical quality check process
is destructive in nature, the implementation of the total quality management is not
possible. Both mechanical and chemical testing procedure are under level 1 and 2
characteristics of quality check, as limiting value of quality is specified by the user.
After the above quality check, the material is ready for the fabrication process such
as drilling, bending, and notching.

Fig. 3 Spectroscope for chemical composition
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3.2 Production Process

The fabrication process is the actual production process in which various manufac-
turing processes are used to machine the raw material by several material removal
processes. The transmission tower is a truss element containing several members,
carrying different loads. These different elements are interconnected at the ends with
other members. Hence, the machining process is primarily carried out at the end of
themembers for the joining process. The variousmachining processes are as follows;

1. Angle cutting: The angle cutting is the basic cutting operation involving cutting
the angle into the required length as per the job card supplied from the planning
department. The measuring tape is usually used to check and verify the length
of the angle after the cutting operation. As no other operations are performed
in cutting, the quality check is performed for every fifteenth element in cutting
operation, to verify the length of angle.

2. Punching: The operation of generating the holes of the desired dimension on the
metal blank is termed as punching. The punching operation is performed up to
flange thickness of 8 mm. The punching is performed either by manual punching
with help of flywheel or by computerized numeric control (CNC) machine. In
case of CNC machine, the machine is programmed with the g-code for the exact
location and size of the hole to be punched in the angle. The CNC machine can
even punch the flange with thickness up to 10 mm. The punching operations is
most time-consuming operations as usually each member contains 16–20 holes
on both sides for the firm joint with other members. The CNC enabled punching
machine is as shown in Fig. 4.

The quality check in case of punching operations is performed with the use
of different Go, and No-go gages for the different hole size. In case of the punch
pitch, vernier calipers are used to estimate the intermediate distance. In case of lot
size of 100, after the first every, third, seventh, fifteenth, twenty-fifth, fiftieth, and
seventy-fifth element is used verify the quality check as per the desired standard.
In the present operation quality check of level 1, 2 and 3 are performed.

Fig. 4 CNC machine for
punching operations
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3. Drilling: The primary difference between the punching and the drilling operations
is the flange thickness. The drilling operations are preferred only if the flange
thickness is more than 10–12 mm. The radial drilling machines are used to drill
the flange with a higher flange thickness. The holes are usually of the order
of 1 inch due to the higher flange thickness. The drilling is performed with
smaller drill size and drilled with one size smaller than the actual hole size. The
superfinishing operations are performed to patch the hole with the exact size in
order to achieve the interference fit. As the angles are of higher section, 150 ×
150 × 15, the 100% quality check is performed with the help of various gages
and vernier calipers simultaneously along with the drilling operations. Figures 5
and 6 illustrates the radial drilling machine and angle notching machine used for
the machining of raw materials.

4. Notching: As the angles are interconnected to the number ofmembers at different
angles, the side flanges are protruding outward. The outward projections can

Fig. 5 Radial drilling machine
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Fig. 6 Angle notching machine

cause injury to the servicemen in field while fitting nut bolts at the project site.
In order to prevent such type of unwanted projections, the side flanges are cut
at a suitable angle to trim the sharp edges. The edges are selected in such a
way that the strength of the material will remain the same. The side fillet is the
most common operations performed in case of notching machine. The angle is
clamped at the desired angle with the appropriate feed, in order to cut the side
angle. The notching machine is operated with the help of hydraulic pressure
ranging from 50 to 150 bars. As the degree of freedom of the angle is restricted,
before the notching operation, desired cut is achieved. The quality check with
the right angle scale and linear scale are used to check the level of sidecut. Apart
from the first check, fifth, seventh, and fifteenth piece is used for quality check.
Every fiftieth and seventy-fifth piece is used for the quality check in the standard
operation line, even after the side clamps are fixed for constraining the degree of
freedom of the angle [5].

5. Hot and cold bending: The angle cross-section reduces from the base of the
structure towards the apex. Hence, in any tower, angles of various sections are
used from bottom to top. Due to the formation of apex, some members of the
angles are required to bend at a suitable angle for the stability of the structure.
In order to achieve the above requirement, hot and cold bending operations are
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performed. The angle of bending determines the mode of bending in an angle.
If the bending angle is up to 50, then cold bending operations are preferred,
above which hot bending operations are performed. The operations performed
at a temperature below the recrystallization temperature of metal are termed as
cold bending, while above which is hot bending operations. The oil-fired furnace
is used with light diesel oil (LDO) as the fuel for raising the temperature of the
angle. The hydraulic press operates from 10 to 200 bars for bending the angle
at the desired angular inclination. The angular scales are available to verify the
degree of bending. As operating pressuremay vary in each case, 100% inspection
for each member is used in bending operations. The air gap between the angular
scale and the bent angle indicates the amount of tolerance than the actual bending
inclination. The bending angle also changes as the temperature of the angle
decreases from higher temperature to the room temperature.

6. Grinding: The grinding is the finishing operation with the least material removal
rate. During the entire process of fabrication, the raw material is subjected to
burr formation in cutting, punching, and notching operations. So, grinding oper-
ation is performed to remove only the sharp metal burr formed during an earlier
machining operation. The rate of material removal is very low owing to the
finishing operation. The quality check procedure for the grinding operations is
not fixed as in case of other machining operations. The visual inspection with
touch is performed at the sharp edge of the flange to verify that the metal bur is
removed completely [6].

The above processes are carried out in the production unit, and the finished product
after operations are dispatched as the raw material for the galvanizing unit, which is
discussed in the next section.

4 Quality Check for Galvanizing Unit

As the material is ferrous in nature, it is subjected to oxide formation and corrosion.
In order to prevent the base metal from corrosion, galvanizing method is adopted.
The galvanizing is the process of coating thin layer of material over the angle so that
corrosion and oxide formations are prevented. Such methods are used to increase the
overall life span of the product. Apart from the galvanizing, painting can be used as
an alternative method to prevent oxide formation over the material surface [7].

4.1 Degreasing

During the machining operations, various oil/grease is applied on the angle flange
through the tool. The oil gets stick to the metal surface over the period of time
which performing different machining operations. In degreasing unit the angles are
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thoroughly cleaned so as to remove dust/dirt and oil marks from the flange surface
before the galvanizingoperations.Ahot alkali solution,mild acidic bath, or biological
cleaning bath removes organic contaminants such as dirt, paint markings, grease, and
oil from the metal surface. Epoxies, vinyl, asphalt, or welding slag, which cannot
be removed by degreasing, must be removed before galvanizing by grit blasting,
sand blasting, or other mechanical means. The angles are bundled in the stack of
10/25/50/100 depending upon the dimension of the flange. To prevent the surface
contact, metal chain is used in each stack row of the angles and inserted into the
water tank. As it is the pre-processing operation, only visualization check process is
followed in washing unit. After removal of the angles, the stack is held inclined to
drain out all the water from the stack before the next operation.

4.2 Pickling Tank

After the initial cleaning, the angle stack is inserted into the pickling tank containing
the solution of dilute hydrochloric acid (HCl) with water. The dilute hydrochloric
acid (HCl) is commercially purchased which is further diluted with distilled water.
The dilute hydrochloric acid (HCl) with water performed the task of metal removal in
minute quantity along the sides of the punched holes after the punching operations.
The minute metal particles do usually stick to the side of the holes after the punching
operations. These particles if not removed may generate the unwanted obstacle in
the nut bolt fitting assembly. The duration of insertion of the angle stack within the
pickling tank depends upon the flange dimension and concentration of the solution.
In normal case, 3–4 pickling tanks with different concentration of dilute hydrochloric
acid (HCl) with water is used for different angle dimensions. The concentration of
the pickling tank is charged up after the series on insertion. The normal insertion
time in the pickling tank is 5–10 min. After the removal from the pickling tank,
the stack is now ready for the actual galvanizing process. As an alternative to or in
conjunctionwith pickling, this step can also be accomplished using abrasive cleaning
or air blasting sand, metallic shot, or grit onto the steel [8]. The various series of
pre-processing and galvanizing operations is depicted in Fig. 7.

4.3 Galvanizing Unit

The use of zinc is best suitable to prevent the oxide formation over the metal surface.
The process of application of a thin layer of zinc coating over the angled surface
is termed as hot-dip galvanization. The zinc bricks used for the galvanizing process
contains purity level of 99.995% with the melting temperature around 450 °C. The
angle stack after the pickling process is inserted into the hot bath of zinc to coat
the layer of zinc over the angle and plates for the higher durability in all seasons.
The zinc bricks are commercially purchased and top-up the concentration of the bath
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Fig. 7 Galvanizing process for angles and plates

after every five insertions. The average thickness of the zinc coating varies from 85 to
150 microns. The lower zinc coating will develop the inferior quality of the finished
product, while the higher zinc coating will lead to the loss of capital. The elcometer
is used to estimate the average thickness of zinc over the entire length of the channel.
The average duration of insertion varies from 5 to 15 min along with the thickness of
the flange. Excess zinc is removed by draining, vibrating, and/or centrifuging. The
metallurgical reaction will continue after withdrawal from the bath, as long as the
article remains near bath temperature. The angles are cooled either by immersion in
a passivation solution or water or by being left in open air [9].

4.4 Inspection

The last stage of the process, is inspection which is simple and quick. The two prop-
erties of the hot-dip galvanized coating carefully examined are coating thickness and
coating appearance. A very precise determination as to the quality of the galvanized
coating can be accomplished through a visual inspection of the material because zinc
will not reactwith unclean steel. A variety of simple physical and laboratory testsmay
also be performed to determine thickness, uniformity, adherence, and appearance to
ensure the coating is in compliance with specification requirements. The products
with lower surface coating can be further dipped to increase the thickness of zinc.
During inspection, cooling of product also takes place with either natural or forced
convection. The overall quality of the product can be checked after the galvanizing
process [10].

The galvanizing process is concluded with the cooling of the angles and plates
under natural convection followed by stacking as per the job order. The plates and
angles are stack with the batch size of 10/50/100 and deliver it to the dispatch section
for final delivery.
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5 Implementation of Total Quality Management

Total quality management is defined as a customer-oriented process and aims for
the uninterrupted improvement of business procedures. It certifies that all necessary
works are toward the common goals of improving product quality or service quality,
as well as enhancing the production process. In case of infrastructure engineering,
the total quality management can be implemented at a various level such as:

5.1 Commitment from the Management

● Plan: Planning is the most critical aspect of any production firm. In case of infras-
tructure engineering, planning of raw material requirement as per the purchase
order need to be planned carefully considering the reserve stock and inventory.

● Do: The management must motivate the employee by conducting a non-technical
workshop for work ethics, leadership, etc.

● Check: The management must do the continuous check and planning activities
are promptly followed by all the shop in charge and employees.

● Act: The management must act after attaining the check and feedback about the
planning activities performed prior to the actual production. The act may be in
terms of potential increment to the employee with due reward in position.

5.2 Employee Empowerment

● Training:Theprofessional training is to be conducted for all the staff and employee
as per their work schedule and workplace in the industry. This will enhance their
decision-making capacity with improved productivity.

● Excellence team: The team formation in each of the production unit must be
excellent with a good combination of the highly skilled, semi skilled and unskilled
workforce. This will ensure smooth functioning of all the sections in production
unit.

● Measurement and recognition: The measurement and recognition is an important
aspect as it ensures the tolerance band for the unacceptable products. This will
ensure that proper rework on the “rejected” products can be made “acceptable”
with proper re-machining of the products. This will boost the productivity of the
firm.

● Suggestion scheme: The proper suggestion scheme is to be implemented from the
employee/ staff members/workers once proper training and measurement tech-
niques are implemented. The appropriate modification in the action plan can be
implemented accordingly [11].
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5.3 Continuous Improvement

● Systematic measurement: For continuous quality improvement, systematic
measurement of errors is essential. The systematic measurement deals with the
exact reason for deviation in the quality from the desired level of satisfaction.

● Cross-functional process management: The proper action plan is to be work out
with suitable measures to eliminate or reduce the factors causing the variation in
the quality level at the different section of the production unit.

● Attain, maintain, and improve standards: With the slight improvement in the
quality of the product after the cross functioning, new height in the quality and
reduction of rejected products can be achieved with the reduction in the tolerance
limit in the machining of products. With the continuous improvement in the stan-
dards, the total quality management can be converted into the six-sigma approach,
due to very few rejected components.

5.4 Customer Focus

● Partnership with suppliers: In case of unforeseen circumstances, the partnership
with multiple suppliers and vendors is essential to reduce the burden on the sole
supplies.

● Service relationship with internal customers: The internal customers can be bene-
fitted by conducting a training program for staff members and employees. This
will ensure strong bond among different department which will boost the quality
and productivity of organization.

● Customer-driven standards: As the customer is the driving force in the current
century, the standard set by the customer must be adopted for market acceptability
of the product. Customer can also be included in the in-house training program
for the vital suggestions [12].

6 Benefits of Total Quality Management

The management aimed at achieving the objectives of the organization in most effec-
tive and cost-effectivemanner. Furthermore, management primarily focused on satis-
fying the needs and expectation of the customers, who is considered as the king in the
present market scenario [13, 14]. The way of managing the organization to achieve
excellent results in terms of productivity, market hold, and profit is defined as total
quality management. In other words, it can be quoted as:

Total—every single aspect.
Quality—degree of excellence.
Management—process of governing, organizing, planning and guiding towards
attainment of pre-define goals.
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A series of in-house training programs are required for the successful implemen-
tation of total quality management. Initially, such in-house workshops may affect the
productivity of the firm for the short span of time, but eventually boosts the produc-
tion in long run, once the employee realize the importance [15, 16]. However, due
to such on-going in-house and on-site training program with consistent incremental
changes in the operation process, some of the employee who prefer existing process
may develop a negative feeling of losing the job, due to inferior performance. The
strong support to employee and full dedication from the management is essential for
the successful implementation of Total Quality Management [17].

7 Conclusion

In the case of infrastructure engineering, the overall quality of the product can be
enhanced by improving the quality of the machining so as to produce the superior
quality of semi-finished goods. The total quality management can be implemented
by carefully analyzing the factors causing error in the fabrication of the angles and
plates [18]. The suitablemeasures in design and fabricationmethodsmust be adopted
to reduce the error that yields to the faulty products. Although 100% inspection is
not possible in case of the mass production, inspection policy designed by statistical
arrangement can reduce the number of faulty products. However, 100% inspection
of the products will consume significantly higher time that will reduce the overall
productivity of the firm. In addition, as per the requirement 100% inspection can
be carried out for the limited batch of products for the short duration. Once desired
standards are achieved, the inspection time is reduced in statistical way to boost
productivity [19]. The new way of random inspection can be implemented on trial
basis for the limited period to estimate the overall quality and production rate. In
case of the random inspection, the exact root cause of the error determination will
be difficult to examine. In short, the implementation of total quality management
will involve participation of all the stakeholders from raw material supplier to the
final customers [20]. After the adoption of the total quality management in small
steps, the inventory and the maintenance cost of the firm will also reduce due to
the efficient planning of the firm [21]. The overall profitability of the vendors will
also increase due to effective training and planning. Lastly, the implementation of
total quality management is ever-improving process with proper feedback, check,
and modification as and when required [22–24].
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Analysis of Rear Twist Beam Axle
to Evaluate Performance Parameters
for Passenger Vehicle Through Reverse
Engineering

Madan Mohan Joshi, Anand Baghel, and Chaitanya Sharma

Abstract The chapter discusses, the concept and key design factors of Rear Twist
Beam axle (RTB) and deals with the analysis of existing RTB axle (tubular cross
beam) through reverse engineering and to propose an alternate concept i.e. new
design, to achieve similar or better performance characteristics. The prime goal is
to achieve reduction in complexity without compromising the product performance
characteristics: stiffness and compliance. Proposed model G exhibits higher roll
stiffness characteristics and lower camber compliance than the tubular cross beam
profile.

Keywords Compliance · Rear twist beam axle · Reverse engineering · Stiffness

1 Introduction

In rear twist beam, the two trailing arms are interconnected with the cross member;
the cross member is positioned toward the vehicle front direction. The connection
of a RTB to vehicle body is done by two bushings. During parallel wheel travel, the
RTBmotion causes marginal variations in track, toe, and camber, behaving similarly
to a rigid axle. However, during an opposite wheel travel, the behavior is similar to
an independent suspension system [1].

Therefore, the rear twist beamsuspension is best known semi-independent suspen-
sion axle. Apart from the spring seats, dampers, or end plates in some cases, the rear
twist beam axle has the following distinctive parts shown in Fig. 1, that define the
particular properties of the concept [2]:
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Fig. 1 Key elements of the rear twist beam axle

1. Cross beam
2. Left and right trailing arms
3. Front mounting bushing or, the “A-bushing”.

During driving, the moments and forces applied to tire and wheel are taken by
RTB. The construction of RTB permits noise isolation and fine tuning of both, ride
quality and handling performance. Each component of RTB serve several functions,
not like multilink suspension links where every link has distinct purpose and control-
ling load directions. The following section briefly describes geometrical features and
function of cross beam and trailing arm of RTB.

1.1 Cross Beam

Cross beam provides distinct functional characteristics of RTB [3]. Classically, there
are two categories of cross beam:

(a) V- or U-shaped open section cross beam formed by stamping process of steel
sheet, and

(b) a hollow closed-section tubular cross beam formed by pressing a steel pipe;

The tubular cross beam is well known and can supplant numerous parts such as,
stabilizer bar and gussets. It has three different zones:

(i) a constant cross-section area or region (at center),
(ii) followed by transition zone (significant for stamping process),
(iii) and interface zone, to ensure the required structural characteristics, limiting

weldment stresses. Details of cross beam section are shown in Fig. 2.

A lot of design variables need to be calculated during preliminary design phase,
this is regardless of the relatively simple structure of a cross beam. For example, to
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Fig. 2 Cross section of cross beams

anticipate the impact of various design variables on performance of cross beam an
ADAMS analysis is utilized [4, 5] along with different Finite Element (FE) codes [6]
for making an allowance for studying the temporary deformation. Ansys software
was used to design, and analyze the adequacy and performance of each designed
component/system of battery powered environmental friendly Eco-Kart with a top
speed of 40 km per hour [7].

In any case, such analysis software furnishes equivalent outcomes with test infor-
mation [7, 8] the entire interaction is tedious, including the pre and post processing of
cross beam model. Likewise, it requires master abilities and comprehension. Hence,
a substitute effective method is required to obtain fast results, particularly during
preliminary design phase. Sugiura et al. [9], indigenously developed a worksheet in
MS Excel to determine reduced stiffness matrix from cross beam cross section and
afterward the toe and camber properties to be determined. Lyu et al. [10], portrayed
the cross member similar to the linkage of a lumped mass associated by nonlinear
twisting torsional springs that can be solved by non-linear analysis. Satchell [11],
postulated that the performance of cross beam in roll motion and semi trailing arm in
kinematic motion is comparable. This postulation permits to anticipate the stiffness
and compliance of RTB.
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For V-shape cross beam, Kang [8] suggested, as there is no analytical equation
available to compute torsional stiffness of V shape cross beam and also the rubber
bushing stiffness is not considered, therefore, FE software is required to compute
the torsional stiffness. Silveira et al [12], assessed the effect of cross beam on the
kinematic behavior of the rear twist beam axle by moving the cross beam to different
orientations and different positions along the trailing arm, as they can influence the
vehicle behavior while cornering. Evaluating the factor of cross beam position, it
is analyzed that closer the cross beam to mounting bush of the trailing arm, the
smaller is the variation of both camber and convergence. Though, these findings are
preliminary results, and needs further evaluation considering various parameters that
can influence cross beam: open and closed profile cross beam with variable profile
along the length, situation of symmetrical loading etc.

1.2 Trailing Arms

The rear trailing arms are connected to both the wheel carriers and are interconnected
to one another by a cross beam in a rigid manner forming “H-Shape” geometry.

Satchell [11] postulated, Trailing arms need to be strong enough to withstand
torsion & bending. It must support the weight of the vehicle through shock absorbers
mounted on it as well as the tension and compression forces generated between the
rearwheels and the chassis. It creates a strong reinforcement by connecting the axle to
the frame, stabilizing it against the longitudinal forces and keeping the rear wheels on
their correct axis. Since the axle moves up and down, the trailing arm also needs to be
hinged where it is connected to the chassis. This hinged, point of connection between
the trailing arm and the frame is where the rear trailing arm bushings are located. The
rear trailing arm bushings cushion and soften the movement of the rear suspension
while keeping the rear wheels on their correct axis.

1.2.1 Advantages of Rear Twist Beam Axle Over Independent
Suspension

(1) Simple design and minimal expense arrangement.
(2) When compared to other suspension, RTB has Only 2 mounting bushes having

reduced wear and tear.
(3) Simple in construction.
(4) Flawless compact packaging.
(5) Durable and optimal weight.



Analysis of Rear Twist BeamAxle to Evaluate Performance Parameters… 569

1.2.2 Disadvantages of Rear Twist Beam Axle Over Independent
Suspension

(1) Difficult to adjust (tune) roll stiffness.
(2) Camber compliance may be high.
(3) Camber characteristics are very limited.
(4) Basic toe vs lateral force characteristic is over steer.
(5) Due to long welds, it is prone to fatigue failures. Need a lot of development for

weldments to improve fatigue behaviour.
(6) Cross beam geometry need to be precisely optimized tomake sufficient package

room for exhaust and so on.
(7) Wheel alignment geometry is factory set and usually not adjustable. Deviation

of geometry from specifications/tolerances may result uneven tire wear or a bent
axle or compromised mounting points.

2 Interaction Between Design variables and Axle Properties

In the previous few years, extensive researches have addressed the concept of struc-
tural requirements (parameters), key design factors (performance) of rear twist beam
axles.

A number of researchers have conducted a range of analysis on this subject.
Bastow et al. [13] found that on comparison to other types of suspension systems,
RTB axles have a lot of benefits: optimal weight, ideal cost, and compact packaging.
The performance parameters of RTB are stiffness characteristics, kinematics and
compliances as well as durability. As shown in Fig. 3, these parameters are deter-
mined by design variables such as hard points, shape and the cross-section size of
components as well as the proper material selection. All performance parameters
are simultaneously influenced by design variables. Because of large number of vari-
ables, the interaction between variable and properties is extremely complex, enables
infinite concept potentials simultaneously.

On the contrary, the product optimization becomes challenging. The minor iter-
ation or revision of one input may affect another input. That is the critical test for
designing RTB’s [14].

Cross beam or torsion beam profile is the main part of the twist beam which
outlines the complete roll stiffness, compliances and weight. Therefore, cross beam
profile need to be observed first to accomplish efficiency on a twist beam suspension
(Table 1).

This chapter presents the design of new RTB to achieve:

(1) Similar or better performance characteristics.
(2) Reduction in complexity without compromising the product performance

characteristics such as stiffness and compliance.
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Fig. 3 Complex interactions between concept variables and axle properties

Table 1 The crossbeam profile classification

Cross beam profile type Profile Image

U-shaped open section

Open section with stabilizer bar

Tubular profile

Omega Profile

(3) Simple design and construction.

2.1 Performance Characteristics

To address the concept development of new RTB, following product performance
characteristics were chosen as targets: such as stiffness and compliance. Definitions
of some of the terms are given below:
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Fig. 4 Roll stiffness calculation

2.1.1 Roll Stiffness

The resistance offered by twist beam against the twisting moment is called as roll
stiffness. To calculate the roll stiffness, application of a fix displacement on the
wheel center, in anti-phase “z” direction and then calculating the reaction force and
roll angle (Fig. 4) [15].

Roll Stiffness(Nm/deg) = F ∗ T/θ

where
F = Reaction Force at Wheel Center (N)
T = Track width of the Twist beam (m)
θ = Roll Angle (°).

2.1.2 Camber Compliance

Camber compliance is the rotation of the end plate around X axis when load applied
at tire contact point in opposite directions.

2.1.3 Shear Centre

Shear center is the point on the beam cross section (or outside the beam cross
section), where if any load is applied and produce beam bending without torsion
or twisting. Loads applied anywhere other than the shear center will produce both
bending (moment) and twisting (torsion).

The kinematic behavior of RTB, is influenced by the shear center. Shear center
has a direct correlation to the roll steer of the vehicle. Reference Fig. 5 [15].
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Fig. 5 Shear center

Shear center of rear twist beam profile plays an important role for defining the
twist beam axle roll center, suspension roll is not produced when a lateral force is
applied in sprung mass at roll center point.

Vehicle’s roll axis can be derived when roll centers of both front and rear suspen-
sions are linked by a straight line, resulting the influence on vehicle’s roll angle
during cornering. While calculating the roll center, by keeping an account of axle
flexibility, and done through trajectory of center of a tire contact patch in opposite
wheel travel [16].

Thepoint in the transverse vertical plane through anypair ofwheel centers atwhich
lateral forces may be applied to the sprung mass without producing suspension roll
[17]. Subsequently, it’s height may be termed as “the height from hypothetical point
on the ground at which the normal vector for the curve of the tire contact intersects
at the center of the vehicle” [18].

Leal [19], reported that in today’s competitive and cost sensitive environment, rear
twist beam is the simplest design considering manufacturing process, representing
acceptable results when applied in small passenger cars. Even though the twist beam
suspension is widely used globally, there are very few studies related to this topic.
Most important component of rear twist beam axle is the cross beam.

Elements such as polar moment of inertia, neutral axis position, and moment of
inertia may vary the performance behavior of suspension. The shape and geometry
of the cross beam controls the parameters such as convergence and camber, vertical
reaction wheels, and radius of turn.

U, V, and C reversed are the most common profile of cross beam. Predomi-
nantly, these are used because of ease of manufacturing (forming, welding, and
assembly), and roll stiffness principally governed by sheet thickness of cross beam.
Finite element analysis of RTB reduces cost, time, and results in rapid development
[12].
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At present a lot of simulation software are available in market, to simulate high
nonlinearity events, quasi-static, or dynamic events. This is all possible due to the
development of multi-processor PCs that allows to perform high-complexity simu-
lations. Finite element method has been widely used during virtual design stages, to
have good correlations with experimental results [20].

The key outcomes of research background are stated under:

1. Main structural requirements (parameters) of RTB depends on selection of cross
beam and trailing arm section types and sizes.

2. The key design factors of cross beam are [21]

i. Cross beam orientation
ii. Cross beam section thickness
iii. Cross beam vertical position
iv. Cross beam longitudinal position.

3. The trailing arm type and cross-section definition is critical and it should be
strong enough to withstand torsion and bending.

2.2 Evaluation of Cross Beam Profiles

In Table 2, “+” sign denotes higher value compared to base, while “-” sign denotes
lower value compared to base. From the above evaluation, open sectionwith stabilizer
bar fits screening criteria but compromises with shear center criteria.

A lot of compromises need to be done for achieving designed performance require-
ments, therefore, evaluation of a new cross beam is necessary, which should meet all
requirements equal or better than the existing beam. Design is established by opti-
mizing the cross section, thickness and shape of the cross beam profile or trim
line.

3 Design Process

Different cross beam profiles were evaluated to the current tubular design of cross
beam rear twist beam axle. The current design of RTB was reverse engineered
and analyzed using FEA for stiffness and compliance, i.e., roll stiffness, camber
compliance, and shear center.

During the proposal of alternate concept (new design) the boundary conditions
and load cases are kept same for having comparable results (Fig. 6).
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Table 2 Evaluation of cross beam profiles

Torsion profile
type

Profile Image Roll stiffness
(kNm/deg)

Camber
compliance
(deg/KN)

Shear center
height

Remarks

Tubular profile base base base Base for
comparison

U-shaped open
section

−−− − − Low roll
stiffness

Open section
with stabilizer
bar

base base − Fits screening
criteria low
shear center

Omega profile − − ++ Low roll
stiffness and
high shear
center

4 Case Study

Before reaching to final design proposal, a detailed study of stiffness and compliance
characteristics is done, a design named as model G was recommended among the
various proposals. Model G design uses the cross sectional property of the tubular
cross beam profile for the performance characteristics, i.e., roll stiffness and shear
center adjustment (Fig. 7).

The shape of the cross beam profile trim line when viewed from front or back is
not a straight line but it varies as one goes closer to the center of the cross beam.
Furthermore, the cross beam shape is not uniform; cross beam profile at center is in
‘V’ shape and at the ends of ‘U’ shape. Figure below shows the new design concept
(Fig. 8).

Key characteristics of the new design concept of cross beam profile, is the use
of trim line for achieving the stiffness rather than the reducing the thickness of the
material.

It can be observed that for a given roll stiffness, model G profile provides better
utilization of material and cross beam with variable open cross-section profile shape
in different sectionswith stabilizer bar provides less compliances compared to tubular
cross beam.
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Fig. 6 Schematic approach for research methods

4.1 Comparison of Model G Cross Beam with Other Profiles

Table 2 is updated as Table 3: Model G is compared to other cross beam profiles
(Table 4).

From above result tables, it is noted that:

(1) The roll stiffness characteristics of Model G is higher than tubular profile and,
(2) The camber compliance is lower than the than the tubular cross beam profile.

Thus, Model G meets the screening criteria as well achieved better performance
characteristics.

Durability is a critical attribute of rear twist beam axle. It should be performed to
ensure that there is no significant durability issue in the proposed design component.

This can be done by using similar approach of comparing the benchmark model
against the new proposed design. Both the designs need to subjected to same
durability conditions in CAE and compared against.

Based on durability results, weight or manufacturing process optimization can be
done for new proposed design.
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Fig. 7 Comparison of new design cross beam profile for roll stiffness and camber compliance

Fig. 8 Model G cross beam profile

5 Conclusion

Reverse engineering along with FEM is suitable technique to analyze available cross
beam profiles. A lot of iterations are needed for achieving the performance require-
ments. The proposed design Model G met all requirements equal or better than the
existing rear twist beam axle.

(1) The new design is established by optimizing the cross section, thickness and
shape of the cross beam profile or trim line.

(2) U-Type cross beam with flanges is easier to tune compared to tubular cross
beam.

(3) Tube type cross beam has variable sections and difficult to tune.
(4) U-Type cross beam with flanges is having ease in manufacturing, less complex.
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Table 3 Complete table with addition of Model G

Torsion
profile type

Profile Image Roll
stiffness
(kNm/deg)

Camber
compliance
(deg/KN)

Shear
center
height

Remarks

Tubular
profile

Base Base Base Base for
comparison

U shaped
open section

−−− − − Low roll
stiffness

Open section
with
stabilizer bar

+ base − Fits
screening
criteria low
shear center

Omega
profile

− – ++ Low roll
stiffness and
high shear
center

Model G ++ − base Lower
camber
compliance
higher roll
stiffness
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Table 4 Result summary Performance characteristics Tubular profile Model G

Roll stiffness (kNm/deg) 0.45 0.52

Camber compliance (deg/kN) 0.17 0.16
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Effect of Tool Pin Features 
on Mechanical Properties of AA7050-T7 
Friction Stir Welded Joints 

Anugrah Singh, Vikas Upadhyay, and Joy Prakash Misra 

Abstract The joint quality and efficiency in friction stir welding extensively rely 
on tool geometry, including tool shoulder and pin features. Present research effort 
aimed to investigate the effect of threaded cylindrical and combined semi-cylindrical 
pin cross-section (each half of different diameters) features with swept ratios (SR) of 
1.01, 1.18, and 1.38, respectively, on AA7050-T7 butt-weld joint quality. Joint quality 
was scrutinized through tensile testing, microhardness measurements, and fractog-
raphy. Impressive tensile properties were detected for the tool with 1.01 SR value. 
Highest average microhardness value was evaluated for weld nugget using FSW tool 
having 1.38 SR value followed by SR values of 1.01 and 1.18. The fracture location 
of tensile specimens was witnessed at the nugget zone (NZ) for defected welds using 
tool pins having 1.18 and 1.38 SR values. Besides, fractured surfaces were examined 
through a scanning electron microscope (SEM) to evaluate the experimental outcome 
critically. 

Keywords Friction stir welding · Pin feature · Swept ratio ·Mechanical properties 
and fractography 

1 Introduction 

High strength 7xxx-series aluminum alloys exhibit low density, better tensile 
strength, good impact strength, and significant corrosion resistance properties [1]. 
Among various 7xxx-series alloys, commercially available AA7050 exhibits better 
toughness, good corrosion resistance, and less quench sensitive than AA7075; thus it 
found applications in fuselage frames, bulkheads, and wing skin applications [2]. The 
AA7050 is extensively used in the T7 (overaged) condition [3]. 7xxx-series alloys
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are particularly not fusion weldable due to porosity formation, brittle solidification 
products, and crack sensitivity in the joint region that significantly deteriorates the 
weld properties [4, 5]. For joining these high-strength aluminum alloys, friction stir 
welding (FSW) is an environmental-friendly, high potential and proven technique 
[6]. The FSW process generally results in significant weld profile development with 
better joint surface quality as compared to conventional fusion welding process [7]. 

During FSW, the movement of non-consumable tool generates frictional heat 
on abutting plate faces. Thus, the plasticized material flows under almost hydro-
static conditions around the tool pin as well as between the tool shoulder and work-
piece top surface [8]. Apart from other process parameters, tool design affects the 
plastic flow and heat generation within the weld region which significantly affects 
mechanical properties and defect formation [9, 10]. The tool design also affects 
axial, longitudinal, and lateral forces acting on tool surfaces [11, 12]. An efficient 
tool design promotes a more significant plastic flow, lowers defect density, and 
enhances mechanical properties of the FSW joint [13]. The FSW defects forma-
tion such as voids, tunnels, kissing bond, nugget collapse, excessive flash, surface 
grooves, surface galling, lack of fusion, and lack of penetration are directly concerned 
to a list of welding parameters that includes tool design features, rotational speed 
(RS), welding speed (WS), plunge depth, tool tilt angle, and axial load [14]. The 
formation of defects in friction stir welded joints such as voids, pinholes, tunnel, a 
zigzag line, cracks, piping defect, and flash are caused by improper material flow 
and insufficient material consolidation in weld nugget [15, 16]. Trimble et al. [17] 
emphasized new tool feature development as the most critical FSW research area. The 
same lowers the force required to stir the material, reduces cost-relevant energy, and 
advantageously permits high WS with lower thermal cycles. The FSW tool imparts 
a vital role during the solid-state welding process and needs to be regularly updated 
for improved process and quality efficiency [18]. In general, FSW tool designs needs 
to be regularly updated on trial and error basis for adequate FSW joint properties. 

The tool pin profile is the most crucial factor in determining weld geometry, 
stirring action, relocation of stirred materials, localized heating, and defect generation 
[15, 19, 20]. Thomas et al. [21] reviewed that cylindrical threaded tool pin was 
adequate for butt welding for 12 mm thick aluminum alloy plates. Upon employing 
cylindrical threaded pin feature, Alvarez et al. [22] reported formation of defects in 
weld nugget as the entrapped material within the thread feature hinders the cavity 
filling process. To assure better material intermixing, a greater path for material flow 
may be generated by a suitable tool with a higher SR value that requires reducing the 
tool pin static volume. The tool pin shape may comprise different forms or features 
(i.e. flutes, flats, and steps) in place of typically employed cylindrical threaded tools 
[23, 24]. Among these, flat face tool pins (such as square and triangle) were sometimes 
eccentricity associated with permitting in-compressed material flow around the tool 
pin [18, 19]. 

During FSW of AA7075-T6, Azimzadegan and Serajzadeh [25] noted tunnel or 
wormhole defects due to velocity field discontinuities around the FSW tool while a 
sound weld was produced at an optimum parameter combination of 1300 rpm RS 
and 40 mm/min WS. Bisadi et al. [26] investigated the effect of square, triangle and
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Table 1 Elemental composition and mechanical properties of AA7050 

Materials Elemental composition (wt%) Mechanical properties 

Si Cu Mg Zn Mn Fe Ti Zr Cr Sc Al UTS 
(MPa) 

El 
(%) 

Hardness 
(HV) 

AA7050 0.1 2.1 2.0 6.0 0.1 0.03 0.12 0.13 0.04 0.07 Bal 521.67 18.5 155 

cylindrical tool pin shape with 6º concave shoulder feature during plunge stage in 
FSW of AA7075 at fixed process parameter combination of 1100 rpm RS, 0.1 mm/s 
plunge speed and 4° tool tilt angle. It was reported that friction was most influential 
factor in determining temperature around the pin compared to plastic deformation. 
The material transfer behavior of the thermo-mechanical affected zone (TMAZ) 
during AA7075-T6 FSW process was studied by Ji et al. [27]. The maximum mate-
rial transfer displacement occurred in the middle of weld cross-section toward the 
retreating side. However, the tendency related to the displacement of material transfer 
decreases with increasing RS and decreasing WS. 

Through extensive literature review, it was observed that only a few literature 
reported on effect of tool pin features during FSW of 7xxx series aluminum alloys. 
The present work focuses the effect of tool pin features on mechanical properties of 
friction stir welds of AA7050-T7. 

2 Experimental Methods 

Aluminum alloy 7050-T7 plates of 6.35 mm thickness were friction stir welded in 
rectangular butt-joint configuration (145 × 100 × 6.35 mm3). The elemental compo-
sition and mechanical properties (such as ultimate tensile strength, UTS; percentage 
elongation; and hardness) of AA7050-T7 were enlisted in Table 1. 

Three FSW tools with different pin features were shaped from 20 mm diameter 
H13 grade steel rod with 6º concave shoulder feature of diameter 18 mm. The right 
hand cylindrical threaded pin profile (M6 × 1) with 6 mm diameter swept volume 
was designated as Tool 1. Two new FSW tool pins with combined cross-sections 
of two semi-cylinder having different diameters were shaped by electric discharge 
machining and designated as Tool 2 (Combined semi-cylindrical cross-section with 
each half diameter of 6 mm and 5 mm) and Tool 3 (Combined semi-cylindrical cross-
section with each half diameters of 6 mm and 4 mm). The fabricated tools were then 
heat treated to improve their hardness, as shown in Fig. 1.

As there is no such pulsating action for cylindrical threaded and newly designed 
tool pin profiles, FSW tools were compared through SR value. The SR value of FSW 
tools was evaluated for the pin height of 6 mm, Table 2.
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Fig. 1 FSW tools with different pin cross-sections: a Tool 1, b Tool 2, and c Tool 3

Table 2 SR ratio of different FSW tools 

FSW tools Dynamic volume Static volume SR (ratio of dynamic to static 
volume) 

Dynamic orbit 

Tool 1 169.65 167.18 1.01 

Tool 2 169.65 143.73 1.18 

Tool 3 169.65 122.52 1.38 

FSW of AA7050-T7 was performed at fixed welding parameters with 0º tool tilt 
angle, WS of 120 mm/min and RS of 1200 rpm on vertical CNC (computer numerical 
control) milling machine (Make: Manford VL760 model). The tool was traversed 
perpendicular to rolling direction of the parent material. Transverse tensile (ASTM E8 
M-13 standard) and metallographic samples were sectioned from each weld through 
a wire-electric discharge machine (Fig. 2). The tensile testing was performed on 
a universal testing machine (Make: Tinius Olsen H50KS model) with 1 mm/min 
cross-head speed. Metallographic samples were prepared through standard polishing 
procedure. Polished samples were then etched with Kellers’ reagent (a solution of 
3 ml nitric acid, 6 ml hydrochloric acid, 6 ml hydrofluoric acid, and 190 ml distilled 
water) for 50 s. Hardness of the joint region was recorded along the mid-thickness 
line of polished surface with 1 mm gap between two successive indents by diamond
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Fig. 2 Schematic representation of friction stir weld and testing sample 

indenter on a microhardness tester instrument (Make: UHL VMHT model) operated 
at 100 gf applied load for 30 s dwell time. 

3 Results and Discussions 

The visuals of weld top surface and transverse cross sections for joints fabricated 
using different FSW tools were enlisted in Table 3. FSW joints fabricated from Tool 
1 has smooth top surface finish as compared to welds made by Tool 2 and Tool 3. 
However, large amount of flash was generated during FSW by Tool 2 than others. 
This new tool design induces high deformation that causes most materials to flow 
out and insufficient material stirred at the bottom part. It was previously reported 
that weld quality relies on the deformation ability and material around the FSW tool 
[28]. Although, a small amount of flash was observed on the weld top surface during 
FSW by Tool 3.

The transverse weld cross-section comprises distinct metallographic regions based 
on heat generation and material flow during the FSW process; thus, the shape and size 
of the weld nugget changed with increasing SR ratio. In NZ, the pin-driven zone shape 
strongly depends on pin geometry [29]. Through macrostructure, a wide shoulder 
affected region was observed in Tool 3 weld than others. The decrement in pin tip 
surface area overall through the pin lateral surface area causes increased contact 
surface area of shoulder to the weldments that reflect as wide shoulder interacted 
part in transverse weld cross-section [26]. 

The defect-free weld was obtained in FSW using a threaded tool pin. FSW with 
Tool 3 resulted in micro-void on the weld transverse cross section, whereas FSW 
with Tool 2 resulted in macrovoids caused by improper mixing of material at the 
weld bottom part (Fig. 3). The insufficient availability of material at the bottom 
side during weld fabrication with Tool 2 caused the coalescence of macro-voids. It 
was observed that defect size in friction stir welds gets reduced by increasing tool 
interference with the weldments due to better interaction. Additionally, the adequate 
flow path is provided due to higher swept-to-static volume ratio [19].
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Table 3 a Photograph of weld top surface. b Photograph of weld transverse cross-sections 

(a) 

Weld fabricated with Weld joints 

Tool 1 (SR = 1.01) 

Tool 2 (SR = 1.18) 

Tool 3 (SR = 1.38) 

(b) 

Weld fabricated with Macrostructure 

Tool 1 (SR = 1.01) 

Tool 2 (SR = 1.18 

Tool 3 (SR = 1.38)

Fig. 3 Enlarged view of weld defects with: a Tool 2 and b Tool 3
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3.1 Tensile Properties 

The variation in tensile properties for welds using different tool pin profiles was 
shown in Fig. 4. The highest UTS value was obtained as 405 MPa for weld joint 
using Tool 1 followed by 299 MPa for Tool 3, and 276.5 MPa for Tool 2. Also, 
the highest elongation value of 8.81% was evaluated for weld joint using Tool 1, 
followed by 6.05% in the case of Tool 3 and 5.77% for Tool 2. It was observed 
that tensile properties decrease with increasing SR value from 1.01 to 1.18 due to 
improper mixing of materials causing macro defects in weld nugget produced by 
Tool 2. However, a further increase in SR value from 1.18 to 1.38 shows a marginal 
increment in tensile properties due to a low tendency for defect formation. FSW tool 
with high eccentricity or SR value produces more effective stirring or mixing action 
and significantly reduces voids formation [19, 24]. Overall, a decreasing-increasing 
trend was observed in tensile properties of AA7050-T7 friction stir welds using 
different tool pin features with increasing SR value from 1.01 to 1.38. 

The highest joint strength and elongation efficiency were evaluated as 77.63% and 
47.62%, respectively, for FSW joint using Tool 1. Moreover, the joint strength and 
elongation efficiency of Tool 3 weld samples were calculated as 57.32% and 32.70%, 
respectively. The lowest joint strength and elongation efficiencies were 53% and 
31.19%, respectively, for welded joint using Tool 2. The joint efficiency of 50% was 
obtained through fusion welding of AA7075-T6 [16]. Thus, the newly introduced 
design tool pin feature shows a marginal advantage over the fusion welding process 
and maybe modified further for better results.

Fig. 4 Variation in tensile properties of welded joint by different FSW tools 
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Fig. 5 Variation in vickers microhardness in the welded joint using different tool pin profiles 

3.2 Microhardness 

Microhardness variation at different locations across the mid-thickness line of the 
welded region using different tool pin profiles was plotted and shown in Fig. 5. 

The W-shaped microhardness profile was observed for all welds as the minimum 
hardness value lies between the hardness of NZ and unaffected parent material with 
the lower respective value. Highest average microhardness value of 152.14 HV was 
evaluated for welded region produced by Tool 3, having a higher SR value followed by 
149.57 HV for Tool 1 and 149.29 HV for Tool 2. Thus, a lower average microhardness 
value was noted for developed weld regions of FSW joints in comparative to 155 HV 
hardness of base metal. For increased SR value from 1.18 to 1.38, better intermixing 
materials with a few micro defects in NZ reflect a higher average microhardness 
value. A similar observation was obtained for friction stir welds fabricated using 
tool having higher SR values as they exhibit higher nugget microhardness values 
[19]. 

3.3 Fractography 

In tested tensile samples, fracture locations were measured along the mid-thickness 
line from the joint center (intersection of joint line and mid-thickness line) of fractured 
samples and are presented in Table 4. The defect-free transverse tensile specimens of
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Table 4 Fracture position in FSW welded tensile specimen 

Samples 
welded 
with 

Tensile tested specimens Fracture 

Advancing side Retreating side Location 
(mm) 

Zone 

Tool 1 
(SR = 
1.01) 

3.42 NZ-TMAZ 

Tool 2 
(SR = 
1.18) 

Defect NZ 

Tool 3 
(SR = 
1.38) 

Defect NZ 

weld using Tool 1 were fractured at 3.42 mm toward the advancing side due to hard 
second phase particles that were most favorable for crack initiation. However, the 
tensile specimens of defected weld samples fabricated with Tool 2 and Tool 3 were 
fractured with zigzag patterns originating from defect location. The welded tensile 
samples of Tool 3 showing micro defects get fractured from retreating side unlike 
others. 

SEM images of fractured surface reveal the presence of fine microscopic voids 
with torn edges for Tool 3 welds, while transgranular brittle behavior with erratic 
fracture section was observed for Tool 2 weld (Fig. 6b, c). The presence of torn edges 
with fine dimples on exposed fracture surface reflects more ductile behavior for FSW 
joint due to capability to sustain tensile load after micro-void coalescence starts [30]. 
However, mixed river patterns with fine dimples were observed for Tool 1 fabricated 
weld joint (Fig. 6a).

4 Conclusion 

In this work, a comparative analysis was carried out for a similar FSW of AA7050-T7 
using three different tool pin features at fixed welding parameters. With increased 
SR value, the broadest joint area was observed for Tool 3 than others due to strong 
stirring and high frictional heat generation. The highest joint strength and elongation 
efficiency were evaluated for the FSW joint using Tool 1 (SR-1.01), followed by Tool 
3 (SR-1.38) and Tool 2 (SR-1.18). Meanwhile, the highest average microhardness 
value of 152.14 HV was evaluated for the Tool 3 welded region, followed by 149.57



590 A. Singh et al.

Fig. 6 SEM fractography of fractured surfaces for welds fabricated by: a Tool 1, b Tool 2, and c 
Tool 3

HV in the case of Tool 1 and 149.29 HV for Tool 2 weld joint region. Compared to 
weld using Tool 2, the increased UTS, elongation, and average microhardness value 
for weld of Tool 3 with fewer defects emphasized that further design modifications 
may result in improved and significant weld joint properties. 
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Damage Detection Using Recurrent 
Neural Network in Hybrid Composite 
Beam 

Saritprava Sahoo and Pankaj Charan Jena 

Abstract Structure health condition monitoring is better controlled by using the 
vibrational characteristic of damage detection; this is a quiet smart technique. In the 
present research, an inverse technique based on Recurrent Neural Networks (RNNs) 
has been presented for damage detection. Estimation of the crack location and depth 
in a graphene fiber reinforced polymer (GFRP) cantilever composite beam structure 
is formulated as a development of the problem; the optimum location and depth are 
found by reducing the objective function. The crack is determined by the imple-
mentation of the Recurrent Neural Network (RNN). The natural frequencies of a 
damaged beam are determined analytically using the finite element method (FEM). 
The optimization algorithm is programmed in MATLAB. The approach reduces the 
variations between the actual and predicted frequencies to determine the location 
and severity of the cracked GFRP cantilever beam. The method is verified using 
finite element analysis (FEA) measured data on a GFRP cantilever composite beam 
under consideration. The Fourier transform is used to develop frequency accuracy. 
The results show better accuracy in the projected technique. 

Keywords Crack detection · Vibration analysis · GFRP · FEM. RNN 

1 Introduction 

Composite materials are becoming more prevalent in the aerospace industry due to 
their various advantages, such as their high strength, lightweight, and mechanical 
flexibility. The goal of this field is to develop effective methods and techniques 
that can detect and locate the location and severity of structural damage caused by 
vibration. Various studies have been performed in order to find a way to identify the 
damage caused by a structure. The objective of these investigations is to find a way 
to prevent or minimize the damage. A smart method for monitoring a structure’s
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condition is the use of the vibration signature. This method is usually used to detect 
damage caused by a moving component. In this paper, damage detection through 
Recurrent Neural Networks (RNN) has been proposed. 

The early detection of structural cracks is very important to maintain the stability 
and dynamic behavior of the structures. In the past, the use of artificial neural 
networks for fault analysis has been widely used. The researchers analyzed various 
variable factors that affect the strength of a composite structure with an edge crack 
[1]. They developed a technique for identifying damage by implementing the process 
of factors associated with the natural frequency of the beam structure [2]. Using 
variations in natural frequencies and amplitudes of frequency response functions, 
they developed a damage detection technique for structural components [3]. They 
have investigated the impact of free vibration on the dynamic properties of epoxy-
glass composite beams, and various crack locations and depths may affect the natural 
curvature of the beam [4, 5]. It has been shown that Elman’s recurrent neural network 
can identify problems in nuclear power plants and rotating machine structures, 
according to Seker et al. [6]. Malhi and Gao employed recurrent neural networks 
to predict machine monitoring conditions [7]. Lee et al. developed a neural network 
technique for damage diagnosis in a bridge structure based on modal characteris-
tics and taking baseline finite element model errors into consideration [8]. Yeung 
and Smith created a bridge-like structural damage detection method based on neural 
network ideas for pattern identification of the vibration signature and simulated real 
damage and then evaluating the structural response to conditions of moving traffic 
[9]. Bu et al. developed an innovative idea for calculating the bridge position based on 
a traversing vehicle’s behavior. Elman’s recurrent neural network has been applied in 
several comparative experimental studies by Hu and Balasubramaniam [10]. Ekici 
et al. employed Elman’s recurrent network (ERN) to determine the location of a 
transmission line fault [11]. To identify structural damage in a bridge structure, 
the artificial neural network approach was used [12, 13]. Coban presented a new 
context layer for recurrent neural networks based on an Adaptive Learning rate algo-
rithm [14]. Using the function of frequency response, they developed an artificial 
neural network-based approach for identifying damage in a structure [15]. Kourehli 
presented a technique to estimate the damage caused by an ANN and its location 
[16]. 

Many works on the subject of damage locations in geometric structures are based 
on the concept of ANN. However, the effects of non-homogeneity on the composite 
materials are still being studied. Most damage detection techniques involve the use of 
measures of structural responses to predict damage. Using RNN concepts to identify 
damage in structural dynamics concerns is rare in the literature. RNNs are superior to 
ANNs in terms of their ability to provide explicit model memory and to identify inter-
tended dependencies. In this paper, the RNN technique is presented as a reversed 
approach for identifying the locations and determining the severity of cracks by 
dynamic excitation of the beam. ANSYS 14.0 is used to find the three relative natural 
frequencies for GFRP cantilever cracked beams with different crack parameters with 
20 samples. The input relative natural frequency in RNN using MATLAB 2016a 
code-language to find the crack locations and depth is optimized.
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2 The Basic Form of RNN 

An RNN is an improved type of artificial neural network that consists of three 
multiple layers: input, hidden, and output. There are two differences, hence, as 
compared to the traditional networks: (i) The RNN nodes in the same hidden layer 
are connected. (ii) The present inputs of the hidden layer include both the present 
outputs of the input layer and the previous outputs of the hidden layer [17]. The 
fundamental architecture of RNN is shown in Fig. 1. This structure allows an RNN 
to study the temporal dynamic behavior of a time series. It can also be used to model 
the patterns of the current step. 

Calculating Formula for Current State 

ht = f (ht−1, xt ) (1) 

Formula for Activation Function (tanh) 

ht = tanh(Whhht−1 + Wxhxt ) (2) 

Output calculation formula 

yt = Whyht (3) 

ht The current state 
ht−1 The Previous state 
xt The Input state 
Whh The weight of a recurrent neuron 
Wxh Weight at the input neuron 
yt The Output 
Why The weight at the output layer

Fig. 1 Architecture of recurrent neural network 
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3 The Finite Element Technique (ANSYS) 

The present study used ANSYS 14.0 to determine the natural frequencies and mode 
shapes of a GFRP beam. E-glass fiber is employed as reinforcement, while epoxy 
resins are used as bases in the fabrication of the beam [18]. Table 1 provides a list 
of the material properties. The finite element technique (FET) is implemented with 
ANSYS 14.0 to analyze the natural frequencies and mode shapes of a fiber reinforced 
polymer composite beam in the present research work. A beam with a dimension 
of 600 × 50 × 6 mm, as shown in Fig. 2. For modal analysis, 8 nodded solid brick 
185 components are used to represent the structure. It is designed to use a total of 
twelve layers of reinforcement. Different cracks are located at various depths (i) are 
developed in various locations (ii) and the cantilever beam end condition, the modal 
parameters are analyzed. Figure 3 presents the FEA beam model and the first three 
mode-shapes of an un-cracked beam [19]. Figure 3b–d presents the first three mode 
shapes of an unbroken beam, whereas the first three natural frequencies of a cracked 
beam, as shown in Table 2. 

Table 1 Epoxy and glass fiber have mechanical properties [18] 

Properties Glass fiber Epoxy 

Elasticity modulus (GPa) 80 2.4 

Shear modulus (GPa) 3 0.895 

Density (kg/m3) 2600 1350 

Poisson ratio 0.32 0.34 

Fig. 2 Double cracked FRP cantilever beam
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Fig. 3 ANSYS results. a layered beam, b first mode-shape c second mode-shape, d third mode-
shape [18] 

Table 2 The results of finite element analysis (FEA) on a cracked beam 

Data No. rfnf rsnf rtnf l1 l2 a1 a2 

1 0.847555 0.850021 0.849465 0.166 0.333 0.3 0.2 

2 0.843949 0.844243 0.845923 0.166 0.416 0.1 0.2 

3 0.837189 0.833774 0.839686 0.166 0.416 0.2 0.4 

4 0.82612 0.817505 0.830215 0.166 0.416 0.4 0.3 

5 0.808251 0.793369 0.816817 0.166 0.5 0.1 0.4 

6 0.847555 0.850021 0.849465 0.166 0.5 0.4 0.1 

7 0.835227 0.844136 0.843536 0.166 0.5 0.4 0.4 

8 0.828678 0.833625 0.837453 0.166 0.5 0.5 0.4 

9 0.817928 0.817292 0.82829 0.166 0.66 0.1 0.2 

10 0.800575 0.793049 0.8152 0.166 0.66 0.5 0.4 

11 0.82262 0.849744 0.842381 0.333 0.66 0.2 0.2 

12 0.819319 0.843923 0.839147 0.333 0.66 0.2 0.3 

13 0.813129 0.833348 0.833449 0.333 0.66 0.4 0.1 

14 0.802988 0.816908 0.824748 0.333 0.66 0.5 0.1 

15 0.78655 0.792431 0.812274 0.416 0.66 0.1 0.1 

16 0.847555 0.850021 0.849465 0.416 0.66 0.2 0.3 

17 0.843949 0.844243 0.845923 0.416 0.66 0.2 0.4 

18 0.837189 0.833774 0.839686 0.416 0.66 0.3 0.4 

19 0.82612 0.817505 0.830215 0.5 0.66 0.1 0.3 

20 0.808251 0.793369 0.816817 0.5 0.66 0.2 0.3
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4 Result 

The prevention of cracks in structures is essential in order to prevent a dangerous 
failure or accident. The presence of multiple cracks increases the chance of early 
breakdown of the structures. In order to avoid structural failures, it is critical that they 
are diagnosed and treated. In this article, the data is trained into the recurrent neural 
network, and the outputs are obtained as a result. ANSYS 14.0 is used to determine 
the first three non-dimensional natural frequencies of a GFRP cantilever cracked 
beam for different crack locations and depths. The MATLAB R2016a software tool 
that uses multi-layer direction has been developed for a recurrent neural network with 
a multi-hidden layer back propagation method used to predict the crack location and 
depth. The first, second, and third relative natural frequencies are denoted by the 
abbreviations rfnf , rsnf , and rtnf , respectively. Using Tables 3 and 4, it was observed 
that there was very less difference between the analysis and the RNN outputs in 
terms of the position and severity of the double cracks in the GFRP cantilever beam. 
These are obtained from Eq. 4. 

rn  f  = wnc 

wunc 
(4)

where wunc and wnc denote the first three natural frequencies of cracked and un-
cracked composite beams, respectively. The input parameters are the first three rela-
tive natural frequencies are (rfnf, rsnf, and rtnf); the output parameters are relative 
length (l1 and l2) and relative depth (a1 and a2). 

The performance function is the mean square error (MSE), and the activation 
function (tanh). Table 1 provides the input parameters required for data testing. The 
recurrent neural network is trained using the data from Table 1, and the outputs are 
predicted based on the testing data. Comparison of crack locations (l1, l2) and crack 
depth (a1, a2) of FEA and RNN results as shown in Tables 3 and 4. In this article, the 
first three relative natural frequencies are taken from the GFRP cracked cantilever 
beam. Equation (5) is used to determine the absolute error (AE) (Fig. 4). 

AE = [FEA result − RNN result] 
FEA result 

(5) 

The Fig. 5a, b indicate that the projected curve is in excellent agreement with the 
observed curve. Figure 5a, b also confirm the result of Table 3. 

Figure 6 shows the regression analysis of RNN training, validation, and test data, 
which indicates good agreement with a minimum error (less than 2%) to the FEA 
results.
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Table 3 Error calculation of crack locations (l1, l2) 

Data. No. l1(FEA) l1(RNN) Error l2(FEA) l2(RNN) Error 

1 0.166 0.17003 − 0.0243 0.333 0.32751 0.01647 

2 0.166 0.16606 − 0.0004 0.333 0.34292 − 0.0298 
3 0.166 0.16421 0.01079 0.333 0.33938 − 0.0192 
4 0.166 0.16892 − 0.0176 0.333 0.33173 0.00381 

5 0.166 0.1731 − 0.0428 0.416 0.40603 0.02397 

6 0.166 0.15874 0.04373 0.416 0.41607 − 0.0002 
7 0.166 0.16692 − 0.0055 0.416 0.41211 0.00935 

8 0.166 0.16368 0.01395 0.416 0.41435 0.00396 

9 0.166 0.16895 − 0.0178 0.5 0.49455 0.01089 

10 0.166 0.15575 0.06178 0.5 0.50925 − 0.0185 
11 0.166 0.1635 0.01506 0.5 0.4945 0.011 

12 0.166 0.15996 0.0364 0.66 0.65511 0.00741 

13 0.166 0.1582 0.04701 0.66 0.67124 − 0.017 
14 0.166 0.16011 0.03548 0.66 0.66818 − 0.0124 
15 0.333 0.33593 − 0.0088 0.66 0.66323 − 0.0049 
16 0.333 0.33664 − 0.0109 0.66 0.66195 − 0.003 
17 0.333 0.33712 − 0.0124 0.66 0.66121 − 0.0018 
18 0.333 0.34071 − 0.0232 0.66 0.65545 0.00689 

19 0.333 0.33444 − 0.0043 0.66 0.66185 − 0.0028 
20 0.333 0.34249 − 0.0285 0.66 0.65766 0.00355

5 Conclusion 

The natural frequency of a cracked beam is determined using the Euler’s equation 
and its natural shapes and mode are obtained at different crack locations. The finite 
element analysis results are compared with the results obtained from the recurrent 
neural network algorithm. The natural frequencies of the cracked beams are trained 
in the Feed-Forward Neural Network. Figure 4a, b, it can be shown that there is a 
high correlation between the predicted curve and the actual curve.

● In Table 4, it can be observed that there is a maximum error percentage of less 
than 2% between the actual (FEA) and predicted (RNN) results, which proves that 
the RNN is well-suited to predicting the crack parameters of an FRP cantilever 
cracked beam.

● The average error percentage between the FEA and ANN outputs is for depth a1 
= 2.7803e-04 and a2 = 7.8924e-07, and for crack location is l1 = 2.7803e-04 
and l2 = 3.4277e-05. 
The crack location and crack depth parameters are calculated through RNN and 

ANSYS. This research concludes the following:
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Table 4 Calculation of crack depth (a1, a2) error 

Data. No. a1(FEA) a1(RNN) Error a2(FEA) a2(RNN) Error 

1 0.1 0.12694 − 0.2694 0.3 0.30051 − 0.0017 
2 0.2 0.19354 0.03228 0.1 0.10033 − 0.0033 
3 0.2 0.20061 − 0.003 0.5 0.50051 − 0.001 
4 0.3 0.29864 0.00453 0.2 0.1998 0.001 

5 0.1 0.09028 0.09719 0.5 0.49862 0.00277 

6 0.4 0.41702 − 0.0426 0.3 0.30031 − 0.001 
7 0.4 0.39702 0.00744 0.5 0.49994 0.00012 

8 0.5 0.49506 0.00987 0.2 0.20101 − 0.0051 
9 0.2 0.18975 0.05127 0.2 0.1999 0.00052 

10 0.3 0.2853 0.04901 0.1 0.09959 0.00408 

11 0.3 0.31395 − 0.0465 0.3 0.29951 0.00162 

12 0.1 0.135 − 0.35 0.2 0.19872 0.0064 

13 0.2 0.16722 0.1639 0.3 0.29987 0.00042 

14 0.3 0.29219 0.02603 0.4 0.40262 − 0.0066 
15 0.1 0.06923 0.30773 0.3 0.30125 − 0.0042 
16 0.2 0.17972 0.10141 0.3 0.30063 − 0.0021 
17 0.3 0.28752 0.04159 0.2 0.19973 0.00135 

18 0.4 0.41057 − 0.0264 0.3 0.29992 0.00025 

19 0.4 0.41181 − 0.0295 0.5 0.49941 0.00118 

20 0.5 0.50328 − 0.0066 0.3 0.2998 0.00065

Fig. 4 Comparison of crack locations (l1, l2) test data
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Fig. 5 Comparison of crack depth (a1, a2) test data 

Fig. 6 The regression analysis
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● The maximum error percentage between the RNN and FEA results is less than 
2%, as shown in the FEA results, indicating that the data is in excellent agreement 
with each other.

● RNN should be used to identify defects in machine components and predict 
damage in metallic and composite structures. 
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Analysis of the Tribological Behaviours 
of the Surfaces of Stainless Steel 
and Inconel 718 Against Each Other 
Under Non-lubricated Conditions 

Khush Khanna, Sushant Bansal, Roop Lal, and Ramakant Rana 

Abstract This paper entirely focuses on obtaining the experimental analytical result 
of the tribological behaviour of the surface of the test specimens, of the mate-
rials chosen, i.e. Inconel 718 and stainless steel, which were in continuous contact 
throughout the sliding motion. Inconel 718 is a nickel–chromium-molybdenum alloy 
that is highly corrosion resistant. It also exhibits high yield strength, tensile strength, 
and creep resistance. It is used in various places ranging from aerospace to nuclear 
reactors and gas turbines. In this paper, we perform tribological testing on Inconel 718 
by using a pin-on-disc method. Inconel 718 pins are used along with a stainless steel 
disc. L8 orthogonal array was used for setting up the experimentation parameters. 

Keywords Inconel 718 · Tribology ·Wear · Dry sliding 

1 Introduction 

Inconel is a nickel–chromium-based super-4 alloy that offers high corrosion resis-
tance. It can retain strength at high temperatures and is resistant to creep, therefore it 
is suitable for use in high temperature and pressure environments [1–4]. It is used in 
gas turbine blades, seals and turbocharger rotors and seals, it also finds applications 
in heat exchanger tubings, etc. 

Inconel 718 is an alloy in the Inconel family and it also goes by its common trade 
names like Nicrofer 5219, Superimphy 718, Haynes 718, etc. [5–9]. 

Inconel 718 contains 50–55% Ni, 17- 21% Cr, 2.8–0.3% Mo, 4.75–5.5% Nb&Ta, 
< 1% Co and a few other elements in small quantities. It balances the rest with Fe. 
Inconel 718 is age-hardened and is therefore machined by an aggressive slow cut 
using a hard tool, with minimal number of passes [8–13].
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There has been some work conducted in improving the tribological properties of 
Inconel 718 already. Xiao et al. [4] used graphene nanopellets to create an Inconel 
graphene composite. Selective layer melting was used to create the composites and 
it was found that at 1% Graphene Nanopellets, the coefficient of friction decreases 
by 22.4% and decreases the wear rate by 66.8%. Wan et al. [3] performed plasma 
nitriding of Inconel 718 at different temperatures, different treatment times, and 
different compositions of N2 and H2. They found that the coefficient of friction can 
reduce about 3.7 times, but there is a formation of surface cracks which can lead 
to detachment of sliding layer after prolonged sliding use. Sun et al. [5] used cold 
sprayed Inconel 718 coatings in an attempt to enhance tribological properties and 
found that wear rate decreases at high temperatures due to a glaze layer being formed 
which acts a protection. It was also found that the coefficient of friction decreases 
at high temperatures because the breakage of oxides provided a debris that acted 
as a lubricant thereby reducing friction. Kurzynowski et al. [1] studied the wear 
behaviour of Inconel 718 laser surface alloyed with Rhenium at 14% and 28%. It 
was found that alloying with 28% rhenium gives 82% less sliding wear rate. The 
surface in contact at the time of sliding against each other have different outcomes 
on the material pertaining to the physical conditions such as the lubrication at the 
area of contact. So, not having any lubrication will have quite varying results too 
which are taken into consideration here [14–19]. 

2 Materials and Specimen Preparation 

2.1 Disc 

A stainless steel disc of Diameter 10 cm and thickness 1 cm was prepared by the 
process of by the process of WEDM. After the plated of required dimensions were 
cut, circular grooves were made by drilling in it [18–23]. On obtaining the required 
specimen the surface was smoothened out using a surface grinder. 

2.2 Pins 

The pins were prepared from a cylindrical rod of the selected material, i.e. INCONEL 
718. The specimens were made in a cylindrical shape, by the process of WEDM 
having a diameter of 12 mm and height being 15 mm. The pin surface, which was to 
be used as the contact surface, was then smoothed by the process of surface grinding 
[24, 25] (Fig. 1).
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Fig. 1 The pin specimen 

3 Experimentation 

3.1 Selection of Orthogonal Arrays 

The purpose of the Orthogonal arrays are to provide with a set of minimum exper-
iments as well as Signal-to-Noise ratios (S/N). These are the log functions of the 
desired output, and they serve as the working objective functions for the optimization, 
and also help in data analysis, and prediction of optimum results [25–31]. 

The selection of orthogonal arrays is dependent upon the number of independent 
design variables and levels as each array is meant for only specific value of them. 
In this experiment, we chose 3 different independent variables; Load, distance, and 
speed with each variable having 2 set values. And the corresponding array for exper-
imenting with 3 independent variables with 2 set values each is the L8 array, which 
is the one used for this experiment. It was assumed that there was no interaction 
between any two factors (Table 1). 

Table 1 Design of experiments 

Experiment number Independent variables 

Load (N) Distance (m) Speed 

1 20 100 0.5 

2 20 200 0.5 

3 20 100 1 

4 20 200 1 

5 30 100 0.5 

6 30 200 0.5 

7 30 100 1 

8 30 200 1
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3.2 Tribological Testing 

Tribological testing is a way to quantify the wear resistance and coefficient of friction. 
It usually involves simulating the sliding of a pair under the applied load to get a 
reading of the wear characteristics [31–33]. 

A pin-on-disc setup was chosen for this experiment. This consists of a disc that is 
mounted on the Tribometer setup and is rotated continuously on varying the speed 
by the help of input parameters. The machine also has a lever that extends over the 
disc and holds our specimen pin via a clamp. A load is hung on a rope that passes 
through the lever and over a pulley. This load pushes the pin down on the disc with the 
desired force which is also modified per experimental iteration as the input varying 
parameter [34–37]. 

The setup consisted of the Inconel pin mounted on a clamp kept perpendicular to 
the rotating disc. The pin is pressed against the disc with a certain pressure, and the 
wear resistance and coefficient of friction are found on the evaluation of wear. For 
the experimentation, different input parameters are varied to obtain varying outputs 
as results which are mainly obtained as the COF and wear of the specimen surface. 
The testing was carried out in a non- lubricated environment [36–39] (Fig. 2). 

Fig. 2 Top view of the  setup
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4 Results 

Throughout the duration of the test the pin-on-disc interface was to be subjected to 
continuous sliding motion relative to each other this motion is the type of motion 
which in the chosen application, i.e. the IC Engine Piston Cylinder interface consti-
tutes for the most part apart from very few percentages of lateral motion possibilities 
due to any error and wear that may occur during the usage of the part. Since this 
motion is of most importance to use, usage of pin-on-disc setup was most appropriate. 

4.1 Coefficient of Friction 

The laws of friction have established that whenever two surfaces are in contact 
with each other and experience some form of relative motion between them there is 
generation of some force which acts along the axis of relative motion between them 
this force is known as frictional force and acts in the direction which is opposite 
to that of the body motion. The frictional force is guided by two factors which 
are coefficient of friction, and the normal force or load which is applied between 
the two surfaces. The former is a material surface property and hence is governed 
by various factors such as temperature variation and abrasive nature of surface of 
specimens and other surface properties such as roughness of the surface, the value 
of COF for different materials varies due to above mentioned factors and hence 
is different for different material specifications. During the tribological experiment 
the coefficient of friction was observed at each point and a graph representing the 
variation of these values was plotted for both specimens has been plotted below, 
it was observed that the Coefficient of Friction (COF) for the material chosen, i.e. 
Inconel 718 for the experimentation was 1.333816. This value is mean COF value 
of all the iterations which were observed in experiment since there was variation in 
values of COF at during the experimental stage mainly due to the continuous change 
in surface properties of both stainless steel and Inconel 718 due to change in wear 
as the experiment proceeded which led to creation of abrasives and other surface 
topography changes which influence COF Values. 

4.2 Wear 

Due to this continuous sliding motion both the pin and disc experienced wear and 
absence of any kind of lubricant led to more amount of wear if compared to experi-
ments performed under lubrication. In this experiment the test was performed under 
constant pressure which was applied using the normal load, equal to 20 and 30 N 
which provided us with constant pressure at the pin and disc interface, further during 
the experimentation the wear on the specimen pin was observed and it was concluded
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that the pin experienced an almost continuous wear for the complete period of the 
experiment, just the initial seconds being the ones having a higher value on all iter-
ations, though. The mean wear of all the iterations came out to be of 70.91145 µm 
(Figs. 3 and 4). 
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5 Conclusion 

The tribological behaviour of silver steel was studied and observed with the help of 
experimental investigation via the use of pin-on-disc Tribometer setup. The pin was 
made of material required to be simulated as that of the piston ring, whilst the disc 
material stainless steel to simulate the inner piston cylinder. The usage of a pin-on-
disc type Tribometer was made to simulate the experiment as per real conditions and 
in order to determine results in the form of wear and Coefficient of Friction (COF). 

From the conduction of the above experiments following observations were made: 

(1) The wear of all the iterations were almost the same. With the ones with the 
heavier loads being slightly higher than the ones with the lesser load. 

(2) The COF values of all the iterations were nearly the same and therefore the 
Mean Value Obtained was 1.333816. 

(3) The results of wear were quite less despite the surface contact having no 
lubrication at all highlighting the properties of the selected metals. 
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Interactional Challenges to Effective 
E-Waste Management of Indian City 

R. S. Gurjar, M. K. Lila, P. Tyagi, and R. P. Verma 

Abstract In spite of the initial e-waste regulations entering into force in India in 
2011 and also being modified in 2016, it is approximated that some 90–95% of e-
waste is handled in the casual market in and unorganized manner. The current medal 
fabrication for different event in Tokyo Olympics also changed the vision of the 
people about e-waste. The present manuscript provides an overview of the awareness 
and management of e-waste in the capital of Rajasthan as a part of study. Different 
articles have been reviewed and analysed in the domain of e-waste management and a 
detailed insight about the current scenario, effects and possible solution are provided 
in terms of better management of e-waste. 

Keywords E-waste · Source · Current scenario · Hazardous elements · Disposal 

1 Introduction 

It is widely agreed that the Asia Pacific region is among the world’s most popu-
lous and fastest growing and in world India soon get top of this rank. Due to this 
huge population, it will be biggest market for all manufacturing companies larger 
purchasing power create large amount of waste production. It is the goal of this 
research to examine critically the existing strategies and practises used by the major
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electronic waste generating countries such as China, USA, Japan, India and may 
more, have to manage and regulate electronic waste in order to reduce the harm 
that inappropriate recycling and disposal practises have to the humans and other 
living organisms. Disposed of digital waste is the fastest expanding stream of waste 
in developed nations electronic devices are altering the lives of individuals almost 
everywhere—beginning with the method we operate, raise kids, maintaining touch 
with others or individual amusements. Not shocking, the electronic devices sector is 
the fastest expanding production market. Customers are attracted to the most recent 
cellular telephones, laptop computers, a/c unit and also customer electronic devices. 
The obsolescence of these items causes a special frame of mind where customers 
liked to change the items instead fix and also recycle Fig. 1 shows the best possible 
ways for the every kind of waste whether it belongs to solid waste or electronically 
generated waste. 

The fast obsolescence is additionally as a result of the quick progressing innova-
tion however on the other hand it is clear that the get rid of concept returns finan-
cial advantages to business. Following this twenty-first century transformation, this 
discard concept makes certain to harm the high quality of our lives as well as the 
generations ahead. The issue of digital waste, or e-waste, needs worldwide activity 
[1]. Digital waste (e-waste) describes broken down digital gadgets that are no more 
helpful for the objectives they were meant for. The interpretation consist of that usage 
electrical power however have actually reached their end-of-life. Various other parts 
of e-waste such as power line, below assemblages and also consumables that become 
part of digital items at the time of discarding them belong to the waste. The meaning

Fig. 1 Preference foe minimization of waste 
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of e-waste consists of digital items that are not indulged however discarded by their 
proprietors. 

Digital waste is not simply waste in the genuine feeling, yet a fantastic business 
chance for those taken part in the marketing and also recycling of the waste. Because 
of this, huge inflow of Digital waste right into establishing nations has actually 
happened because of weak regulative criteria as well as bad enforcement of ecolog-
ical legislations when it involves removal and also handling of important steels such 
as silver, gold and also iron from e-waste. Personation of this e-waste creek is of 
important significance for creating a pocket friendly as well as additionally envi-
ronmental pleasurable recycling system. E-waste is identified by the government of 
India under the broad programme of infected products [2]. Within e-waste, there are 
numerous teams such as significant in addition to little residence gadgets, electrical as 
well as likewise electronic toys in addition to displaying devices, gadgets, computer 
system systems as well as likewise pertinent gadgets and more which includes steel 
as well as likewise non-metals, alloys along with materials such as some precious 
metal [3]. Correct e-waste recycling is really vital for the lasting growth of a creating 
nation, due to the fact that it is straight gotten in touch with ecological issues because 
of visibility of a big unapproved market [4]. A range of heavy metals consisting of 
various unsafe compounds exist in e-waste which triggers ecological and also well-
ness dangers, if these materials are not taken care of effectively. Casual recycling 
triggers negative impacts on the work participated in it, which has actually come 
to be a significant concern [5]. In this context, the ecological authorities in India 
are currently paying significant interest on establishing an approach for quitting the 
casual field as a result, the purpose of this mini-review post is to existing the brief 
summary on e-waste administration in India. 

Generally waste content change according to area, region but overall content is 
shown in diagram. 

2 Source of E-Waste Generations 

The yearly e-waste amount created nearly 1641KT. Whilst according to an earlier 
record [6]. The highest degree of e-waste is produced in the state of Mumbai (Maha-
rashtra), followed with by other states. Furthermore, about 71% are produced from 
different public, private sector includes various economics zone and also just 16% 
comes from private families. E-waste consists of range of digital and also electric 
home appliances, such as computer, cell phone and also their related devices. The 
optimum e-waste element contains home appliances (43%), adhered to by details 
and also interaction innovation (35%), customer electronic devices (15%) and also 
others (11%). This waste is made up of Iron as well as steel (51%), plastics (22%), 
non-ferrous steels (14%) and also various other elements (17%). Other than iron such 
as steels and copper, Al and also rare-earth elements such as gold, palladium as well
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Table 1 Policies and methods for e-waste in India and other countries 

Norms India European union USA 

Govt. rules E-waste (Management) 
rules, 2016 

Cost waste electrical 
and electronic 
equipment (WEEE) 
directive 2012/19/ 
EU and Restriction of 
hazardous substances 
directive (RoHS) 
2011/65/EU 

Resource conservation 
and recovery act 
(RCRA), 1976 
environmental 
protection agency 
(EPA) cathode ray 
tube rules 

Recycling approach Mechanical technology 
(including manual 
dismantling) 

Advance version of 
mechanical and 
smelter technology 

Advanced mechanical 
technology pyro 
metallurgical and 
hydrometallurgical 
technology has been 
applied to a smaller 
scale 

Recycling Rate Overall: 30% [8] 
Paper: 30–50% 
Plastic 50–70% 
Others 40% [9, 10] 

Overall: 40% [11] Overall: 32% [12] 

as platinum [7]. Table 1 provide a brief overview of policies on e-waste adapted in 
India, European countries and United States. 

3 Current E-Waste Scenerio 

3.1 Worldwide Scenario 

Worldwide amount of e-waste produced before 2015 was near about 42.3 Mt. Driven 
by the nationwide legislations for e-waste monitoring, around 6.5 Mt was reported 
as officially dealt with via take-back systems. In 28 European Union states, around 
0.7 Mt of e-waste was tossed right into the waste containers. The quantity of e-
waste that is included containers is unidentified for various other areas. Nonetheless 
there is a space in between e-waste created, formally gathered and also those in 
waste containers. Most notably, main information for the transboundary activity of 
e-waste are unidentified. The majority of the e-waste (i.e. 16 Mt) was produced 
in Asia. This quantity of e-waste is 3.7 kg/inhabitant. Europe has actually created 
15.6 kg/inhabitant, the greatest per citizen e-waste amount worldwide. Figure 2 
provide the current and expected e-waste generation in upcoming years with current 
CAGR.

The entire African continent created 2.1 MT. The American subcontinent created 
12.2 Mt in complete out of which 8.2 MT are generated in United States and Canada,
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Fig. 2 Current and projected e-waste generation, by region [13]

2.01 MT from Central as well as 2.7 MT from South America which stands for 
12.2 kg/inhabitant. [14]. The quantity is expanded to 50 MT in 2018, with a CAGR 
of 6% [15]. 

3.2 Scenario in Indian Context 

A variety of looks into have really recommended that the e-waste stream gives relating 
to 1000 numerous threats to human health as well as likewise eco-friendly premium, 
therefore making its management a challenge or problem in numerous areas [16] 
(Table 2).

The e-waste supply based upon the obsolescence price and also set up base in 
India for 2005 has 150 K tonnes [17, 18]. E-waste is becoming a severe public 
health problem as well as different kind of serious ecological problem in India. As 
population increase which creates greater than 2 million tonnes of e-waste each year 
[19]. 

India rates 3rd placement in greatest e-waste generation amongst worldwide. The 
nation has actually created 1.7 Mt in outright amounts for the year 2014. Major 64 
cities create more than 60% of the complete e-waste created in India. Ten states create 
70% of the overall e-waste. Maharashtra places comes on top of the list followed by 
Tamil Nādu and Delhi. Amongst leading 10 cities creating e-waste, Mumbai places 
initial adhered to by other cities. Greater than 95% of India’s e-waste is refined 
by waste pickers, famously referred to as ‘kabadiwalas’ or ‘raddiwala’. They are 
main back bone of Indian recycling mission. This casual network of employees is 
accountable for the collection, taking down as well as reusing of such e-waste as well 
as runs outside controlled or official business systems, usually unlawfully. There are 
2 tiny e-waste taking apart centres are working in Bangalore as well as Chennai. 
There is no huge range arranged e-waste reusing centre in the country as well as 
the whole recycling exists in messy market. There is an absence of genuine as well
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Table 2 State-wise number of authorized dismantler/recycler and processing capacity in India (As 
on 16.03.2020) 

States Authorized dismantler/recycler Capacity (MTPA) 

Andhra Pradesh 1 480 

Chhattisgarh 1 600 

Gujarat 16 49,053 

Goa 1 103 

Haryana 28 87,378 

Himachal Pradesh 1 1000 

Jammu and Kashmir 1 165 

Karnataka 71 52,722 

Maharashtra 75 78,179 

Madhya Pradesh 2 9600 

Odisha 3 3680 

Punjab 3 4850 

Rajasthan 26 90,769 

Tamil Nadu 24 97,271 

Telangana 11 41,493 

Uttar Pradesh 41 243,627 

Uttarakhand 4 19,250 

West Bengal 3 1860 

India (Total) 312 782,080

as detailed information on e-waste schedule for residential generation and also the 
numerous data related to e-waste now accumulating in country by state and centre 
pollution control boards. 

3.3 E-Waste Scenario in Context of Jaipur 

This study was carried out in the Jaipur city (Rajasthan), INDIA, relevant with 
families’ devices’ usually existing in our residence. Jaipur is the Funding city of 
Rajasthan State; its complete location is 467 km2, as well as the populace, is 30.73 
lakh with a 10% drifting populace as well as having 91 wards, with a yearly budget of 
941 Cr well as 75° 37 min eastern longitude to 76 levels 57 min—Eastern longitude. 
The Nahargarh hillsides border the city in the north and Jhalana in the east, which 
belongs to the Aravalli hillsides varieties environment [20, 21]. 

Jaipur lies in the semi-Arid Area of India. It has been identified by heat, reduced 
rains, and also moderate wintertime. The mean temperature level of Jaipur is 36 °C, 
differing from 18 °C in wintertime (January) to 40 °C in summertime (June). Hence,
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January and also June are the chilliest and also best months [22]. Jaipur is found on 
26°55' north latitude and also 75°49' easternṅ longitude. Its community limit expands 
from 26° 46 min north latitude to 27° 01 min north latitude. The population of Jaipur 
increasing with the rate of 2.54 on average, which also shows how the population 
growth effect the waste generation [23]. The rate of waste generation last two years 
in Jaipur is shown in Table 3. 

More than 303 Authorized districts wise, more than 30% of these centres are 
present in Jaipur. These centres are mostly run or maintained by some multina-
tional companies, and few are independent setups. Ninety-three owners run these 
303 centres. They are operating it in a different area of the state [26].

Table 3 Collection of e-waste in Jaipur in last 2 years [24, 25] 

S. No. Classification 2018–19 2019–20 

1 Refurbished product related to CPU, mobile phone, monitor, 
CRT, Networking related item 

318.441 1964.554 

2 Ferrous material 2131.666 6525.925 

3 Non-ferrous material 707.251 1215.26 

4 Plastic 2708.504 4996.363 

5 Glass/laminated glass 351.556 226.047 

6 PCB 540.556 324.472 

7 Lead battery scrap 14.316 17.164 

8 Li battery 0.001 0.075 

9 Chip IC processor etc. 2.059 3.843 

10 Paper/paper board/paper packing material 10.592 21.095 

11 Wooden items 2.117 2.383 

12 Stone 90.28 115.823 

13 PU foam 50.325 72.852 

14 Other packing material 1.157 4.395 

15 Toner powder 0.058 0.128 

16 Mixed metal scrap 42.36 668.301 

17 Rubber scrap 27.676 35.025 

18 Process waste, oil 0.641 2.954 

Total 6999.556 16,196.659 
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4 Problems Associated with E-Waste 

4.1 Drastic Increment in E-Waste Collection 

Item obsolescence is coming to be extra fast given that the rate of technology as well 
as the dynamism of item production/advertising and marketing has actually led to a 
brief lifetime (less than 2 years) for several computer system items. Brief item life 
expectancy paired with rapid boost at a typical 15% annually will certainly cause 
increasing of the quantity of e-waste over the following 5–6 years. 

4.2 Toxic Components and Health Impacts 

E-waste can be considered as a complete package of the different poisonous compo-
nents inside it in their parts such as Pb, Cd, Hg, polychlorinated bi-phenyls (PCBs) 
and so on, which are called for to be managed securely. The reusing techniques were 
discovered irregular in casual industries causing unrestrained launch of hazardous 
products right into the atmosphere as a result of inappropriate handling of such prod-
ucts. There is little policy in the casual market to secure the health and wellness of 
those that take care of e-waste. Employees are badly secured in an atmosphere where 
e-waste from COMPUTER displays, PCBs, CDs, motherboards, wires, printer toner 
cartridges are melted outdoors as well as launch lead as well as mercury contami-
nants right into the air. Rautela et al. [27] A lot of these employee’s experience eye 
irritability, breathing troubles and also continuous frustrations. Some important work 
health and wellness concerns are inadequate functioning area, bad lights and also air 
flow, stressing the eyes as well as breathing contaminated air, resting confined on 
the ground for lengthy hrs, breathing in hazardous fumes, direct exposure of body 
components to fire, acid as well as various other chemicals as well as absence of 
tidy alcohol consumption water as well as bathrooms. The very best instance is the 
community of Guiyu in south-east China. Given that 1995, the typically rice-growing 
area of Guiyu has actually developed into an extensive casual e-waste reusing centre, 
possibly the biggest on the planet. Scientist observed numerous health and wellness 
impacts in connection with the primary recycling methods [28]. Chemicals in e-waste 
products can collect in water, dirt, as well as bordering plant life. Poisonous as well 
as genotoxic degrees can generate negative environmental as well as human wellness 
results [29, 30]. 

Harmful heavy metals such as As, Cd, Hg, Pb from e-waste are recognized to 
create cancer cells [31, 32] In human lymphocytes, dirt and also plant examples 
from e-waste unloading and also refining websites caused substantial concentration-
dependent boosts in DNA damages compared to the adverse control [33]. Table 4 
shows the toxic materials present in e-waste and their effect on human body.
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Table 4 Toxic materials present in e-waste and their effect [34–36] 

S. No. Toxic material Body part/cell Effect Reference 

1 Pb Human cord blood 
leukocytes 

Maternal exposure associated 
with global hypomethylation 

[37] 

2 Hg Polar bear brain Brain Hg associated with 
brain genomic DNA 
hypomethylation 

[38] 

3 Cd Cd-transformed prostate 
epithelial cells 

Genomic hypermethylation, 
hypermethylation in 
RASSF1A and p16 gene. 
The pattern of genomic DNA 
hypermethylation together 
with up-regulation of 
DNMT3b may provide a 
unique set of biomarkers to 
specifically identify 
cadmium-induced human 
prostate cancers 

[39–42] 

Rat liver cells Initial DNA 
hypomethylation, subsequent 
DNA hypermethylation after 
prolonged exposure 

Human embryo lung 
fibroblast cells 

DNA hypermethylation 

Human lung cancer Hypermethylation in p16 
gene 

4 Cr Human lung A549 cells Increased global histone H3 
lysine 9 (H3K9) and H3K4 
di- and trimethylation, 
decreased H3K27 
trimethylation and histone 
H3arginine 2 (H3R2) 
dimethylation 

[43] 

Human cord blood 
leukocytes 

Hypermethylation of ACLS3 
gene promoter region 

5 PAHs Neonatal rat hippocampal 
neurons 

Global DNA 
hypomethylation 

[44] 

6 PBDEs DNA In vitro exposure to certain 
nickel or arsenic compounds 
induces changes in 
both DNA methylation 
patterns, as well as, in the 
levels of posttranslational 
modifications of histone tails 

[45] 

7 As Include in Food chain due 
soil fouling may cause 
tumour and other similar 
disease 

The concentration of heavy 
metals (Cd, Hg, As, Pb and 
Cr) in soil, water and 
sediment 

[15]
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4.3 Lack of Recycling Facilities 

Regardless of the development in the official taking apart and also reusing industry (in 
regards to the variety of such centres), the real waste refined in the official market still 
continues to be really reduced. Unscientific proof suggests that the majority of these 
official centres are running well listed below their accepted abilities due to their lack 
of ability to resource sufficient waste. It has actually been developed that e-waste, in 
the lack of correct disposal method also identify junk suppliers, which are additional 
pressed right into scrap dealer’s supply chain. Existing eco-audio reusing facilities 
in position is not geared up to take care of the boosting quantities of e-waste. The 
significant taking down procedures are happening in an unsecure/Unhygienic place 
converted into huge industry which is an unsafe fashion. The capacity of boosted 
e-waste as well as absence of sufficient reusing centres have actually brought in the 
interest of a variety of recyclers worldwide, revealing rate of interest to begin reusing 
centre in India. 

The absence of understanding relating to e-waste as well as expenses of returning 
the end-of-life devices to official collection centres are lowering the determination of 
family and also institutional customers to return their waste to official industry. Most 
notably, the casual field, via the ease of house collection as well as financial rewards 
(even if small), makes it a lot more appealing for customers to return their waste, about 
the official market, which is yet to purchase durable systems of collection and also 
handling. The casual e-waste industry supplies resources to countless individuals, 
usually coming from one of the most marginalized teams; on the other hand, the field’s 
waste administration methods position significant ecological as well as carcinogen to 
the employees themselves in addition to the bigger public. This provides a possible 
ethical problem for public law and also continual success of any type of e-waste 
monitoring system will certainly rest on our capacity to fix this issue. 

4.4 Impact on Environment 

E-waste consists of heavy metals, consistent natural toxins, fire resistant’s as well as 
various other possibly unsafe materials. These contaminants can trigger threats to the 
atmosphere otherwise handled correctly. Throughout reusing and also product recu-
peration 3 major teams important are launched in to the atmosphere which requires 
high top priority focus as they are extremely unsafe in nature. The very first team is 
the initial components of devices such as lead and also mercury, 2nd team such as 
cyanide, included throughout some healing procedures as well as 3rd team which are 
created throughout reusing procedures such as dioxins as well as furans. If incorrectly 
taken care of, such materials might present considerable human and also ecological 
health and wellness dangers. The list below sorts of exhausts or results reveals the 
visibility of poisonous compounds in e-waste handling as well as administration, and 
leachates from disposing tasks contaminate the dirt and also water sources, crude as
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well as great particle issue from taking down, base and also fly ashes from shedding 
tasks, fumes from mercury amalgamate, de soldering as well as various other burning 
tasks, wastewater from taking down as well as shredding centres and also effluents 
from cyanide leaching and also various other seeping tasks. Incorrect splitting or 
burning of published circuit card (PCBs) as well as changes might bring about the 
launch of mercury, cadmium and also beryllium which are very hazardous to human 
wellness. An additional unsafe procedure is the recycling of elements including 
harmful substances such as halogenated chlorides as well as bromides made use of 
as fire-resistants in plastic, which create relentless dioxins and also furans on burning 
at reduced temperature levels. A research study on melting published circuitry boards 
in India revealed disconcerting focus of dioxins in the environments of open burning 
areas getting to 30 times the Swiss assistance degree. Around 70% of the heavy 
metals specifically mercury and also cadmium, in landfills originated from digital 
waste. Customer electronic devices is the source for the existence of regarding 40% 
of the lead in garbage dumps. These contaminants can trigger mental retardation, 
allergies and also cancer cells. The extremely spread reusing devices throughout 
India, causes troubles such as discharges of dioxins as well as heavy metals like 
lead, cadmium, mercury in air, unplanned unloading of invested liquids as well as 
chemicals hence polluting dirt, groundwater contamination via leachate, land dental 
filling of non-recyclables. 

5 Treatment and Disposal 

The existence of harmful aspects in e-waste provides the possibility of raising the 
strength of their discharge in setting because of land filling up and also incineration. 
The possible therapy disposal alternatives based upon the make-up are: 

• Land filling 
• Incineration 
• Acid bath 
• Biological method. 

5.1 Land Filling 

The deterioration procedures of e-waste in landfills are really made complex and also 
run over a large time period. Presently it is not feasible to evaluate ecological effects 
from e-waste in it, but it has complying with factors: 

• Landfills have mixes of with different type of waste streams; 
• Releasing of various type of toxins from landfills; 
• It also contaminates ground water resource. 
• Also release harmful gases during it degradation.
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Fig. 3 Land filling done mainly by the municipal due to an low cost disposal methods 

Amongst the research studies on garbage dumps records that the ecological threats 
from land dental filling of e-waste could not be ignored since the problems in a land 
fill website are various from a soil, especially worrying the sleeping habits of steels 
(Fig. 3). 

Furthermore, it is recognized that cadmium as well as mercury are produced in 
scattered kind or using the land fill gas burning plant. Although the threats cannot 
be measured as well as mapped back to e- waste, land dental filling does not seem 
an eco-audio therapy approach for compounds, which are unstable as well as not 
naturally decompose. Consequently, of the facility product mix in e-waste, it is not 
feasible to leave out ecological (long-lasting) threats also in safe land dental filling. 

5.2 Incineration 

Incineration likewise consists of pyrolysis; materials created throughout incineration 
are most likely to be a lot more harmful than its normal type, pyrolysis home heating 
the compound in the lack of oxygen, right here the burning does not happen however 
the materials are transformed to fumes, oils as well as charcoal. Nevertheless, in 
gasification minimal air is offered to transform the materials right into fume, ash as 
well as tar (Fig. 4).

Incineration is a typically utilized approach of the dispersal of e-waste in African 
subcontinent and India its neighbouring countries. When heating up the plastic or 
PVC motherboard it launches sensual fume includes Polycylic aromatics (PCA), 
polychlorinated dibenzo-para-dioxins (PCDDs) and also polychlorinated dibenzo-
furans (PCDFs) which are recognized health hazards as well as gases such as carbon 
monoxide gas, sulphur dioxide, nitrogen oxides. Smoke likewise includes small
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Fig. 4 Incineration disposal methods

amounts of oxides of complying with heavy metal deposits antimony, lead, thal-
lium, arsenic, copper, manganese, mercury as well as nickel, pointer wound up in 
the ashes. 

5.3 Acid Bath 

Acid bathroom technique is made use of to remove Copper, right here the circuit 
card is immersed in to Sulfuric acid for concerning 10–15 h to liquefy metal such as 
Copper after that remedy is steamed, precipitated Copper Sulphate is taken as well 
as continuing to be service is included with scratched fragments, ultimately Copper 
spots are gotten rid of. Acid bathrooms additionally utilized to liquefy the lead and 
also in the removal of Silver and gold. 

5.4 Biological Method 

Metal extraction by biological procedures has become different innovation today 
specifically in steels like Au and Cu. Metallic ores and e-wastes are being processed 
by microorganisms in this promising new technology. Bio metallurgical procedures 
which transform metal right into soluble salts in liquid media from ores/ concen-
trates/wastes. Bio metallurgy is a total mixing of biotechnology as well as metal-
lurgy. Clinically, the two methods by which ore is bioleached are known as direct and 
indirect bio-oxidation, respectively. Most researchers have recognized the indirect
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Fig. 5 Bioleaching disposal methods 

bio-oxidation mechanism. Some researcher shows that the physicochemical proce-
dure which fall in a branch of hydrometallurgy that entails using bacteria to create 
chemical oxidants to carry out this procedure, we make use of in the recovery of 
metals from such waste, Microorganisms for example Acidithiobacillus ferrooxi-
dans, Leptospirillum ferrooxidans, Acidithiobacillus thiooxidans [46]. It has been a 
recognized procedure for the removal of metals consisting of different material [47] 
(Fig. 5). 

Bioleaching is an approach checked for the healing of several base as well as 
rare-earth elements. There are 2 seeping systems for boosting the launch price of 
steels. To start with, bacteria can straight oxidize minerals as well as solubilize steels 
in a straight activity system, [48, 49]. 

6 Administrative Methods 

The plan will deal with all problems varying from manufacturing to last disposal, 
consisting of eco-audio modern technology for the recycling of digital waste. Rules 
to regulate both lawful as well as unlawful exports and also imports of e-wastes have 
to be clear in the plan. Loophole openings in the fundamental lawful structure job 
likewise to be dealt with to avoid or lower the transboundary motion of e-waste from 
established to establishing nations. The disposal of e-wastes in community landfills 
have to be banned in the policies purely. Proprietors as well as generators of e-wastes 
must be urged to effectively reuse their wastes by supplying economic motivations. 
Manufactures of items need to be made monetarily, literally as well as lawfully 
in charge of their items. Plan has to focus administration of limited compounds 
with understanding amongst manufacturers and also produces in the brand-new item 
advancement. Ecological risk labelling of items to produce understanding amongst 
the public need to additionally to be covered in the plan. A full nationwide degree 
supply, which cover all area of cities and all the fields need to be started. A model 
which is very popular now days is joint venture of government and private sector in 
e-waste administration. It needs to be established. Expanded manufacturer duty is an 
environmental policy strategy in which a manufacturer’s duty for an item is included 
the blog post customer phase of the item’s life process, including its last disposal 
All suppliers of digital tools will supply take-back and also monitoring solutions for
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their items at stage of rejection. The used or rejected E-item ought to after that be 
sent for reusing or reuse, either in a different reusing department at the production 
device or in a typical centre. Collection systems are to be developed via collection 
facilities to make sure correct collection as well as transport straight to the reusing 
system. Recyclers that are having permission for dealing with, handling, repair, as 
well as reusing conference eco-audio administration standards must just be allowed. 

The e-waste administration in the future depends not just on the efficiency of 
plan degree campaigns from the federal government, efficiency in reusing solu-
tions, however additionally on the mind-set of customers. Absence of understanding 
amongst the citizens to set apart e-waste from local waste is boosting the size of 
e-waste issue in India. Area involvement has to be started in order to comprehend the 
vital function of produces and also bulk customers in e-waste monitoring. Recog-
nition increasing programmes as well as tasks on concerns associated with the eco-
audio administration, health and wellness elements of e-wastes might be performed 
in order to motivate far better monitoring methods amongst various target teams. 
Customers to be enlightened to purchase just required items that use arising innova-
tions such as use lead-free, halogen-free items to be recognized with eco-labelling. 
ESM of e-wastes can be well arranged with an assistance of technological standards 
which focus on far better collection, reusing as well as disposal choices. 

7 Suggestions 

Over 75% of electronic devices are kept in storage as a result of their ignorance 
about their proper care and management [50]. In many homes, businesses, and ware-
houses, these electronic wastes are left unmanaged and intermingled with household 
garbage, which are then deposited in landfills. Implementable management measures 
are required to deal with this. E-waste management needs to begin at the source of 
generation in the workplace. This can be accomplished through waste reduction and 
environmentally friendly product design. In order to reduce industrial waste, it is 
necessary to do. 

• Keeping track of inventory 
• Modification of the manufacturing process, 
• Reducing the volume, 
• Reuse and recycling 
• The design of environmentally friendly products 
• Putting Together a Stable System for Handling Electronic Waste 
• Put an end to the export of foreign e-waste. 
• Educating the general public.
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8 Conclusions 

Governments, particularly in poorer nations, face a substantial environmental burden 
as a result of the tremendous growth in electronic items and e-waste over the previous 
decade or so. The ineffectiveness of India’s old e-waste management rules is a sign 
of the difficulties the country faces. Weak regulation and enforcement, as well as 
low public knowledge, are all cited in this article as problems facing India’s informal 
sector for recycling and proper disposal method opt for such waste. Every stake-
holder should be involved in the development of a future electronic waste manage-
ment system. Casual enthusiasts and anthropologists are still obtaining the significant 
quantity of e-waste disposed and gathered. If these stars are bypassed by brand-new 
official systems for e-waste monitoring, there is a danger that more recent offi-
cial drivers merely will not have the ability to obtain accessibility to the e-waste 
stream Casual collection networks are much more efficient than official ones, whilst 
official therapy procedures could recuperate even more sources from the e-waste. 
By bringing formal and informal sector with each other, the collection as well as 
end-processing performance of the e-waste worth chain can be taken full advan-
tage of, whilst work can be ensured with the growth of brand-new comprehensive 
company versions. Comprehensive company designs incorporating the official and 
casual permit greater effectiveness not just for product healing however likewise 
generate conformity, depend on amongst the worth chain stars as well as openness in 
the waste monitoring circumstance Government must focus on this sector for regular 
earning like other sector, but due to lack of government scheme, funding and any 
proper training to the people who involve in this work. Major waste collection is 
done by the private sector. The person doing this collection are sometime minors 
and mostly do not have any kind of training of handling such type of waste, they 
don’t use any protective gears while dealing treatment process. Government must 
initiate some public private partnership for the proper e-waste management, time to 
time there must be updating in rule and regulation related with e-waste collection 
and handling those NGO’s working in this area must create some awareness related 
with handling and proper disposal of such waste with help of small video, street play, 
information brochure, etc. Those manufacturing unit involving in production of such 
good must launch some scheme regarding collection of old waste. If any company 
provide some rebate on new product by collection old one then this process will 
create a cycle of Reuse-Recycle-Reduce. The present post sums up the situation of 
e-waste generation in India and in various other nations. Interpretation, product make-
up, existing disposal approaches, harmful nature of e-waste is likewise provided to 
comprehend the dangerous nature of e-waste in the form of heavy metals and halo-
genated substances. Incorrect handling and administration of these waste throughout 
recycling and various other end-of-life therapy choices appears to have prospective 
threats to both human health and wellness and the setting. The absence of public 
recognition concerning the disposal of digital items as well as insufficiency of plans 
to take care of the problems connected to E-waste boost the issue in India. There is no 
big range arranged E-waste reusing centre in India and most of the reusing exists in
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messy industry. Furthermore, the administration techniques are usually badly devel-
oped as well as have a great deal of wellness and ecological concerns. There exists 
an immediate demand for a thorough analysis of the present and future situation 
consisting of metrology, characterization, existing disposal techniques, ecological 
effects and work carcinogen. E-waste collection, transport, therapy, storage space, 
healing as well as disposal, require to be developed, at nationwide and/or local degrees 
for the ecologically audio administration of e-wastes. 

References 

1. U.N.E. Programme, Sustainable innovation and technology transfer industrial sector studies: 
Recycling-From E-waste to resources (2009) 

2. Borthakur A, Govind M (2017) Emerging trends in consumers’ E-waste disposal behaviour 
and awareness: a worldwide overview with special focus on India. Resour Conserv Recycl 
117:102–113 

3. Awasthi AK, Li J (2017) Management of electrical and electronic waste: a comparative 
evaluation of China and India. Renew Sustain Energy Rev 76:434–447 

4. Awasthi AK, Zeng X, Li J (2016) Environmental pollution of electronic waste recycling in 
India: a critical review. Environ Pollut 211:259–270 

5. StEP solving the E-waste Problem-StEP Initiative. https://www.step-initiative.org/. Accessed 
20 Aug 2021 

6. https://rajyasabha.nic.in/rsnew/publication_electronic/publication_electronic.asp Accessed 20 
Aug 2021 

7. Awasthi AK, Wang M, Wang Z, Awasthi MK, Li J (2018) E-waste management in India: a 
mini-review. Waste Manage Res 36(5):408–414 

8. Why India Needs A Plastic Recycling Revolution. https://www.outlookindia.com/website/ 
story/society-news-why-india-needs-a-plastic-recycling-revolution/386902.  Accessed 20 Aug  
2021 

9. Nandy B, Sharma G, Garg S, Kumari S, George T, Sunanda Y, Sinha B (2015) Recovery of 
consumer waste in India–a mass flow analysis for paper, plastic and glass and the contribution 
of households and the informal sector. Resour Conserv Recycl 101:167–181 

10. India’s growth story—Recycling today. https://www.recyclingtoday.com/article/indias-recycl 
ing-growth-story/. Accessed 20 Aug 2021 

11. Waste recycling—European environment agency. https://www.eea.europa.eu/data-and-maps/ 
indicators/waste-recycling-1/assessment-1. Accessed 20 Aug 2021 

12. National overview: facts and figures on materials, wastes and recycling|US EPA. https://www. 
epa.gov/facts-and-figures-about-materials-waste-and-recycling/national-overview-facts-and-
figures-materials. Accessed 20 Aug 2021 

13. Trends in Solid Waste Management. https://datatopics.worldbank.org/what-a-waste/trends_in_ 
solid_waste_management.html. Accessed 14 Aug 2021 

14. Koli SK, Hussain A (2018) Status of electronic waste management in India, in book. Adv Treat 
Tech Indust Waste Water, IGI Global USA, 238–250 

15. Houessionon MGK, Ouendo ED, Bouland C, Takyi SA, Kedote NM, Fayomi B, Fobil JN, Basu 
N (2021) Environmental heavy metal contamination from electronic waste (E-waste) recycling 
activities worldwide: a systematic review from 2005 to 2017. Int J Environ Res Public Health 
18(7):3517 

16. Dashboard|Greene. https://greene.gov.in/dashboard/. Accessed 20 Aug 2021 
17. Fakhredin F, Huisman J (2013) Analyzing end of life LCD TV WEEE flows in Europe. In: 

Conference on EcoDesign

https://www.step-initiative.org/
https://rajyasabha.nic.in/rsnew/publication_electronic/publication_electronic.asp
https://www.outlookindia.com/website/story/society-news-why-india-needs-a-plastic-recycling-revolution/386902
https://www.outlookindia.com/website/story/society-news-why-india-needs-a-plastic-recycling-revolution/386902
https://www.recyclingtoday.com/article/indias-recycling-growth-story/
https://www.recyclingtoday.com/article/indias-recycling-growth-story/
https://www.eea.europa.eu/data-and-maps/indicators/waste-recycling-1/assessment-1
https://www.eea.europa.eu/data-and-maps/indicators/waste-recycling-1/assessment-1
https://www.epa.gov/facts-and-figures-about-materials-waste-and-recycling/national-overview-facts-and-figures-materials
https://www.epa.gov/facts-and-figures-about-materials-waste-and-recycling/national-overview-facts-and-figures-materials
https://www.epa.gov/facts-and-figures-about-materials-waste-and-recycling/national-overview-facts-and-figures-materials
https://datatopics.worldbank.org/what-a-waste/trends_in_solid_waste_management.html
https://datatopics.worldbank.org/what-a-waste/trends_in_solid_waste_management.html
https://greene.gov.in/dashboard/


632 R. S. Gurjar et al.

18. Turaga RMR, Bhaskar K, Sinha S, Hinchliffe D, Hemkhaus M, Arora R, Chatterjee S, Khetriwal 
Ds, Radulovic V, Singhal P, Sharma H (2019) E-Waste Management in India: Issues and 
Strategies, Vikalpa J Decis Makers 44(3):127–162 

19. Generating Green Shoots of Opportunities from E-waste-CII Blog. https://www.ciiblog.in/gen 
erating-green-shots-of-opportunities-from-e-waste/ Accessed 20 Aug 2021 

20. Jaipur District. https://www.veethi.com/places/rajasthan-jaipur-district-506-5.htm. Accessed 
14 Aug 2021 

21. Home. https://office.incometaxindia.gov.in/jaipur/Pages/default.aspx. Accessed 14 Aug 2021 
22. Jaipur Nagar Nigam (Greater). http://jaipurmc.org/presentation/aboutmcjaipur/cityprofile. 

aspx. Accessed 14 Aug 2021 
23. Jaipur, India Metro Area Population 1950–2021|MacroTrends. https://www.macrotrends.net/ 

cities/21280/jaipur/population Accessed 16 Aug 2021 
24. Rajasthan State Pollution Control Board Dep. https://environment.rajasthan.gov.in/content/env 

ironment/en/rajasthan-state-pollution-control-board.html. Accessed 20 Aug 2021 
25. E-Waste Management. https://environment.rajasthan.gov.in/content/environment/en/rajast 

han-state-pollution-control-board/information/WasteManagement/E-Waste_Management. 
html. Accessed 20 Aug 2021 

26. Dismantlers/Re-Furbishers/Recyclers. https://environment.rajasthan.gov.in/content/enviro 
nment/en/rajasthan-state-pollution-control-board/information/WasteManagement/E-Waste_ 
Management/DISMANTLERS-REFURBISHERS-RECYCLERS.html. Accessed 20 Aug 
2021 

27. Rautela R, Arya S, Vishwakarma S, Lee J, Kim KH, Kumar S (2021) E-waste management 
and its effects on the environment and human health. Sci Total Environ 773:145623 

28. Chen A, Dietrich KN, Huo A, Ho SM (2011) Developmental neurotoxicants in e-waste: an 
emerging health concern. Environ Health Perspect 119(4):431–438 

29. Wang J, Chen S, Zheng X, Gonzales L, Ohura T, Mai B, Simonich SLM (2012) Inhalation 
cancer risk associated with exposure to complex polycyclic aromatic hydrocarbon mixtures in 
an electronic waste and urban area in South China. Environ Sci Technol 46(17):9745–9752 

30. Bandowe BAM, Nkansah MA (2016) Occurrence, distribution and health risk from polycyclic 
aromatic compounds (PAHs, oxygenated-PAHs and azaarenes) in street dust from a major West 
African Metropolis. Sci Total Environ 553:439–449 

31. Martin AK, Mack DG, Falta MT, Mroz MM, Newman LS, Maier LA, Fontenot AP (2011) 
Beryllium-specific CD4 + T cells in blood as a biomarker of disease progression. J Allergy 
Clin Immunol 128(5):1100–1106 

32. Abakay A, Gokalp O, Abakay O, Evliyaoglu O, Sezgi C, Palanci Y, Ekici F, Karakus A, 
Tanrikulu AC, Ayhan M (2012) Relationships between respiratory function disorders and serum 
copper levels in copper mineworkers. Biol Trace Elem Res 145(2):151–157 

33. Alabi OA, Bakare AA, Xu X, Li B, Zhanfg Y, Huo X (2012) Comparative evaluation of 
environmental contamination and DNA damage induced by electronic-waste in Nigeria and 
China. Sci Total Environ 423:62–72 

34. Awasthi AK, Zeng A, Li J (2016) Relationship between e-waste recycling and human health 
risk in India: a critical review. Environ Sci Pollut Res 23(12):11509–11532 

35. Benbrahim-Tallaa L, Waterland RA, Dill AL, Webber MM, Waalkes MP (2007) Tumor 
suppressor gene inactivation during cadmium-induced malignant transformation of human 
prostate cells correlates with overexpression of de Novo DNA methyltransferase. Environ 
Health Perspect 115(10):1454–1459 

36. Axelrad DA, Bellinger DC, Ryan LM, Woodruff TJ (2007) Dose-response relationship of 
prenatal mercury exposure and IQ: an integrative analysis of epidemiologic data. Environ 
Health Perspect 115(4):609–615 

37. Pilsner JR, Hu H, Ettinger A, Sanchez BN, Wright RO, Cantonwine D, Lazarus A, Lamadrid-
Figueroa H, Mercedo-Garcia A, Tellez-Rojo MM, Hernandez-Avila MM (2009) Influence of 
prenatal lead exposure on genomic methylation of cord blood DNA. Environ Health Perspect 
117(9):1466–1471

https://www.ciiblog.in/generating-green-shots-of-opportunities-from-e-waste/
https://www.ciiblog.in/generating-green-shots-of-opportunities-from-e-waste/
https://www.veethi.com/places/rajasthan-jaipur-district-506-5.htm
https://office.incometaxindia.gov.in/jaipur/Pages/default.aspx
http://jaipurmc.org/presentation/aboutmcjaipur/cityprofile.aspx
http://jaipurmc.org/presentation/aboutmcjaipur/cityprofile.aspx
https://www.macrotrends.net/cities/21280/jaipur/population
https://www.macrotrends.net/cities/21280/jaipur/population
https://environment.rajasthan.gov.in/content/environment/en/rajasthan-state-pollution-control-board.html
https://environment.rajasthan.gov.in/content/environment/en/rajasthan-state-pollution-control-board.html
https://environment.rajasthan.gov.in/content/environment/en/rajasthan-state-pollution-control-board/information/WasteManagement/E-Waste_Management.html
https://environment.rajasthan.gov.in/content/environment/en/rajasthan-state-pollution-control-board/information/WasteManagement/E-Waste_Management.html
https://environment.rajasthan.gov.in/content/environment/en/rajasthan-state-pollution-control-board/information/WasteManagement/E-Waste_Management.html
https://environment.rajasthan.gov.in/content/environment/en/rajasthan-state-pollution-control-board/information/WasteManagement/E-Waste_Management/DISMANTLERS-REFURBISHERS-RECYCLERS.html
https://environment.rajasthan.gov.in/content/environment/en/rajasthan-state-pollution-control-board/information/WasteManagement/E-Waste_Management/DISMANTLERS-REFURBISHERS-RECYCLERS.html
https://environment.rajasthan.gov.in/content/environment/en/rajasthan-state-pollution-control-board/information/WasteManagement/E-Waste_Management/DISMANTLERS-REFURBISHERS-RECYCLERS.html


Interactional Challenges to Effective E-Waste Management of Indian City 633

38. Pilsner JR, Lazarus AL, Nam D, Letcher RJ, Sonne C, Dietz R, Basu N (2010) Mercury-
associated DNA hypomethylation in polar bear brains via the luminometric methylation assay: 
a sensitive method to study epigenetics in wildlife. Mol Ecol 19(2):307–314 

39. Benbrahim-Tallaa L, Waterland RA, Dill AL, Webber MM, Waalkes MP (2007) Tumor 
suppressor gene inactivation during cadmium-induced malignant transformation of human 
prostate cells correlates with overexpression of de Novo DNA. Environ Health Perspect 
115(10):1454–1459 

40. Takiguchi M, Achanzar WE, Qu W, Li G, Waalkes MP (2003) Effects of cadmium on DNA-
(Cytosine-5) methyltransferase activity and DNA methylation status during cadmium-induced 
cellular transformation. Exp Cell Res 286(2):355–365 

41. Jiang G, Xu L, Song S, Zhu C, Wu Q, Zhang L, Wu L (2008) Effects of long-term low-
dose cadmium exposure on genomic DNA methylation in human embryo lung fibroblast cells. 
Toxicology 244(1):49–55 

42. Kondo K, Takahashi Y, Hirose Y, Nagao T, Tsuyuguchi M, Hashimoto M, Ochiai A, Monden Y, 
Tangoku A (2006) The reduced expression and aberrant methylation of p16INK4a in chromate 
workers with lung cancer. Lung Cancer 53(3):295–302 

43. Sun H, Zhou X, Chen H, Li Q, Costa M (2009) Modulation of histone methylation and MLH1 
gene silencing by hexavalent chromium. Toxicol Appl Pharmacol 237(3):258–266 

44. Chen J, Liufu C, Sun W, Sun X, Chen D (2009) Assessment of the neurotoxic mechanisms 
of decabrominated diphenyl ether (PBDE-209) in primary cultured neonatal rat hippocampal 
neurons includes alterations in second messenger signaling and oxidative stress. Toxicol Lett 
192(3):431–439 

45. Rabbani M, Heidari R, Farrokhi-Asl H, Rahimi N (2018) Using metaheuristic algorithms 
to solve a multi-objective industrial hazardous waste location-routing problem considering 
incompatible waste types. J Clean Prod 170:227–241 

46. Erüst C, Akcil A, Gahan CS, Tuncuk A, Deveci H (2013) Biohydrometallurgy of secondary 
metal resources: a potential alternative approach for metal recovery. J Chem Technol Biotechnol 
88(12):2115–2132 

47. Watling HR (2014) Review of biohydrometallurgical metals extraction from polymetallic 
mineral resources. Minerals 5(1):1–60 

48. Suzuki I (2001) Microbial leaching of metals from sulfide minerals. Biotechnol Adv 19(2):119– 
132 

49. Kiddee P, Pradhan JK, Mandal S, Biswas JK, Sarkar B (2020) An overview of treatment 
technologies of E-waste. Handb Electron Waste Manage Int Best Practices Case Stud 1–18 

50. Dwivedi M, Mittal RK (2010) Future trends in computer waste generation in India. Waste 
Manage 30:2265–2277



A Swarm Intelligence and Nearest 
Neighborhood Approach to Solve 
an Excess Capacity Vehicle Routing 
Problem in a FDCG Company 

T. Srinivas Rao 

Abstract The paper has been modeled as the traveling sales man problem with 
ant colony algorithm and nearest neighborhood algorithm and compared their effec-
tiveness. There is an evergreen demand for Fast delivery goods in the consumer 
segment. The challenge lies in the efficient delivery of goods to the customer in the 
quickest possible time. Both cost and time bound dispatch of materials are the most 
important variables dealing with the FDCG. The basis of vehicle routing algorithm 
is that the routes are covered in an optimal manner such that each city is visited only 
once meeting the capacity constraints. Often there are situations when the load of 
the manufacturer exceeds the capacity. Wherever there is an excess load an another 
vehicle is routed to collect the material, the distance covered may not be same and 
the path traced is different. We have implemented the vehicle routed algorithm using 
ant colony to trace out a new shortened path. 

Keywords FDCG · Algorithm · Vehicle routing · Capacity constraint 

1 Introduction 

The Ant colony optimization is best suitable for solving difficult optimization prob-
lems such as vehicle routing problems, though we do not get the exact solution but 
approximate solutions can be achieved. The ACO uses an artificial ant as the basis 
for searching the good solutions, they are also called as software agents for a vehicle 
routing problem. On a selected tour the ACO obtains the best path which is the 
shortest distance taken to cover the entire tour. The solutions are built incrementally 
on the graph with the help of artificial ants or software agents. The ants use pheromone 
to track the tour path and the ACO follows random process of development for the 
development of solutions. Pheromone is a chemical substance secreted by the natural 
ants in order to find the shortest distance for reaching the food destinations [1].
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Vehicle routing problem (VRP) can be best solved using ant colony optimization. 
The VRP is characterized by a set of cities and its location. In the VRP the rule is that 
the vehicle visits each location only once and reaches the destination in a closed loop 
manner. The objective of VRP is to find the optimized travel path which minimizes 
both cost and distance in reaching the final destination, thus it determines the shortest 
distance from the origin to the final destination without violating the VRP rule [2]. 

In the VRP (TSP) graph the touring cities are represented by the vertices of the 
graph which are also called as construction graph. While applying VRP we can reach 
back to the starting point by randomly starting from any city. The traversing path of 
the various cities is mapped on the graph in which edge length represents the distance 
between the cities. The pheromone values are computed and the shortest destination 
is mapped on the graph. Pheromone is an important feature which is updated during 
the successive iterations of the ACO till the optimized path is reached. 

The ACO follows a standard procedure in which the ants are placed in each city and 
the movement of ants from one place to another is determined probabilistically. The 
formula for determining the pheromone content is done probabilistic. The distance 
traveled by the species is memorized by the algorithm and it is determined by the 
pheromone content and no ant visits the city twice. The pheromone content is updated 
once the ant visits all the cities. 

2 Research Background 

Routing Problem of vehicle (RPV) is an optimization problem where materials are 
commuted in one travel mode to different geographical nodes [3]. there are markable 
improvements have been noticed. Routing Problem which have capacity as the one 
of the constraint (CVRP) is one of the premiere vehicle routing problem [4]. 

We can solve the capacitated routing problems with combinatorial optimization 
algorithms, these algorithms give fast and approximate solution which are near to the 
true value also they guarantee less complexity, good accuracy and efficient with low 
running time [5]. The solutions provided by different algorithms are inadequate [6]. 
There are certain often used algorithms such as Wright and Clarke Savings code [7], 
Sweeping code [8], Fisher and Jaikumar discuses about the aggregate algorithm [9] 
and routing algorithm discussed in Holmes and Parker algorithm [10]. In the present 
work evolutionary colony algorithm is being used to solve a typical vehicle routing 
problem for a FDCG company [2]. A brief summary about the evolutionary codes 
is being explained in the subsequent section. Papers from [11–17, 20] are exclu-
sively on traveling sales man problem which are modeled by various algorithms. 
Paper [11] discusses about the application and comparative efficiencies of various 
algorithms. Paper [12] by Vamsikrishna discusses and solves transportation problem 
using genetic algorithm, which can be a good option to solve the current paper with 
genetic algorithm and compare efficiencies. Paper [13] by Vamsikrishna introduces 
concept of six sigma concepts in optimization which can be a breakthrough tech-
nique in applying to the current model. Dispatching rule [14] for dynamic job shop
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scheduling is a good technique in adopting to the current problem. Thennarasu et al. 
[15] discusses about multi criterion decision making problem in make span prob-
lems. Sathish kumar et al. [16] presents a supply chain model using particle swarm 
approach. A case study on productivity improvements [17] by Dr. Saleshya has been 
discussed in great depth. 

Development and selection of hybrid Research Methods 
Most Combinatorial optimization problems are difficult to solve and the solutions 

are NP (Non deterministic polynomial time) hard therefore we adopt Ant colony 
algorithm to solve NP hard problems which is a meta heuristic algorithm and it also 
solves quadratic assignment and vehicle routing problems [1, 18]. A near optimal 
solution can be obtained using ant colony algorithms for various combinatorial prob-
lems like vehicle routing. The graph changes dynamically in real time when we use 
ant colony algorithm as compared to evolutionary algorithm and other algorithms. 
Urban transportation and network routing are the domain areas where ant colony 
algorithms are applied extensively. 

The artificial ants are the basis on which the ACO algorithm works. It is a proba-
bilistic algorithm. As the probability for a particular city is more than the ant moves 
to that city from its current destination. The methodology and modality of rules are 
given below: 

(1) No two cities should be visited at a time. 
(2) A distant city will never be chosen. The probability to choose the same will be 

less. 
(3) The probabilistic formulae in ant colony algorithm determines the pheromone 

content which guides the evolutionary swarms to commute from one node to 
another. Higher the pheromone content of the ants greater the probability for 
the ant to move from one city to another. 

(4) There is a higher probability of more pheromone content as the optimized path 
is computed. In real life the swarm lays a chemical substance on the path it 
traverses. There is an evaporation of pheromone trail after each iteration. 

The behavior of ant gives birth to the optimization process of ant colony. When-
ever a food destination is reached the ants cooperate and communicate to the other 
ants through the presence of pheromone content secreted by the visiting ants. This 
complex phenomenon results into the derivation of shortest path of food destination. 
The pheromone acts like a communication system for the other swarms to follow. As 
the ant secretes more chemical more ants will follow. In each city an artificial ant is 
randomly placed so that during there is a movement of ant from one city to another. 

For the swarms to travel from one place (i) to another place (j) there is a stochastic 
formulae devised by Dorrigo which is stated as follows. 

δk(i, j ) = 

⎧ 
⎪⎪⎨ 

⎪⎪⎩ 

μα 
i j×Y β 

i j  

μα 
ig×Y β 

ig∑
g ∈ J j k 
0 

(1)
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where: 

δk (i, j) represents the ant k s probability to visit the routes. 
g ∈ J j k represents the range of places not traveled by swarm k in place i. 
α highlights the value of chemical pheromone trails. 
β denotes the relative value of distance between the places. 

The availability of chemical trail that a chosen path is how close the route is 
represented by the stochastic Eq. 1. We can determine larger weights by tweaking 
with the α and β parameters. We can calculate the pheromone evaporation at the 
edges as more and more ants visit the designated route. A mathematical expression 
represented by Dorigo is used to calculate the pheromone content. 

These are the steps of the algorithm: 

1. The tour can be started randomly from any city and it can be chosen as an arbitrary 
vertex which can be set as current vertex. 

2. Determine the shortest edge to connect the nearest vertex which is not visited 
and it will be treated as the current vertex 

3. We can set current vertex as V. 
4. The city visited is denoted as V. 
5. The program can be terminated when all the vertices are visited. 
6. Go to step 2. 

All the visited cities which are the vertices is the output of the algorithm. 
The quantity of pheromone laid by each ant k is represented by Art * j. (t) on  

each edge (i, j) which was used, once the tour has been completed, the value Art * 
(i) indicates the performance of the ant. The artificial deposition of pheromone is 
indicated by iteration t, swarm  k lays Art  ̂ (t) on endpoint (I, j): 

Art ∗ j = T 

K L 
(t)if (i, j ) ∈ K t (t) 

Art ∗ j = 0 otherwise (2) 

The value Kt(i) is the swarm movement done by swarm k during iteration i, KL(t) 
is the tour length, and T is a value which should be equal to the optimal tour length. 

Its quick to implement the nearest neighbor algorithm as it is easy and fast to 
execute, but due to its grabbing nature sometimes it misses the routes which are 
shorter. 

Update rule of Pheromone: In the swarm system all the swarms are allowed to 
deposit the chemical substance called pheromone once they complete their travels. 
The swarms which complete the best travel is allowed to deposit the chemical 
substance called pheromone along all its branches. The swarms are therefore allowed 
to search near the paths of the tour. The formuale for updating the tour is given by: 

µi j(t) ← (1 − rho) · μi j  (t) + rho · ∆μi j  (t) (3)
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where i, j are the nodes belonging to T+, which is the best tour since the inception 
of the trial, rho is the factor governing the decay of the chemical substance.

∆μi j  (t) = 
1 

Q 
+ (4) 

where Q+ is the length of the tour T+. from this update we understand that the 
procedure allows the global updates of the best tour. New solutions emerge due to 
local updates of pheromone. 

Updates of local pheromone trail: The local update is represented as follows, once 
the swarms is in the node h. the update of the chemical substance called pheromone 
takes place as follows. 

μi j(t) ← (1 − rho).μi j  (t) + rho.μo (5) 

The value of μo occupies the pheromone trials initial value and it is found experi-
mentally that by setting μo = (n.Qnn)−1 where n represents the no of nodes or cities 
and the length of the travel is represented by Qnn. 

3 Result Discussion 

We have tested the data of an FMSCG company dealing in groceries and vegetables 
and the data for the vehicle movement is shown in the Table 1 [11, 19]. Using this 
data in Table 1 we have implemented the swarm colony algorithm using MATLAB 
version 2019. The various distances of the depots are recorded in terms of latitude 
and longitude in and around Bangalore city. 

Table 1 Distances in latitude 
and longitude for the several 
depots and customers 

Depot No. X-Co-ordinate Y-Co-ordinate 

1 45 68 

2 45 70 

3 42 66 

4 42 68 

5 42 65 

6 40 69 

7 40 66 

8 38 68 

9 38 70 

10 35 66
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4 Conclusion 

With an increase in the complexities of real industrial systems, maintenance decision 
making has become a challenge for maintenance managers. In the present study, the 
authors have used an integrated MCDM framework for the selection of an optimal 
maintenance strategy for ASU of a urea fertilizer industry. 

The nearest neighbor algorithm due to its greedy nature is quick and easy to 
implement but sometimes it misses shorter routes as a result of which the code is 
executed fast. The tour is near optimal if the first few stages and last few stages are 
comparable to tour length, if the length of the tour is greater than more optimal routes 
are available. 

The nearest neighbor algorithm performs better than ant colony algorithm. The 
results of NN algorithm select the best route covering a distance of 261 units for a 
demand of 50 Customers is optimally selected for the best route as shown in Fig. 2. 
It is still possible to improve the route by manually adjusting the graph. The ant 
colony performs better for 200 ants but it covers distance of 284 units only as shown 
in Fig. 1. We have solved one more solution for customers were excess loads are 
there, it is represented by Fig. 3. Here the number of destinations are small so the ant 
colony computes the shortest routes for these destinations as represented (Figs. 4; 
Table 2).

Fig. 1 Results of TSP using swarm for 200 ants 
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Fig. 2 Results of TSP using NN algorithm 

Fig. 3 Results of TSP using swarm algorithm for short loads
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Fig. 4 Results of TSP using swarm algorithm for short loads (Not optimum) 

Table 2 Swarm and NN 
algorithm results 

Depos Swarm colony Nearest neighbor 

50 285 Units 261 Units 
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Advantages and Applications of Natural 
Fiber Reinforced Hybrid Polymer 
Composites in Automobiles: A Literature 
Review 

Sarita Choudhary, Jyotirmoy Haloi, Manoj Kumar Sain, 
and Praveen Saraswat 

Abstract Composite materials have been identified as the most promising and 
popular material due to their wide applications and unique properties. Natural or 
synthetic fiber reinforced composites are gaining traction due to increasing market 
demand for materials having high specific strength for customized purposes. Due to 
the fact that the performance of composite materials is largely determined by their 
constituent materials and manufacturing procedures, it is needed to investigate the 
mechanical and tribological properties of various fibers available worldwide. There 
is a need also to investigate the classification of natural fibers with their fabrication in 
order to determine the material’s optimal characteristic for the intended use. The aim 
of this work is to deliver a state of art summary of hybrid fiber reinforced polymer 
composites, their broad range of properties, usefulness, classification, and numerous 
fiber composite manufacturing procedures for key applications. Due to their superior 
performance in a wide diversity of applications, fiber reinforced composite mate-
rials have emerged as a viable alternative to solo metals or alloys. Hybridization 
has the potential to significantly enhance the mechanical characteristics of uni-fiber 
reinforced polymer composites. 

Keywords Composite materials · Hybridization · Fiber reinforced polymer ·
Literature review 

1 Introduction 

Rapid expansion in market demand and manufacturing has resulted in material 
advancements in terms of mechanical properties such as density, strength, tough-
ness, and cost-effectiveness, all of which lead to increased sustainability [1], Sherif
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et al. [2, 3]. Natural fiber reinforced polymer composite materials have gained popu-
larity in recent years as a result of their ease of fabrication, low density, biocompat-
ibility, low thermal conductivity, renewability, low toxicity, and combustibility, as 
well as their low production cost. Due to their enhanced qualities, composite mate-
rials have the potential to be used in a wide variety of applications [4, 5]. On the 
other hand, forecasting the thermal and mechanical properties of fiber reinforced 
polymer hybrid composites is a difficult problem for present modeling techniques, 
necessitating a complete understanding of simulation analysis for such materials. 
Composite materials are composed of at least two constituents: matrix and reinforce-
ment. Natural and synthetic fibers have found significant applications in a variety of 
fields, including construction, mechanical engineering, automobile manufacturing, 
aircraft, biomedicine, and maritime [6], Movahedi et al. [7, 8]. Despite these advan-
tages, natural fibers have a number of disadvantages, including a high capacity for 
moisture absorption and a low impact strength. The hybridization technique can be 
used to circumvent these limits. By incorporating additional fibers into a polymer 
matrix alongside a single fiber, composites were developed. Hybrid natural compos-
ites are more sophisticated than typical fiber-supported composites and offer a greater 
variety of application options. Earlier research on natural–synthetic fiber hybrid 
composites focused on reducing the amount of synthetic fibers used. 

2 Background of Natural Fibers 

Natural fibers are having irregular cross sections, which distinguishes their structures 
from conventional or man-made fibers like carbon fibers, glass fibers, etc. Based on 
their origin, these fibers can be categorized as vegetable/plant fibers, animal or protein 
fibers and mineral fibers [9]. Natural fibers are classified in Fig. 1.

Animal fibers are mostly composed of protein, whereas mineral fibers are 
comprised of the asbestos group of minerals. Nowadays, these fibers are avoided 
due to the health risks linked with them and are banned in a number of nations [12]. 
Plant fibers have a better stiffness and strength than animal fibers, which are more 
commonly available. Natural fibers such as jute, banana, coconut shell, bamboo, 
cotton, coir, pineapple, husk, sisal, and ramie are abundant in India, making them 
ideal for the development of natural fiber-based composites with the primary goal of 
exploring value-added application possibilities. Natural fibers play a critical role in 
determining current ecological and biological challenges [13]. Natural fibers, partic-
ularly hemp, sisal, flax, and jute, have reasonably strong mechanical qualities and 
comparable with glass fiber in terms of specific mechanical and physical properties 
[14]. Natural fibers are good thermal and acoustic insulators due to their low-density 
structure. They also have a low bulk density [15]. Interestingly, different types of plen-
tiful natural fibers have been shown to provide effective and durable reinforcement 
in thermoset and thermoplastic matrices.
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Fig. 1 Classification of natural fibers [10, 11]

3 Methodology for Bibliometric Analysis 

Bibliometric analysis considers the study of papers and other publications via the 
application of statistical tools. This technique is widely used to conduct a quantitative 
assessment of a certain scientific field’s current trends [16]. 

This study used bibliometric analysis, which involved examining the biblio-
graphic characteristics of journal articles published between 2010 and 2021. The 
data on natural fibers’ advancement in the automotive industry was collected from 
Scopus database. Only journal articles were included in this study and the search 
was narrowed to 189 items after applying exclusions. 

The trend of articles published on the use of natural and sustainable fiber reinforced 
composites in automotive sector in last decade are depicted in Fig. 2. Substantially 
good research growth can be observed from the figure.
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Fig. 2 Publication trend in last decade 

The journals published maximum research articles on the use of natural and 
sustainable fiber composites in automotive sector are depicted in Fig. 3. Revista 
Materia, journal of cleaner production, journal of material research and technology 
and polymers are the leading journal in the field. 

Country-wise publication trend depicted in Fig. 4 shows that India is leading 
country followed by Brazil in the natural and sustainable fiber composite research. 
France, USA, and China also have the significant publications in this field.

Fig. 3 Leading journals in the field of natural and sustainable fiber composites 
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Fig. 4 Country-wise publication trend 

4 Literature Review Findings 

This section summarizes key findings from various authors’ studies on composite 
materials. Devaraju [17] investigated the effect of fiber loading on the mechanical 
characteristics of epoxy-based sisal and banana Fiber composites manufactured by 
hand layup. Tensile strength of composites containing 35% banana fibers was found 
to be greater than that of other compositions. Additionally, the impact resistance of 
banana and sisal Fibers in a 20:20 ratio was found to be greater than that of other 
compositions, and a 20:15 ratio of banana and sisal Fibers gives increased hardness. 
Athijayamani et al. [18] investigated the possibility of replacing glass fiber rein-
forced composites with natural Fiber. The experiment was conducted on a hybrid 
natural fiber composed of short roselle and sisal and discovered that increasing the 
fiber length and composition boosts tensile strength but decreases impact strength. 
Tensile and flexural strengths are proportional to the proportion of roselle and sisal 
fiber hybrid reinforcement, whereas impact strength is proportional to the proportion 
of sisal fiber. Natural fibers, according to [19], are less expensive, lighter in weight, 
environment friendly, recyclable, and readily available. These fibers can be employed 
as reinforcement in polymer matrixes in a variety of configurations, including random 
orientation, uni-directional orientation, bi-directional orientation, and woven mat 
pattern. Compression molding and hand layup processes are frequently employed in 
manufacturing. Due to its comparable mechanical properties and inexpensive cost, 
natural fiber can be utilized in place of synthetic Fiber. Hybridization of fibers can be 
used to improve the mechanical properties of single fiber reinforced polymer compos-
ites. Additionally, the hybridization process helps in overcoming the constraints of
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single fiber. Natural Fibers, according to [20], are biodegradable and environmen-
tally friendly, however synthetic fibers provide more rigidity. Hybrid fiber reinforced 
composites combine the advantages of natural and synthetic fibers. Composite mate-
rials are manufactured in a variety of ways depending on the material chosen, and 
their effectiveness is determined by the volume and type of matrix and fiber mate-
rial used. Composite materials are employed in a variety of applications including 
mechanical, automotive, aerospace, marine, and construction. Shireesha et al. [21] 
investigated the mechanical properties of natural fiber composite materials such as 
tensile strength, flexural strength, impact strength, hardness, and surface morphology. 
Natural Fibers were discovered to be less expensive, more readily available, lighter 
in weight, recyclable, biodegradable, and harmless in nature than synthetic Fibers. 
Tensile and impact strengths rose with Fiber loading, whereas flexural strengths 
climbed to a certain point and then began to decline. Surface treatment was found 
to improve matrix-fiber bonding and strength. Hybridization of Fibers enhanced 
mechanical qualities while reducing reliance on synthetic Fibers. Yadav et al. [22] 
investigated the preparation, characterization, and finite element analysis of epoxy 
composites based on sugarcane dry leaves at six volume percentages. The study 
discovered that at an 8 vol% percentage, the mechanical properties of the composite 
were superior to those of pure epoxy samples. A micromechanical model based 
on numerical homogenization anticipated an increase in the Young’s modulus of 
composites of up to 10.33%. Stress research found that reinforced composites exhibit 
up to a 167% increase in Von Mises stress and a 3.5% reduction in deformation when 
compared to pure epoxy. Ku et al. [23] proved that natural fibers are cost-effective, 
recyclable, lightweight, and environmentally friendly reinforcing materials with high 
tensile qualities that may be used in place of traditional fibers such as glass and 
carbon fiber. However, natural fiber’s primary disadvantage is its weak adherence 
to matrix resin, which can be enhanced through physical and chemical modifica-
tion. According to this study, mathematical modeling is also an excellent method for 
predicting the tensile properties of natural fiber reinforced composites composed of 
plant and animal Fibers. According to [24], natural fiber reinforced polymer compos-
ites have gained popularity in recent years in car manufacturing due to their light 
weight, cost-effectiveness, design flexibility, and eco-friendliness. According to the 
study, hybridizing natural fibers with a little proportion of synthetic Fiber improves 
their qualities and overcomes their inherent constraints such as low durability, low 
modulus, and hydrophilicity. Thus, the enhanced end-of-life disposal and reduction 
in weight of automobile components pave the way for improving automotive fuel 
economy and lowering the engine emissions. This trend will continue with increased 
research on the sustainability of natural fiber reinforced composites in automotive 
applications (Tables 1, 2 and 3).

Bolcu and Stănescu [28] investigated the mechanical characteristics of composite 
materials composed of three separate hybrid resins generated from Dammar and 
two distinct types of flax fabric. According to the study, as Dammar’s volume ratio 
increases, yield strength and modulus of elasticity fall while elongation increases. 
Elastic modulus, yield strength, and elongation all decrease when the Dammar 
volume ratio in composite increases. The vibration dampening capabilities of these
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Table 1 Applications of natural fiber used in automobile applications [19, 25] 

Fiber (type of fiber) Country Application 

Abaca fiber (leaf) Bolivia, Malaysia, Philippines, 
Uganda 

Seat backs, spare tire cover, 
underbody panels 

Bamboo (stem) China, India Floor mats 

Banana (stem) China, Japan Ceiling liner 

Coir (fruit) India, Malaysia, Sri Lanka, 
Philippines, 

Bumpers, interiors, door panels, 

Cotton (stem) West and central Africa, China 
USA, India, Mexico, 

Acoustic insulator, ceiling liner 

Flax (stem) Canada, China, India Door panels, shelves 

Hemp (stem) China, India, Yugoslavia, Door panel 

Jute (stem) Ghana, Tanzania, Door panels and dashboard 

Kenaf (stem) South Africa, Togo Door panel, other interior trim 

Sisal (stem) Antiqua, Bahamas, East Africa, 
Kenya, Tanzania, India 

Glove box, door panels 

Coconut India, Indonesia, Philippines Loadfloor, seat bottoms, back 
cushion 

Corn Argentina, Brazil, China, United 
States 

Air conditioning vent, instrument 
panel, floor mats

composite materials have been demonstrated to be quite good. Composite materials 
can be employed in aeronautics (fuselage elements, flaps), automotive (bodywork 
parts such as wings, doors), civil and industrial engineering due to these qualities. 

Ali [42] employed the Analytical Hierarchical Process (AHP) to pick materials, 
replacing the traditional materials selection system with software tools. The decision 
to optimize materials was challenging, since it entails a diverse range of materials 
and a variety of influencing criteria. Sensitivity analysis of the results enhances 
the level of confidence even more. The achieved result emphasizes environmental 
issues while simultaneously meeting mechanical, physical, and cost standards. The 
eco-friendly and biodegradable materials selected reduce the need on conventional 
petroleum-based products while simultaneously increasing passenger safety. Addi-
tionally, these materials meet the standards for product development set forth by 
industries. As a result, the natural fiber reinforced composite material used for this 
project is suitable for use in the construction of vehicle components. Balasubra-
manian and colleagues investigated the mechanical properties of hybrid natural fiber 
composites (2020).The composites were made by hand laying technique using hybrid 
of banana, jute and glass fibers. Various mechanical tests including tensile, flex-
ural, impact, double shear, and interlamination, were conducted on the hybrid fiber 
composites and compared with single jute and banana fiber composites. The ultimate 
tensile strength, percentage elongation, flexural strength, and impact resistance of 
hybrid composites were all shown to be greater. Additionally, hybridization improved 
interlamination. To forecast the presence of voids, flaws, crack propagation, and 
resin dispersion, SEM pictures of specimens were analyzed morphologically. Singh



652 S. Choudhary et al.

Table 2 Compositions and applications of natural fiber reinforced polymer composites in various 
automobile parts [26, 27] 

Composite Manufacture (model) Application 

Zytel/castor Fiat 
Alfa rameo 
500 
Panda 
Punto 

Fuel line 

Polyurethane/kenaf 
Polyurethane/soy 
Polyurethane/wheat straw 
Polyurethane/coconut 

Ford 
Fiesta 
Edge 
Fusion 
Flex 
Focus BEW 

Interior door panel 
Headline 
Console door 
Interior storage bins 
Luggage-compartment and speakers 

Polyester/cotton/kenaf GMC 
Terrain 

Acoustic insulators 

Polyethylene/bamboo/corn Lexus 
CT200h 

Floor mats 

Polyurethane/soy Lincoln 
MKZ 

Console door 

Polylactic acid/corn Mazda 
5 hydrogen 

Console, seat fabric 

Polyethylene/abaca/banana/Flax 
Polyethylene/flax 

Mercedes 
Benz A class 
Benz C class 

Seatbacks, panels 

Sorona/Corn Nissan 
Leaf 

Floor mats 

Sorona/Corn 
Zytel 
Kenaf/strach 
Sorona/corn 

Toyota 
Pruis 
Camry 
Ranum 
SAI 

Floor mats, sun visor, pillar garnish 

Polyurethane/flax/sisal Volkswagen 
Audi A2 

Interior door panel

et al. [29] investigated epoxy-based natural fiber composites (sisal, jute, and banana). 
This research sought to ascertain the effect of chemical treatment on the mechanical 
properties of natural fiber composites. The surface was treated with 5% NaOH to 
improve its mechanical properties. Although surface treatment increased tensile and 
flexural strengths, and alkali surface treatment increased tensile strengths by up to 
50%, untreated jute fiber-based composites had the best impact strength. The tensile 
strength of jute-based composites was the highest of the three natural fiber treated and 
untreated composites. These composites find application in a wide number of fields, 
including automotive components, electrical assemblies, and construction. Agunsoye 
et al. [43] examined the mechanical and morphological properties of a polyethylene 
composite reinforced with coconut shell natural fibers. Tensile and yield strengths
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Table 3 Key findings of existing literature review 

Reference Natural fiber Key findings 

[17] Sisal fiber, banana fiber The study concluded that an equal 
mixture of banana and sisal (BS) 
fibers have superior mechanical 
qualities 

[18] Roselle fiber, sisal fiber According to the study, increasing 
fiber content and length improves 
tensile and flexural strength but 
decreases impact strength 

[19] Sisal, jute with glass fiber, banana 
with glass fiber 

The hybridization procedure 
improved the mechanical 
characteristics of single fiber 
reinforced polymer composites. 
Additionally, the hybridization 
procedure alleviates the limitations 
of single fiber 

[28] Dammar, cotton, flax The research found that composite 
materials possess a variety of 
qualities that enable them to be 
employed in a variety of 
applications including aeronautics 
(fuselage elements, flaps), 
automotive (bodywork parts such 
as wings, doors), civil and 
industrial engineering 

[29] Jute, banana, sisal The study demonstrated that a 5% 
NaOH surface treatment improves 
mechanical characteristics. Surface 
treatment improves tensile and 
flexural strength, and alkali surface 
treatment increases tensile strength 
by up to 50% 

[30] Abaca fiber The results indicated that the 
surface roughness of abaca fiber is 
lowest when left untreated and 
increases to a maximum when 
treated with 5% NaOH. By 
removing hydroxyl, abaca fibers 
become substantially more 
hydrophobic, resulting in 
decreased water absorption

(continued)
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Table 3 (continued)

Reference Natural fiber Key findings

Yu et. al. [31] Short bamboo fiber The redesigned mechanical tester’s 
functionality and reliability are 
demonstrated through mechanical 
characterization of bamboo fibers 
at constant and varied moisture 
content 

Giorcellia et. al. [32] Biochar and biochar heat treated The study concluded that ultimate 
strength and young modulus are is 
maximum for Tensile toughness 
reached its maximum capacity at 
1% of biochar, whereas tensile 
toughness reached its maximum 
capacity at 2% of biochar. 
Additionally, it was shown that 
adding a little amount of biochar 
improves mechanical 
characteristics 

[33] Flax, sisal, aleovera Project showed that hybrid natural 
composites have excellent 
mechanical characteristics 

[34] Bamboo and sisal fiber Mechanical properties of hybrid 
fiber composite vary with fiber 
orientation and found that 0° fiber 
orientations exhibit maximum 
tensile, compressive and flexural 
strength 

[35] Jute fiber Experimented found that five layer 
of composite glass-jute 
(longitudinal direction)-areca 
sheath (transverse direction)-jute 
(longitudinal direction)-glass 
shown better flexural, tensile and 
shear behavior than pure jute and 
glass fiber 

[36] Flax fiber The study concludes that the fiber 
orientation affects the various 
energies that influence the cutting 
behavior and chip production of 
the polymer composites 

(continued)

decreased as the volume percent of coconut shell increased, while modulus of elas-
ticity decreased to 5% initially and later increased to 25%. The inclusion of coconut 
shell volume increased the hardness. Porosity diminishes as the number of coconut 
shell particles increases. These characteristics make them ideal for automotive inte-
rior components. Sinha et al. [30] conducted an experimental investigation on the
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Table 3 (continued)

Reference Natural fiber Key findings

Zeeshan et al. [37] Flax/waste cotton Glass, flax and waste cotton are 
better combination than glass and 
waste cotton for 10% of waste 
cotton. Impact strength are 
improved but flexural strength and 
moisture sensitivity are decrease 
with waste cotton content 

Lokesh et al. [38] Bamboo fiber It can be seen that NaOH treated 
fibers influenced extremely the 
mechanical properties of the 
epoxy-based hybrid composites 

[39] Jute, pineapple leaf fiber Hybrid composite of jute and 
pineapple leaf with polyester gives 
better tensile, flexural strength than 
epoxy resin. Mechanical properties 
improve with increase in fiber 
loading from 0.18 to 0.42 by 
fraction 

[40] Sisal and jute Experimental result shows that 
20% sisal and 20% jute with epoxy 
resin treated with NaOH increase 
25% flexural strength 

[41] Jute Natural hybrid fiber with glass 
fiber composites gives higher 
hardness and impact strength. 
These composites can be used in 
bumper, front end modules and 
interior structure of automotives

effect of alkali treatment on abaca Fiber and discovered that the composite’s perfor-
mance is dependent on the interfacial bonding between the matrix and reinforcing 
agent. The surface roughness of abaca Fiber is minimal when left untreated and 
increases to a maximum of 5% NaOH. Alkali treatment reduces the surface finish 
of the abaca Fiber by removing the hydroxyl layer (OH–), non-cellulosic compo-
nents, and wax. By removing hydroxyl, abaca Fibers become considerably more 
hydrophobic, resulting in decreased water absorption. 

Ramnath et al. [44] studied the mechanical characteristics of hybrid natural 
fiber reinforced composites. The composites were constructed utilizing the hand lay 
method and reinforced with banana, jute, and glass fiber. We evaluated the mechan-
ical properties of hybrid fiber composites to those of jute and banana reinforced 
GFRP composites. Ultimate tensile strength, percentage elongation, flexural strength 
and impact resistance were found to be higher in case of hybrid fiber composites. 
Hybridizing also improve the inter de-lamination. To predict the voids, defects, crack 
propagation and resin distribution morphological analysis was done by SEM images 
of specimens and this is also used for better understanding of the composites.
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Cinelli et al. [45] investigated hybrid composite laminates composed of PVA 
and lignocellulose filler derived from sugarcane bagasse, apple, and orange waste, 
with glycerol serving as a plasticizer. They evaluated hybrid composites mechani-
cally, respirometrically, and through simulation. We discovered that the elongation at 
break, ultimate tensile strength, and Young’s modulus all changed with fiber type and 
plasticizer agent. The addition of starch to the formulation decreased the mechanical 
characteristics significantly, while increasing the rate of deterioration and lowering 
the cost of the finished product. 

Reddy et al. [39] investigated a hybrid composite matrix made of polyester and 
epoxy resin and reinforced with a blend of natural jute and pineapple leaf fibers 
as well as synthetic glass fiber. The study’s findings indicate that such composite 
materials have a wide range of uses, including car components, electrical packages, 
and construction. 

Khandai et al. [46] studied epoxy resin composites reinforced with a blend of flax, 
kenaf, glass, and carbon fibers with a 1:10 hardener (Triethylene tetra amine). Glass 
and carbon fiber composites were shown to have a higher hardness than natural fiber 
composites. In comparison to natural fiber, carbon fiber has a high flexural strength 
and modulus value (kenaf and flax). Additionally, it was discovered that glass fiber 
was more robust than natural fibers. The specific wear rate of glass fiber composites 
was found to be the highest, while that of kenaf fiber composites was found to be the 
lowest. Carbon fiber has a natural frequency that is 28.9% greater than kenaf fiber. 

Khandai et al. [46] investigated epoxy resin composites reinforced with a 1:10 
blend of flax, kenaf, glass, and carbon fibers (Triethylene tetra amine). The hardness 
of glass and carbon fiber composites was found to be greater than that of natural fiber 
composites. Carbon fiber, in comparison to natural fiber, has a high flexural strength 
and modulus value (kenaf and flax). Additionally, glass fiber was discovered to be 
more strong than natural fibers. The highest specific wear rate was seen for glass fiber 
composites, whereas the lowest was observed for kenaf fiber composites. Carbon fiber 
has a 28.9% higher natural frequency than kenaf fiber. 

In 2011, Ku et al. examined the influence of ramie fiber loading on the mechanical 
characteristics of epoxy-based composites. SEM and FTIR analysis were used to 
determine the morphological properties and functional groups of raw and treated 
fiber. They concluded that increasing the amount of fiber in composites increases 
their mechanical properties. Composites containing 30% ramie fiber performed the 
best, and increasing the fiber content to 40% resulted in a significant decrease in 
mechanical properties due to fiber clustering, which resulted in poor adhesion and 
stress transfer. SEM investigation of the surface revealed that the primary failure 
modes were fiber pull-out, fiber fracture, matrix rupture, and debonding. 

4.1 Application of Natural Fiber in Automobile 

Natural composites are the recent trends in the automotive sector because they phys-
ical and bio characteristics and emerge as an alternative of conventional fibers. 
Natural fibers are light in weight, therefore using it in automobile parts to reduce
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the weight of the parts, lowering the vehicle’s fuel consumption and lowering CO2 

emissions. Many automobile manufacturers, including top branded companies, have 
incorporated natural fiber components in their vehicles. 

Natural fibers are most frequently used in exterior and interior part material. 
Although Toyota has employed natural fibers in its outside tire covers and radiator 
end tanks. 

5 Conclusion and Future Scope 

The careful analysis of the literature demonstrates that composites reinforced with 
natural fibers are more environmentally friendly and sustainable than composites 
reinforced with synthetic fibers. Due to a variety of increased features and character-
istics, natural fiber composites are a superior solution for automotive applications. 
As evidenced from the literature, some top automotive manufacturers have already 
begun using natural fiber composites, a trend that can be accelerated further with 
enough study in this subject. Furthermore, the literature indicates that the disadvan-
tages of natural fiber reinforcement can be overcome through the hybridization of 
natural and synthetic fibers. Numerous studies demonstrating the numerous applica-
tions of natural fiber reinforced polymer composites in automotive components have 
laid the groundwork for future study in the field of hybrid natural reinforced polymer 
composites. 

The present study concludes the following points: 

1. The newly applications of natural fiber reinforced composite materials exceed 
conventional materials from industrial to aerospace to consumer goods. 

2. The hybrid composites can be used to minimize the energy consumption of 
interior panels, armrest, headliners, packaging trays, back part of seats, control 
panels, and dashboards in the car sector. The recent study shown that these 
hybrid composites exhibit superior thermal insulation properties. As a result, 
these composites may also be advised for use in panels, door shutters and frames, 
roofing sheets, partition walls, window frames, and insulation sheets to provide 
excellent thermal and acoustic insulation in buildings. 

3. Natural fibers are reinforced in a variety of ways in polymer matrixes, including 
arbitrarily oriented, uni-directional, bi-directional, and knit mat topologies. These 
composites can be made in a variety of ways and with a range of fiber weights 
or volume fractions. Hand layup and compression molding are two of the most 
common manufacturing processes. 
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28. Bolcu D, Stănescu MM (2020) A study of the mechanical properties of composite materials 
with a dammar-based hybrid matrix and two types of flax fabric reinforcement. Polymers 
12(8):1649 

29. Singh JIP, Dhawan V, Singh S, Jangid K (2017) Study of effect of surface treatment on mechan-
ical properties of natural fiber reinforced composites. Mater Today Proc 4(2):2793–2799 

30. Sinha AK, Narang HK, Bhattacharya S (2017) Effect of alkali treatment on surface morphology 
of abaca fiber. Mater Today Proc 4(8):8993–8996 

31. Yu Y, Jiang Z, Fei B, Wang G, Wang H (2011) An improved microtensile technique for 
mechanical characterization of short plant fibers: a case study on bamboo fibers. J Mater 
Sci 46(3):739–746 

32. Giorcelli M, Khan A, Pugno NM, Rosso C, Tagliaferro A (2019) Biochar as a cheap and envi-
ronmental friendly filler able to improve polymer mechanical properties. Biomass Bioenergy 
120:219–223 

33. Balasubramanian K, Rajeswari N, Vaidheeswaran K (2020) Analysis of mechanical properties 
of natural fiber composites by experimental with FEA. Mater Today Proc 28:1149–1153 

34. Getu D, Nallamothu RB, Masresha M, Nallamothu SK, Nallamothu AK (2021) Production and 
characterization of bamboo and sisal fiber reinforced hybrid composite for interior automotive 
body application. Mater Today Proc 38:2853–2860 

35. Jothibasu S, Mohanamurugan S, Vijay R, Lenin Singaravelu D, Vinod A, Sanjay MR (2020) 
Investigation on the mechanical behavior of areca sheath fibers/jute fibers/glass fabrics 
reinforced hybrid composite for light weight applications. J Ind Text 49(8):1036–1060 

36. Chegdani F, Takabi B, El Mansori M, Tai BL, Bukkapatnam ST (2020) Effect of flax fiber orien-
tation on machining behavior and surface finish of natural fiber reinforced polymer composites. 
J Manuf Process 54:337–346 

37. Zeeshan M, Ali M, Anjum AS, Nawab Y (2021) Optimization of mechanical/thermal properties 
of glass/flax/waste cotton hybrid composite. J Ind Textiles 51(5):768–787 

38. Lokesh P, Kumari TS, Gopi R, Loganathan GB (2020) A study on mechanical properties of 
bamboo fiber reinforced polymer composite. Mater Today: Proc 22:897–990 

39. Reddy MI, Varma UP, Kumar IA, Manikanth V, Raju PK (2018) Comparative evaluation on 
mechanical properties of jute, pineapple leaf fiber and glass fiber reinforced composites with 
polyester and epoxy resin matrices. Mater Today Proc 5(2):5649–5654 

40. Premnath AA (2018) Impact of surface treatment on the mechanical properties of sisal and jute 
reinforced with epoxy resin natural fiber hybrid composites. J Nat Fibers 

41. Olorunnishola AAG, Adubi EG (2018) A comparative analysis of a blend of natural jute and 
glass fibers with synthetic glass fibers composites as car bumper materials. IOSR J Mech Civil 
Eng (IOSR-JMCE) 15(3):67–71 

42. Ali BA, Sapuan SM, Zainudin ES, Othman M (2015) Implementation of the expert deci-
sion system for environmental assessment in composite materials selection for automotive 
components. J Clean Prod 107:557–567 

43. Agunsoye JO, Isaac TS, Samuel SO (2012) Study of mechanical behaviour of coconut shell 
reinforced polymer matrix composite. J Miner Mater Charact Eng 11(8):774–779 

44. Ramnath BV, Sharavanan R, Chandrasekaran M, Elanchezhian C, Sathyanarayanan R, Raja 
RN, Kokan SJ (2015) Experimental determination of mechanical properties of banana jute 
hybrid composite. Fibers Polym 16(1):164–172 

45. Cinelli P, Chiellini E, Imam SH (2008) Hybrid composite based on poly (vinyl alcohol) and 
fillers from renewable resources. J Appl Polym Sci 109(3):1684–1691 

46. Khandai S, Nayak RK, Kumar A, Das D, Kumar R (2019) Assessment of mechanical and 
tribological properties of flax/kenaf/glass/carbon fiber reinforced polymer composites. Mater 
Today Proc 18:3835–3841



Issues and Challenges in Fabrication 
of Conductive Parts by Additive 
Manufacturing and Their Applications: 
A Study 

Arpit Bajpai and Prashant K. Jain 

Abstract This article shows the study of addition of conductive materials like carbon 
nanotubes, graphene and graphite powder to the base materials like ABS and PLA 
used for fused filament fabrication in additive manufacturing. The results showed 
the improved electrical conductivity of the specimen produced. The application of 
conductive parts lies in various devices like capacitors, LED and sensors. Additive 
manufacturing facilitates us with fabrication of customized parts as per the user 
requirement. Fabrication of conductive parts by additive manufacturing reduces the 
complexity of fabrication process. Some basic defects present in the structure of 
graphene and carbon nanotubes are discussed in the article. The effects of these 
defects on the properties of the specimen are also studied. A literature review on 
various methods and materials adopted have been done. The result discussion of 
different process adopted by the researchers is presented in this article. 

Keywords Additive manufacturing (AM) · Carbon nanotubes (CNT) · Graphene ·
Electrical conductivity 

1 Introduction 

The extensive use of polymeric materials in almost all domains has created a feasible 
alternative to the conventionally used materials. Additive manufacturing (AM) tech-
nology has emerged as an optimum solution for manufacturing of these polymer 
composite parts. It is an economical process which provides adequate flexibility 
of production. The requirements of mould and heavy machine setup is completely 
removed while using AM process. Parts with specific requirements can be easily 
fabricated by choosing suitable Additive Manufacturing approach. Further the prop-
erties of these parts can be enhanced by addition of fillers to the base material. Mate-
rials like carbon nanotubes, graphene platelets, carbon fibres and metal powders can
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be added as fillers to increase the electrical conductivity of the material. The use 
of 3D printed parts which exhibit electrical conductivity exists in various domains. 
3D printed parts with electrical conductivity can be used in fabrication of printed 
circuit boards, portable antenna, display boards, fitness equipment and sensors. If the 
conductive printed parts are flexible in nature fabrication of certain crucial compo-
nents like flexible circuit boards and sensors of neuro-prosthetic parts can also be 
done economically by adopting AM approach. The complex geometries of flexible 
electrically conductive parts can be achieved considering the specific requirements 
of the users by additive manufacturing approach. 

Though the AM of electrically conductive parts shows promising results there 
are certain issues which needs to be considered during part fabrication. Selection 
of suitable additive and correct AM process is the most important parameter. The 
proportion of additive and base material, homogeneous mixing of additive, printing 
process parameters and feasibility of the produced parts are some important issues 
which needs to be taken into consideration. 

The polymeric materials provides high strength in low weight making it more 
usable in construction industries, automobile sector, sports equipment, health moni-
toring devices, aviation sector and many more areas [1]. The parts made by these 
materials are comparatively low in cost when compared to metals. The addition of 
reinforcements in these polymers further enhances the properties of these polymers 
increasing its usability. The flexibility of using various types of fibres irrespective 
of its length and nature makes the AM process most suitable in composite manufac-
turing industry. Keeping control on certain parameters like compatibility of fibres 
with the base material, amount of reinforcement, orientation of printing and adop-
tion of suitable method of printing, the desired samples of required properties can 
be fabricated. 

Additive manufacturing process provides an advantage of rapid production of 
complicated geometries. Acrylonitrile-butadiene-styrene (ABS) and poly-lactic acid 
(PLA) are the most widely used materials [2]. When compared to conventional 
machining processes, ABS and PLA products are light in weight, cost effective, 
takes less manufacturing time and are environment friendly. In order to enhance 
specific properties of AM products, reinforcement has become a trending method. 
Additives are added in various proportions to the base material to build up properties 
like tensile strength, flexural strength and conductivity. 

Producing conductive samples by additive manufacturing has always been a chal-
lenging task. In order to achieve the best conductive properties the most common 
materials added are carbon nanotubes and graphene [3]. Besides this, other mate-
rials like graphite powder [1], ZnO [4] and metal flakes can also be used to improve 
the thermal and electrical conductivity. Graphene and carbon nanotubes are most 
widely used allotropes of carbon nanomaterial. The addition of small amount of 
these to the base material changes the properties drastically. The selection of one 
amongst the two may depend on the requirement and properties of the base material. 
Carbon nanotubes are long tubular structures of carbon which shows enhanced tensile 
strength and superior thermal and electrical conductivity. The diameter of these tubes 
is in nanometres. Commercial carbon nanoplatelet powder is available nowadays and
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can be effectively mixed with polymers to form composites with enhanced proper-
ties. Graphene is an allotrope of carbon which can be used as a substitute of carbon 
nanotubes. The superior mechanical property, high interfacial area and high dielec-
tric permittivity makes it suitable for the use. It has high surface-to-volume ratio and 
has dispersible nature in organic solvents which makes it is most suitable for fuel 
cell application [4]. 

In order to develop fibre reinforced composites methods like melt compounding, 
powder bed fusion, material extrusion and sheet lamination can be adopted [1]. 
Besides this, chemical mixing process can also be adopted for producing polymer 
composites. Selective laser sintering process is another method which can be used 
to mix material in powder form. Reinforcements compatible with the base material 
are melted and fused together with the help of power from laser. Material mixing in 
liquid phase can be done with the help of VAT polymerization using photo curable 
resin as base material. Fused filament fabrication is one of the most economical 
methods which can be adopted for 3D printing of composite material. Single or 
multiple nozzles can be adopted for this purpose. Though the use of long continuous 
fibres is not feasible in this process but short fibres can easily be used. Besides this, 
chemical mixing can be adopted for preparing polymers which can be extruded in 
form of filament and can be directly used in conventional FFF printers. 

2 Fabrication of Conductive Parts 

Additive manufacturing is one of the most suitable approach for prototyping and 
fabrication of complex geometries. Addition of certain additives in the base material 
enhances the properties of the fabricated parts. Properties like tensile and compressive 
strength, stiffness and toughness can be altered by this process. Thermal and electrical 
conductivity can be incorporated and increased by this process. Additives like CNT, 
Graphene, carbon fibres, metal powders, etc., can be added specifically in order to 
increase the electrical conductivity of the material. The most common amongst them 
is the use of Graphene and CNT. Single and multi-layer graphene nano-platelets are 
easily commercially available and can be used. The use of multi-walled CNT is more 
economical when compared to single walled CNT. The homogeneous dispersion of 
these additives in suitable amount in the base material and selection of the suitable 
additive on the basis of the base material is the most important parameter. 

2.1 Use of Graphene and CNT as Conductive Additive 

The widespread use of conductive polymers in the present day scenario is quite vital. 
Fabrication of conductive parts by additive manufacturing has come out as a recent 
trend. Various researchers have worked on the fabrication of conductive polymers. 
An investigation on the properties of ABS fabricated by fused deposition modelling
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discussed the addition of two different nano composites (a) graphene nanoplatelets 
and (b) carbon nanotubes [5]. Two different methods of melt compounding and fused 
filament fabrication can be employed for the fabrication of samples. On variation of 
the weight percentage of graphene nanoplatelets and carbon nanotube, variation in 
the properties could be observed. A change in tensile strength, flexural strength and 
electrical conductivity could be observed as a result of addition. Due to weak covalent 
forces between graphene and material matrix the tensile and flexural strength of the 
specimen decreases but the conductivity increased in an appreciable manner. On the 
other hand, addition of carbon nanotubes increased both tensile and flexural strength 
of the material as well as the conductivity is also increased. Though the brittleness 
of the material also increases by addition of carbon nanotubes. The concentration 
of the carbon nanotubes and graphene nanoplatelets plays the significant role in 
conductivity. A minor rise in electrical conductivity is observed with addition in 
small amount but the actual increase in electrical conductivity is observed above 4% 
addition of carbon nanotubes and graphene nanoplatelets by weight percentage. 

Ultrathin composite films of poly vinyl chloride can be fabricated by addition 
of both carbon nanotubes and graphene. As the cost of carbon nanotubes is high, 
graphene can be used as an economical substitute for the same. The marginal 
addition of graphene in the PVC enhances its mechanical and electrical properties 
abruptly. The fabrication of graphene nano flakes can also be done experimentally 
by graphite flakes [6]. The resulting graphene flakes are multilayer in nature. Addi-
tion of multilayer flakes in excess results in clogging of nozzle in fused filament 
fabrication. 

Printing structures in different orientations by fused deposition modelling can 
affect the properties of the CNT mixed ABS samples [7]. The samples can be 
printed in horizontal, vertical and perpendicular building orientations. The addi-
tive percentage can be simultaneously varied along with the orientation to observe 
the variation in yield properties and electrical conductivity. The electrical resistivity 
of the material strongly decreased even after 1% addition of carbon nanotubes to 
ABS material. 

Other than ABS and PVC, polylactic acid (PLA) can also be used as a base material 
for nanofiller addition. Addition of Graphene enhanced the mechanical, electrical and 
thermal usability of material [8]. Considering various orientations of printing the 
specimen, the upright or vertical orientation gives the maximum tensile and flexural 
strength on addition of graphene nanoplatelets in PLA base. No significant effect in 
electrical conductivity is observed in PLA on changing the orientation of printing. 

Polybutylene terephthalate (PBT) can also be considered as a base polymer mate-
rial for addition of CNT and graphene [9]. The printing of material can be attempted 
by commercially available desktop 3D printer. PBT can be considered as an alter-
native to ABS and PLA for 3D printing as no significant change in parameters are 
needed to attempt its printing. 

The studies of Ghoshal [10] stated the increase of conductivity on addition of 
carbon nanotubes when compared to graphene nanoplatelets. CNT when compared to 
graphene provides better mechanical and electrical properties. The electrical conduc-
tivity, thermal conductivity, tensile, and flexural strength of the material are observed
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to improve drastically. As the concentration of CNT is increased in the base mate-
rial, after a certain point the problem of clogging of nozzle arises in fused filament 
fabrication process. 

The use of conductive ABS to produce working prototypes of models has been 
considered as a complicated task. Mirzaee et al. [11] fabricated a prototype of flexible 
3D printed bow tie antenna by additive manufacturing using flexible PLA and conduc-
tive ABS material. The frame of this antenna is made by flexible PLA material and 
the remaining part by the conductive ABS. The fabricated antenna is compact in size, 
light weight and mechanically flexible providing a suitable bandwidth range. The use 
of commercially available conductive ABS for the fabrication of electromechanical 
products and parts can be explored further. 

Melt compounding is generally used for addition of nano fillers to the base mate-
rial. The filament of the material produced is extruded which is used in commer-
cially available 3D printers. On a different approach, combination of direct write 
method with additive manufacturing was attempted by Perez et al. [12]. The elec-
tronic components were embedded in the structure of components by additive manu-
facturing process. The use of conductive material in between the integrated electronic 
components may further increase the efficiency of the system by providing desired 
conductivity for passing of signals. The fabrication of electrically conductive parts 
by direct write method is difficult as the material needs to be in paste form with 
number of additives. As the part is fabricated these additives needs to be removed by 
different processes. Post curing of parts affects the accuracy and in many cases the 
high loss of electrical conductivity is observed post curing. 

2.2 Use of Other Additives to Improve Electrical Conductivity 

The multi-walled carbon nanotubes can also be used for enhancing the properties of 
3D printed specimen [13]. Number of carbon nanotubes rolled over one another forms 
multiwalled CNT structure. They are allotropes of carbon with high aspect ratio. The 
addition of MWCNT in varying percentage increases the strength of the specimen. 
Addition of metal oxides like ZnO enhances the thermal conductivity of the ABS but 
no significant increase in electrical conductivity is observed [14]. Mechanical prop-
erty like tensile strength increases first than decreases as the percentage concentration 
of ZnO increases. 

The conductivity of ABS can also be increased by addition of carbon fibres. Small 
carbon fibre of length 0.2–0.4 mm can be embedded in the ABS matrix by FDM 
printing and compression moulding process. The maximum value of carbon fibres 
was 40% by weight after which the clogging of nozzle was observed by Tekinalp 
et al. [15] when fused filament fabrication process was used. 

The use of carbon fibres between layers of ABS to improve strength was done 
by Nakagawa et al. [16]. The reinforcement was done by sandwiching the layers 
of carbon fibres between the layers of ABS. This was done by conventional fused 
filament fabrication printer in which layers of ABS was printed with bundles of
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carbon fibres strands placed between these layers. An attempt to insert the bundles 
of strands of carbon fibres in the extruder head during the melting phase of ABS was 
also attempted in the process. Carbon fibres strands in the form of threads were fed to 
the extruder head along with the filament. In order to do so the input diameter of the 
nozzle head was increased to 2.7 mm which is 1.7 mm in conventional printers. The 
size of the nozzle is also increased to 0.9 mm from 0.4 mm to avoid the clogging of 
the nozzle during the extrusion. In many cases, the no mixing of carbon fibres with 
the ABS filament was observed. Instead of fibres entering the filament, the carbon 
fibres strands came adjacent to the filament separately. As the carbon fibres are not 
stretchable in nature the extrusion speed was different for the fibres and ABS from 
the same nozzle. To overcome this, the filament extrusion speed was reduced, but in 
this case, the ABS filament coming out of the nozzle started curling, and printing of 
parts was not possible in this case. Thus, the feeding of carbon fibres along with the 
filament was found unsuitable. Thus, the material was added in the form of sandwich 
layers to add bundles of carbon fibres between ABS layers. 

2.3 Limitations of Using Graphene and CNT 

Two major types of defects are observed in case of graphene structure. These are point 
defects and line defects. The change of lattice structure of graphene due to missing 
atoms causes the point defects and combination of these point defects creating a 
boundary gives line defects. Missing of one atom from the hexagonal structure may 
result in formation of pentagon structures. Fusion of two layers of hexagon such that 
these layers combine with each other and two atoms from each structure is missing, 
results in formation of octagon structure. In certain cases of missing atoms dangling 
edges may also occur. These defects when present on large scale affect the chemical, 
electronic and mechanical properties. The missing atoms make the graphene struc-
ture chemically more reactive. The tensile strength and other mechanical properties 
may also decrease when these defects increases [17]. In case of CNT the presence of 
Schottky defect may occur. The missing atom from the structure affects the conduc-
tivity of the CNT. The breaking of CNT tubes to a very large extent may also affect 
the conductivity exhibited [18]. 

3 Fabrication of Flexible Electrically Conductive Parts 
Using AM 

Kumar et al. [19] worked on a novel approach of fabrication of flexible conductive 
parts using EVA material. Pellet-based extrusion process was used for the fabrication 
of flexible EVA material. A solution to problem of buckling of flexible filament in 
fused deposition was solved by development of in house CNC-assisted material
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Fig. 1 Material deposition 
tool for using EVA pellets 
developed by Kumar et al. 
[20] 

deposition tool. The results showed the potential to use EVA material for additive 
manufacturing by fused deposition modelling (Fig. 1). 

In order to enhance the conductive nature of the material, graphite powder was 
added to the EVA material. The pellets of EVA graphite composites were gener-
ated which were further used for printing parts. A CNC-assisted material deposition 
tool was made for material deposition. The EVA graphite composite pellets were 
directly fed to this tool, where the temperature was continuously monitored. Pellets 
of EVA material with graphite powder were fabricated and were used for printing 
the specimen [21] (Fig. 2).

3.1 Issues in 3D Printing of Flexible Part 

For fabrication of flexible parts a CNC-assisted material deposition tool was in house 
developed by Kumar el al. [21]. Specific retro fitting of this material deposition tool 
was done on CNC milling machine and extrusion and printing of flexible parts using 
ethylene vinyl acetate as base material. Various issues observed during the process 
are hereby discussed. 

Screw speed—The selection of optimum screw speed for extrusion of material 
from material deposition tool was one of the major requirement of the system. The 
minimum screw speed possible in CNC milling starts with 50 RPM. At 50 RPM, the 
flow of the material from the nozzle is not adequate affecting the material deposition 
rate during the part printing.
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Fig. 2 Electrical conductivity of Gr-filled EVA composites. Inset: log plot of electrical conductivity 
for Gr-filled EVA composites. Kumar et al. [21]

Bed temperature—The bonding of layers of the printed part gets affected by the bed 
temperature on which deposition of material takes place. The bed on which material 
is deposited needs to be heated to avoid the issue of warpage of parts. If the bed is 
not heated at adequate temperature the part my leave the bed in between the printing 
process. The temperature of bed maintained here in this case was between 40 and 
55 °C. 

Gaps and voids—During the printing of specimen the selection of nozzle size along 
with proper road width is essential to avoid the presence of gaps during part printing. 
The presence of voids and gaps between layers is present in certain cases when the 
size of the filament coming out is not suitable. 

Improper extrusion—The selection of suitable nozzle temperature of efficient 
extrusion of material is essential along with the optimum screw speed. Failing in 
any of the parameters may result in improper extrusion of material. The material 
coming out of the nozzle is either less of more than the requirement. Less material 
extrusion results in void formation and more material extrusion results in overlapping 
of layers with distorted geometry. 

Over heating—When the temperature of the nozzle is more than the required temper-
ature the viscosity of the material starts reducing resulting in pouring of material 
rather than filament extrusion. The material extrusion rate increases rapidly and the 
printing of desired geometry becomes difficult.
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Under heating—When the temperature of the nozzle is less than the desired temper-
ature of the material the problem of under extrusion is observed. The tool moves at a 
comparatively faster rate leaving the distorted geometry of the printed part. Besides 
curly filament coming out of the nozzle is also observed when the material gets 
insufficient heat from the nozzle. 

Support material—For 3D printing of parts through the material deposition tool 
proper G and M codes needs to be generated by the user before printing. In this 
case fabrication of parts which requires support material is quite difficult. The single 
nozzle of the extruder dispersing material at a constant rate makes the 3D printing of 
flat parts easy. Providing support structure is not possible when material deposition 
tool is used. 

4 Application 

In recent years the applications of 3D printed conductive filaments have increased 
drastically. The use of conductive polymers in various fields such as health monitoring 
devices, sensors and displays justifies the need of conductive polymers with suitable 
properties. Capacitors, light emitting diode, solar cells, field effective transistors, 
and biosensors are some major devices in which the use of conductive polymers is 
increasing in the current scenario [22]. 

Ates et al. [22] studied the nature of various conductive polymers along with its 
applications. Polythiophene, polyparaphenylene vinylene, polycarbazole, polyani-
line and polypyrrole were the major conductive polymers of their study. The various 
applications of these materials are in super capacitors, light emitting diodes (LEDs), 
solar cells, field effect transistor (FET) and biosensors. Super capacitors have compar-
atively very high value of capacitance as compared to conventional capacitors. They 
are used in power supplies, cells and batteries. The use of super capacitor is also vital 
in computers. The use of LED is very common these days and can be observed all 
around us. It is used in lights and indicators in automobiles, remotes, television units, 
music systems and various domestic appliances. As we are living in the era of conser-
vation of energy, solar cells have emerged as one of the cleanest source of energy. The 
solar cells convert the energy from the sunlight to electric energy by photovoltaic 
effect. The abundant use of solar cells, solar panels, solar power appliances like 
cooker, water heater, street light, etc., has gained acceptance globally. Field effec-
tive transistors are used in electrical circuits. Biosensors are used to convert signals 
of biological responses into electrical responses. A combination of thermoplastic 
polyurethane and multi-walled carbon nanotube was used for fabrication of sensors 
[23].
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5 Conclusion 

Fabrication of electrically conductive flexible components by extrusion based addi-
tive manufacturing process is an initial step of the development of a new concept. 
Suitable percentage of additives can be identified to improve the conductivity of 
the flexible component while keeping it suitable for 3D printing. The fabrication of 
components can be done in low cost taking into consideration the requirement of 
the product on the basis of its desired flexibility and conductivity. The fabrication 
of conductive parts by additive manufacturing can be a promising technique solving 
various requirements of future. 
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Agglomeration of the Various Industry 
4.0 Perspectives in the Supply Chain 
Performance Systems 

Ram Dayal Pandey, Mohit Tyagi, Narendra Kumar, and R. S. Walia 

Abstract Manufacturing sector plays a cosmological function in growth and devel-
opment of any industrialized country. In today’s era the manufacturing industries are 
facing difficulties about numerous aspects such as, forecasting demands for prod-
ucts, delay in lead time, inventory control, increasing return on investment, and 
improving efficiency. Present study grounds the “Industry 4.0” perceptions which 
need to be embedded, for converting the traditional manufacturing practices to smart 
ones. Extending the principles of the industry 4.0 eases the operation feasibility 
and improves the performance of supply chain. In continuation to the same various 
barriers, hindering its adoption in the supply chain performance system are iden-
tified, underpinning the notions allied with manufacturing arena. Outcomes of the 
presented work, is favored to enact the manufacturing organizations and their supply 
chains, to adopt the various Industry 4.0 initiatives. 

Keywords Industry 4.0 · Supply chain · Manufacturing systems 

1 Introduction 

The word “Industry 4.0” is frequently used to state the rising activity in the controlling 
of manufacturing and fetter production. Industry 4.0 also entitled as the 4th industrial 
revolt (4IR). In recent years, the rapid development of facts and messaging tools, 
blending in with the provision of morning purchases in Industry 4.0 [1, 2]. From the
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user opinion, there is an indication of the influence of “Industry 4.0” on both the 
technical, internal as well as communal sectors [3]. 

Organizations have seen it the importance of technological development and 
consider technology as a solid strategy a tool to ensure sustainable performance 
[4, 5]. In the recent scenario, numbers of corporations are using this approach 
to improve organizational performance [6, 7]. In particular, the steady growth of 
automation of business plans and the ability to work effectively and productively 
development encourages organizations to increase the performance of Industry 4.0 
vision in other areas of the organization such as asset management (Schuh et al., 
2013). Industry Ideas 4.0 assists in supply chain as decision-making which means 
reducing the price of goods, and improving group performance and product quality 
[8]. By doing literature review (LR) and logical planning, objective to discover the 
influence of developing new tools in line with industry 4.0 to improve procurement 
functioning [9–12]. These days’ customer demand is changing day by day, with the 
help of Industry 4.0 we can meet their needs more accurately. Still, the situation is 
supposed that Industry 4.0 and its empowering technology have the capability to 
influence all corners of plants and organizations and can carry substantial enhance-
ments in governance sectors like, for example procurement management and supply 
chain management [13]. Avenues allied with the supply chain management can be 
secured by aligning its chores with the fundamentals of Industry 4.0 [14]. Effective 
and efficient mapping of the supply with the demand cycles in the supply chain 
performance system is possible by grounding Industry 4.0 perspectives. 

Operational potencies of the supply chain can have yielded by extending the 
Industry 4.0 initiatives. Most firms are now changing their business model and 
continue to use e-business tools to measure their processes by creating process combi-
nations (Chen et al. 2012; Weingarten et al. 2013; Srinivasan et al. 2015). A complex 
and flexible professional environment and consumer petition, as well as the need 
to adapt and respond to organizations turning on the lights advanced technology 
[15–17]. Industry 4.0 helps to analyze instantaneous records in many fields, for 
example Logistic 4.0, Automotive 4.0, and Education 4.0 [8]. The intention behind 
high awareness is that Industry 4.0 has the ability to change its assessment crafted 
and circulated, and how firm’s rivalry [18]. 

Industry 4.0, as a performance concept, has been conversed in particular the idea 
of manufacture in the latest books and industry documents. Still, it is supposed 
that Industry 4.0 and its empowering technology have the capability to influence all 
corners of plants and organizations and can carry substantial enhancements in gover-
nance sectors for example- procurement management and supply chain management 
(Blue 2014). It is multiplex and continuously changes the professional atmosphere 
as well consumer petition, and the requirement to adapt and respond to organizations 
turning on the lights advanced technology [15–17]. 

Aligning dynamics of supply chain with the walks of Industry 4.0, underpin-
ning digital implementation of robust procedures [19]. Adoption of specific tech-
nologies (ex: advanced big data analytics techniques and information systems) 
are needed to achieve this alphanumeric revolution. On the other hand, the intro-
duction of alphanumeric supply chains and highly developed marketing strategies
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preventing high investment and significant challenges associated with the comput-
erization method (Melville 2010; Ranganathan et al. 2011). Globalization has pres-
surized supply chains, for acquition of technical advances, as well has responded 
positively to changes in administration rules as well client demand [20]. Confirma-
tion has emerged that this can merely be obtain by sketching energy associated to 
e.g. sharpness, customization, reflectiveness and clearness (Zhong et al. 2017; Blome 
et al. 2013; Aslam et al. 2018), which is a major challenge in making a small amount 
of various yields (Park et al. 2020). 

2 Literature Review and Background 

Presented section outlays the insights clustered from the core of the research literature 
allied with the various developments in the field of Industry 4.0 and supply chain 
performance system. 

2.1 Outline of Industry 4.0 

Industry 4.0 focuses on the assimilation and growth of interaction as well as infor-
mation technologies in corporate developments [1, 21]. The huge apparition of 
Industry 4.0 calls for agendas and or else or planning for joining bodily belong-
ings and alphanumeric machineries in a cyber-physical system [22]. The part of 
Internet of Things (IoT) in fourth industrial revolution is very broad in manner [23, 
24]. Not only IOT but also some other important tools like artificial intelligence 
(AI), computer-aided manufacturing (cam), computer-aided design (CAD), additive 
manufacturing, simulation, cloud computing, industrial robots, sensors/actuators, 
programmable logic controllers (PLCs), and intelligent enterprises resource plan-
ning (I-ERP), and other modern tools helps in supply chain 4.0 [1, 23]. The first 
three industrial revolts were activated by way of progresses in modernization, energy, 
and IT, the advent of advance machinery in to manufacturing adjacent has introduced 
nearly 4th industrial revolt (Industry 4.0) [25]. This industrial revolt introduced a new 
business module due to which people of the organizations, machines, and devices 
are connected through cyber-physical system (CPS) and internet [17]. Fourth Indus-
trial revolution was oriented towards smooth method management and new theories 
development (Moeuf et al. 2017). With the help of information and communica-
tion tools inside the industry, Industry 4.0 has facilitated self-governing and vibrant 
fabricating [26, 27]. Concluded changing manipulate regularities in enterprise oper-
ation have appreciably stepped forward the spirit of facilities and goods supplied by
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organization [18]. Industry 4.0 also helps in additive manufacturing. Flexible manu-
facturing system (FMS) and vastly adapted invention are provided by additive manu-
facturing, done with the help of alphanumeric 3D models [1]. As opposed to era, other 
pupils emphasis the crucial function of traditional, tactical and employee elements 
in accomplishing Industry 4.0 [23, 28, 29]. Some new techniques are also introduced 
for maximize automation those techniques are as follows: machine learning (ML), 
business analysis (BA), algorithms, optimization, artificial intelligence (AI), espe-
cially dynamic optimization (DM) [30]. Some technologies related to Industry 4.0 
are illuminated given below. 

Big data: It states to extensively large data that are problematic to handle via outdated 
method. It is used to improve the adeptness and yield of massive capacity of data 
[31]. 

Internet of things: It refers to the lots of virtual machines worldwide now connected 
to the internet. IOT is a control system that integrates various equipment and system. 
It enables real time tracking through extended analysis and decision-making [32]. 

Smart factory: It is a concept used to define the application of several grouping of 
recent tools to construct overexcited springy, self-customizable manufacturing capa-
bility. Smart factory automation provides specialized solutions combining various 
hardware, software, and machines [8]. 

Cloud computing: It is on call admittance, via Internet to computing sources 
programs, servers (physical and virtual), statics garage, improvement equipment, 
network abilities, and more. It makes resources available for a month to month 
subscription price or payment them in keeping with usage. 

Cyber-physical system: It is the shrewd system that connect interaction and 
figuring competences with engineering and corporal structure and permit for relating 
the computer-generated and physical world across assisting an extreme level of 
connectivity amid hardware and software [33–35]. 

2.2 Impact of Industry 4.0 on Supply Chains 

As discussed above, Industry 4.0 uses numerous innovative kits and machineries 
for helping to redefine conservative industrial method [3]. Impact of Industry 4.0 
can be handled in extraordinary degrees of supply chains and additionally in supply 
chain management technologies; for example unique forecasting and making plans 
via included glide and accelerated traceability of products and materials, stepped 
forward dealer operation due to actual time statics allocating and harmonization with 
supplier and sensible warehousing and automobile direction-finding structures [23]. 
Effective SCM (supply chain management) requires evaluating and refining both
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specific bodies’ presentation and whole SCP (supply chain performance) [36]. This 
is called as universal methodology to supply chain management [37]. As discussed 
above, structures concept enables research of phenomenon from a approach called 
as holistic [38] by way of it allow for progressing from a solitary plant degree to the 
whole supply chain stage concerning numerous firms and methods in supply chain 
[39]. The larger assimilation amid subsystems can guide to the formation of an abso-
luteness and end to end supply chain (supra-structure), where there is an extreme 
indentation of evidence swap in the assessment making procedure [39]. Interference 
due to digitization weights firms to reconsideration the approach their supply chain 
network is considered. In particular, the Internet of Things (IoT) plays a key role in 
transforming supply chain by offering a variety of occasion for example—remote 
monitoring, actual period position and speed automotive, the condition of decay 
products with sensor temperature, condition and functioning of machinery, etc. [40]. 
Empowered by e-business stage push the antagonism in supply chains, there is clear-
ness and stress-free way in to several preferences concerning where to go to the 
shops and when and what to buy [3, 41]. To accumulation the prerequisite and incli-
nation toward driving alphanumeric revolution in supply chains, new obstructions 
and hazards were focused for occupational atmosphere. Certain of these problems 
contain absence of records, information safety hazard, nonexistence of proficient 
employees, etc. [6, 42] (BRICS Business council 2017). 

3 Problem Formulation 

For performing this investigation, a profound reading of various research papers 
allied to enlightening the various perspectives (Hindrances) of supply chains and 
analytics hierarchy process (AHP) methodology has been used. AHP is frequently 
used for project ranking and assortment. AHP seizure tactical goal as a set of weighted 
criteria that is used to score project. AHP technique has been used to find out the 
important ranking of the Hindrances based on the value of their critical weight. On 
the source of current literature review and views acquired as of domain professionals, 
eight hindrances have been selected which names are: Fiscal limitations (IH1), Lack 
of skill (IH2), Authorized matters (IH3), Conflict to modification (IH4), Absence 
of administrative support (IH5), Records confidentiality and safety problem (IH6), 
Doubtful monetary welfares (IH7), and Non-existence of examination and expansion 
(IH8). To accomplish the preferred objective of this study a model of hindrances of 
Industry 4.0 has been created given in Fig. 1.
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Fig. 1 Study model of hindrances of industry 4.0 

4 Research Methodology 

The objective of this investigation is to find out the ranking of the hindrances on the 
basis of their critical weight. The set of hindrances has been explored by designing 
a survey on semantic terms. 

4.1 Analytic Hierarchy Process (AHP) 

AHP is the highly popular approach which is used for multi-criteria decision-making 
(MCDM) and it is applied by way of a usual method for MCDM challenge since it is 
easy and tractable to actual world complications. The AHP was adapted by Thomas 
Saaty in 1980. It is an effective method for dealing with multifaceted assessment 
creation. This may allow the evaluator to fixed importance and sort the finest result. 
Through decreasing tough results to a sequence of pairwise evaluations, and then 
creating the outcomes. This method aids to seizure both subjective and objective 
features of a conclusion [43]. AHP combines a beneficial procedure for examine the 
consistency of the evaluators calculations, therefore decreasing the unfairness in the 
result building procedure. Assessment amid the standards has been prepared thru 
“Saaty’s” 1–9 scale of comparative concentration given in Table 1. Saaty’s proposed 
that if the value of consistency ratio (COR) is less than or equal to 0.1, then the
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Table 1 Scale of Saaty for intensity of comparative prominence 

Clarification Intensity of relative importance 

Alike favored 1 

Inadequately favored 3 

Toughly favored 5 

Very toughly more favored 7 

Unconditionally more favored 9 

Transitional position between two adjacent conclusions 2, 4, 6, 8 

consistency occurs and the importance weights can be nominated for creation of the 
result. Steps of AHP technique is given below. 

4.2 Executions of AHP 

AHP can be executed in three steps: 

• Calculating the vector of benchmarks weight. 
• Calculating the matrix of decision score. 
• Position the options. 

Steps involved in calculations: 

S-1 Build a matched set of evaluation matrix for standards wasting 1–9 scales for 
comparative rank. If P standards are there in the comparison, then the evaluation 
of standards m with particular to standards n will outcome in a square matrix. The 
evaluation matrix for standards must fulfill the obeying norms. 

amn = 1, When m = n and amn = 
1 

amn 

S-2 Figure out the comparative standardized weight (wcm) for every norm. 

GMm =
(

M∏
m=1 

amn

)1/ M 

; and 

Wcm =
GMm∑M 
m=1 GMm 

S-3 Constructed matrix B3 along with B4 where B3 = B1 × B2 and B4 = B3 
B2 
; 

where,
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B2 = [W1, W2, W3, . . .  Wi, Wn]
T 

S-4 Maximum Eigen value is calculated form mean of matrix B4. 

S-5 Compute the Consistency Index (COI). 

COI = (λmax−Order of the matrix)/(order of the matrix−1). Where λmax is maximum 
Eigen value. Note—Lesser the value of Consistency Index lesser the nonconformity 
from the uniformity. 

S-6 Compute the COR—Consistency ratio = Consistency index/Random index. 
For a perfect evaluator value of consistency ratio must be zero but practically this 

is not possible. So, the lesser value of irregularity may be accepted, i.e., 

Consistency ratio ≤ 0.1 

5 Numerical Illustrations 

AHP has been conducted to detect the importance weight of the standards as shown 
in above AHP methodology steps. For pairwise assessment among standards, profes-
sional’s views found as outcome of personally conversation and survey collabora-
tion have been applied. The standards which have the maximum importance weights 
should be occupied at major importance for reflection. The standard values of random 
index with respect to size of the matrix are given in Table 2. Furthermore, the pair-
wise evaluation and their importance weights as achieved are provided in Tables 3 
and 4. 

Satty stated that if the consistency ratio for pair-wise comparison matrix is less 
than or equal to 0.1, then matrix has been acknowledged, if not then revise the pair-
wise comparison matrix. For above matched set evaluation matrix (Table 3), the 
illustrated amount of COR as stated in the formula for AHP approach is 0.093683 
which matches Saaty’s standards for presence of uniformity hence, the matched set 
evaluation is reliable and the precedence weights are good enough to accept.

Table 2 Table of Saaty for number of standard n 

Order of the  matrix 1 2 3 4 5 6 7 8 9 10 

Random Index (ROI) 0.00 0.00 0.58 0.90 1.12 1.24 1.32 1.41 1.45 1.49
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Table 3 Pairwise comparison matrix for hindrances 

IHi IH1 IH2 IH3 IH4 IH5 IH6 IH7 IH8 GMm WCm B3 B4 

IH1 1 2 3 2 5 2 3 2 2.2759 0.2361 2.2065 9.3432 

IH2 0.5 1 0.33 0.25 4 0.2 0.2 0.33 0.4648 0.0482 0.4766 9.8826 

IH3 0.33 3 1 3 5 2 1 3 1.7528 0.1818 1.5836 8.7071 

IH4 0.5 4 0.33 1 3 0.5 0.33 2 0.9482 0.0984 0.8497 8.6364 

IH5 0.2 0.25 0.2 0.33 1 0.33 0.25 0.5 0.3286 0.0341 0.2938 8.6146 

IH6 0.5 5 0.5 2 3 1 2 4 1.6682 0.1731 1.5177 8.7675 

IH7 0.33 5 1 3 4 0.5 1 3 1.5279 0.1585 1.3863 8.7443 

IH8 0.5 3 0.33 0.5 2 0.25 0.33 1 0.6705 0.0695 0.6053 8.7012 

Table 4 Summery of stability check for pairwise evaluation amid hindrances 

Factor Calculated value 

λmax 8.9246 

Consistency index 0.1321 

Random index (from Table 2) 1.41 

Consistency ratio 0.0937

6 Result and Discussion 

In this investigation, an effort has been made to identify the more impactful hindrance 
which can cause difficulties to achieve our goal in supply chains. According to the 
above calculation Fiscal limitation that is hindrance no-1(IH1) is most dangerous and 
Absence of administrative support, i.e., hindrance no-5 (IH5) is very less harmful. 
That’s why (IH1) creates more problem in the supply chain and (IH5) will not create 
more obstruction. So, by considering above calculation hindrances should be iden-
tified on the basis of their weights. The hindrances which have more weight should 
remove first. By considering these things supply chain performance will increase. 
Ranking of hindrances has been decided based on their weight. Rating orders of 
hindrances are as follows 

IH1 > IH3 > IH6 > IH7 > IH4 > IH8 > IH2 > IH5 

Graphical representation of barriers based on their weight is shown in Fig. 2.
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Fig. 2 Bar chart representing hindrances weight 

7 Conclusion 

Comparing the hindrances of any organization is very useful for improvement of 
productivity as well as effectiveness. AHP approach is very simple as well as suit-
able for finalizing the ranking of the norms. For the investigation of this examination 
work AHP approach is anticipated. As we calculated above hindrance no1 which is 
fiscal limitation have maximum weight. So, we can say that this hindrance can cause 
difficulties in supply chain. Fiscal limitations are related to fiscal policy and other 
expenses. So, it is necessary to consider that fiscal limitations are most hazardous 
hindrance in the supply chain performance. In the present investigation, by the source 
of present literature review (L.R.), acknowledged information gaps and conversation 
with professionals, eight greatest dangerous hindrances have been identified. For 
finding precedence weights of the hindrances AHP methodology has been antici-
pated. With the assistance of this investigation work ranking on hindrances have 
been identified. 
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Exploration of Circular Economy 
Enablers Using Fuzzy DEMATEL 
Approach 

Shivam Mishra, Mohit Tyagi, Anish Sachdeva, and Ravi Pratap Singh 

Abstract Every year, massive amount of waste is generated from manufacturing 
companies and business organizations around the world, which has created anxiety 
in society due to its hazardous nature. From this waste various type of toxic emis-
sion releases including carbon dioxide, methane, sulphur dioxide, nitrogen dioxide, 
carbon monoxide, etc., affecting the environment and human health. In the recent 
years, circular supply chain management (CSCM) concept has been adopted by the 
manufacturing companies, that having the target to reduce the negative environmental 
impressions and social impact. Manufacturing companies are facing problems to take 
the profit from the waste due to lack of new evolving circular economy (CE) concept. 
This research aims to accelerate the CE practices in manufacturing firms by enlighten 
the important associated enablers for CE success. Further these identified CE enablers 
has been analyzed through fuzzy Decision-Making Trial and Evaluation Laboratory 
(fuzzy DEMATEL) approach in order to classify them based on their influencing 
nature along with designing a mutual relation between the enablers. Outcomes of the 
study would help the managers and policy makers to improve the current circular 
practices and focuses more on CE to improve the supply chain performance. 

Keywords Circular economy · Supply chain performance · Circular supply chain ·
Circular economy enablers · Circular economy performance · Fuzzy DEMATEL 
approach 

1 Introduction 

Excessive waste generation is a problematic concern that the industrial managers and 
policy makers are facing in today’s era. Due to such type of problem, a demand arises
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to development of innovative ways for reduction and utilization of that waste for the 
useful purposes. By using the various available process that converted waste into the 
useful form, which again used into the various places, and also help to growth the 
economy [1]. If waste will not convert into the other forms, then it will be harmful for 
the environment and human health, also will not take any leverage from that waste. 
CE concept has been projected as a dominant route to enhancing the mode which use 
efficiently to balance among the social impact, economy and negative environment 
impact [16]. CE gives an efficient model which dominant to enhanced the linear 
economy model called as ‘take, make and waste’ [45]. 

The use of CE not only enhanced in manufacturing area but also enhances in 
academic area [13]. Still several studies of CE have been printed worldwide such 
as case studies, analyzes, scientific report etc. [69]. Generation of waste is most 
important concern in all over the world because from this waste various type of 
toxic gases generated such as carbon dioxide, carbon monoxide, and methane which 
polluted the environment, and occupy the land and also impact the human health. 
Some of the gases produces from the waste, which are very dangerous for ozone 
layer that fall on the ozone layer, due to degradation of ozone layer, some ultraviolet 
rays directly fall on the earth which enhancing the temperature of earth and also 
cause the cancer disease. 

In CE, raw material and energy resources are used in closed loop throughout 
the various stages [71] and produce the final product. The CE concept joints the 
economy and environment, objective is to growth sustainability, effectively convert 
unsustainable material into the sustainable material [55]. The concept end-of-life 
(EOL) again pondered, as action of economy mainly attentive on how to material 
and product to reuse to ignoring the product or material become as the waste [28]. 
Further, turn the waste into usable form after fixed period of time, using the concept 
of end life, so that the product does not become like garbage. The concept of CE has 
been adopted by the manufacturing companies which mainly focus on applying the 
concept in the small size company rather than larger size sample of multi-national 
enterprises (MNE) organizing global supply network [32]. 

CE is not only crucial for manufacturing industry but also in the academic research 
area, the importance of CE has been enhanced in various areas, number of articles and 
journal on this topic has been researching and publishing rapidly during last some 
years [1], for example on circular economic topic in 2016 more than 100 articles 
published as compare to 2014 where 30 articles publish [13]. Companies enhanced 
the awareness of the chances provide by the CE and commence to perceive the circular 
economy value for ourselves and also for his stakeholders. Circular economy looks as 
untapped model probable to led extra sustainable progress and melodious society [14, 
40, 42, 74]. The literature recognizes CE is one of the organization resources that face 
the challenge of the growing end-of-service resource [23]. Purpose of CE practices 
to disseminate present resources, waste production and create a more efficient and 
effective renewable energy model, empowering resource efficiency [19, 23, 39].
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2 Literature Review 

The field of industrial research has been focused mainly on two sector, that is, CE 
and industry 4.0 [29]. CE term first time had been introduced by Stahel and Reday 
in [60]. After some decades, CE concept has been used in various sectors. Work of 
CE has been based on close loop manufacturing system and used as to enhance the 
resource efficiency [30]. Present work focuses on identifying the issues that arises 
during the application of the CE model in the supply chain system, and the defines 
the ways towards transforming the circular supply chain to achieve a zero-waste 
economy. CE provide a recycling system based on the zero-waste philosophy, the 
idea that waste generated within a manufacturing industry has the likely to be used 
as an important asset by another manufacturing industry [31]. 

Some characteristics of the CE have been generated which focused on the indus-
trial economy [60]. CE comprises various components which used in the manufac-
turing industry to produce the final product in a close loop [13]. Cradle-to-cradle 
design has been observed as one of the most important component of CE [7], indus-
trial symbioses [9], product-service system [62], circular flow of materials [36], 
industrial ecosystems [24], blue economy [49] and eco-efficiency [20] etc.  

Material reuse theory has been extensively used in cradle-to-cradle model which 
demonstrates that the industrial materials are categorised into technical and biological 
materials [30]. Technical material not having the toxic also not hazardous and it is 
used again and again after applying some process, biological materials is organic 
nutrients which decompose themselves without influencing the environment and the 
human health [29]. After the millions of years, these biological material converted 
into other form on which applying the various process to convert the usable form 
such as petrol, crude oil, and diesel. 

For increasing the life of the material, manufacturing company has been used the 
concept of CE, CE required the sustainability of operation [26]. The sustainability 
of procedure can be determined by counting the amount of various type of emis-
sion such as carbon dioxide, sulfur dioxide, nitrogen dioxide, various type of waste 
like solid waste, e-waste, plastic waste, etc., and the use of harmful and contami-
nated substances [50]. Sustainability is ensured by execution of asset recession and 
other commodities fluctuation between the sale of goods and services [52, 57, 59]. 
Companies must be generated a method which assist to enhancing the efficiency of 
the resource, increase the quality of the manufacturing product and minimize the 
garbage that will help to sustain performance [15, 59]. 

If the manufacturing companies produced the product on the basis of green design, 
it reducing the consumption of energy as well as minimize the waste generation [11, 
21], to preserve the environment these green products should be require the green 
material and rotten packaging material [3, 66]. Green supply chain management 
needs completely moving the plan of ‘post-pollution treatment’ again emphasizes the 
concept of ‘reducing pollution in the source’ prevention first, second treatment, that
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is at the construction of product and purchase categories, will be fully considered in 
terms of their impact environment, thereby decreasing the cost of business treatment 
and improving the business environment performance and economic performance 
[2]. 

The circular CE has been introduced and authorized based on the 3R such as 
(reduction, reuse, and recycling) in supply chain management [48]. Reduce related 
to input method aims to decrease the raw material and energy inputs in the manufac-
turing and improve the utilization process (reuse is the process which aims to extend 
the durability and service life of the product while recycle refers to the process of 
returning the object or material to renewable resource so that they can be utilised 
again) [73]. However, as the topic has grown-up and it has developed to 6R which has 
also included Recover, Redesign, and Remanufacturing, showing good consequences 
for promoting reuse [18]. 

CE gives a unique assessment on the functioning and construction of used and 
waste management assets [30]. Their effectiveness and efficiency have been key 
factor in transforming the business model of the conference into an extra sustainable 
one [13, 16]. Based on policy-structure and planned, CE has been used to create effec-
tive shopper products through industry 4.0 [51]. Therefore, to reduce the wastage, 
improve the product sustainability, enhancing the quality of the product, reducing 
manufacturing cost, enhance the production, and improve the economy of the manu-
facturing companies and organization for all these factor amends to apply the concept 
of CE. 

3 Problem Formulation 

To perform this study paper, a deep study of previous research paper related to 
improving the supply chain performance (SCP) has been analyzed. Present work 
emphasized on CE enablers and thus through literature analysis, a total of eight 
prominent CE enablers has been recognized among the available one in the literature 
analysis. Table 1 presents the CE enablers identified from the literature analysis.

4 Research Methodology 

The purpose of this study paper is to determine the significant level of those 
considered enablers to be approving CE in order to improve SCP. The fuzzy 
DEMATEL method was developed to find the significant enablers effect the SCP. 
Fuzzy DEMATEL method has been used to analyze the set of enablers. In order 
to obtain data for the fuzzy DEMATEL method, the questionnaire is structured 
according to the linguistic scale demonstrated in Table 2.
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Table 1 Classification of CE enablers 

Enablers Enabler of CE Reference 

CEE1 Long term strategy planning De Mattos and de Albuquerque [10], Xue 
et al. [67], Razminiene [53], Bolger and 
Doyon [6] 

CEE2 Energy recycling Frank et al. [12], Li et al. [34], Kalmykova 
et al. [25], Yong [70], Kumar et al. [30] 

CEE3 Digitalisation Neligan [43], Saberi et al. [56], Antikainen 
et al. [4] 

CEE4 Green procurement Govindan and Hasanagic [18], Yaduvanshi 
et al. [68], Lopes de Sousa Jabbour et al. 
[37], Zhijun and Nailing [74] 

CEE5 Waste recycling Kalmykova et al. [25], Malinauskaite et al. 
[38], Nelles et al. [44] 

CEE6 Society well-being toward CE Murray et al. [41], Jaeger-Erben et al. [22], 
Schröder et al. [58] 

CEE7 Organization environment Wang [65], Kirchherr et al. [27], Gorane and 
Kant [17], Rizos et al. [54] 

CEE8 Reduction in manufacturing cost Ormazabal et al. [47], Lewandowski [33], 
Razminiene [53]

Table 2 Conversion of linguistic variable in triangular fuzzy numbers [63] 

Influence score Linguistic variable Triangular fuzzy numbers (TFN’s) 

0 No impact (NO) (0, 0.1, 0.3) 

1 Very less impact (VL) (0.1, 0.3, 0.5) 

2 Less impact (LI) (0.3, 0.5, 0.7) 

3 High impact (HI) (0.5, 0.7, 0.9) 

4 Very high impact (VH) (0.7, 0.9, 1.0) 

The questionnaire has been sent to various industrial and academic experts to 
obtain the relevant data. After obtaining the data, the data were then analyzed through 
fuzzy DEMATEL approach. The details of the steps of the fuzzy DEMATEL have 
been elaborated in the trailing section. 

4.1 DEMATEL Method 

DEMATEL approach was firstly introduced by Battle Memorial Institute of Geneva 
[46]. The chief leverage of DEMATEL method is that it assists in classifying the 
parameters in cause-and-effect group, along with this it also aids in identifying the 
most critical parameters through finding their prioritized ranks [64]. DEMATEL
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method has been used in several applications, for example, selection of truck [5], 
sustainable management [61] etc.  

DEMATEL method having the limitation, where it failed to capture the uncertainty 
present in the direct-relation matrix obtain from the judgement of decision-maker, 
so that to overcome this limitation fuzzy set theory has been used [46]. 

4.2 Fuzzy Set Theory and Triangular Fuzzy Numbers 

In multi-criteria decision-making problem, the decisions are based on the opinions or 
judgements received from the field experts that often-incurred uncertainty or vague-
ness about the data. This made the problem solution very complex and uncertain 
results. Therefore, to remove the vagueness or uncertainty of the data, the fuzzy sets 
are involved in decision making employing linguistic terms instead of a crisp numeric 
value [31]. In this research work fuzzy DEMATEL approach has been conducted 
to minimize the uncertainty associated with the judgement obtain from of expert, 
fuzzy DEMATEL approach based on the questionnaire according to linguistic terms 
shown in Table 2, which designed by the researcher and send to the expert through 
the Google Doc and obtain their significant opinion regarding the questionnaire 
designed. Linguistic term has been used as to represent the linguistic variables. In 
this research work, linguistic terms used such as: very small, small, high, and very 
high. The opinion obtain from the decision maker in the term of linguistic terms 
are represent by triangular fuzzy number [63]. The uncertainty which is associated 
with human judgement reduce by fuzzy set theory, has been suggested by the [72]. 
Degree of belongings has been used in the fuzzy set, which belong among 0 and 1, 
whereas crisp set having the binary logic 0 and 1 [63]. So that the uncertainty which 
are associated with the crisp set, that can been be reduce through of fuzzy set. 

4.3 Fuzzy DEMATEL Approach 

The DEMATEL approach examine the mutual interaction between a set of complex 
criteria factor on the graph-based diagram [63] and divided into cause-and-effect 
group based on the behavior of enablers and make the referential relationship between 
existing criteria [8, 35]. 

(a) DEMATEL approach having various significant importance’s to analyze the 
enablers for the problem under consideration such as: 

(b) DEMATEL method convert the relation between cause and effect of criteria into 
the graph theory. 

(c) It may also be used as a means of dealing with an internal dependent within a 
set of conditions.
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(d) DEMATEL approach has been used in many fields to find out the cause and 
effect of complex set of criteria, the fields are hospital management for enhance 
the quality, selection of suppliers in the supply chain management etc. 

Steps of Fuzzy DEMATEL Approach 

• To make the fuzzy direct-relation matrix where the element present in the linguistic 
variable form which obtain from the decision maker shown in Table 2. After that, 
these linguistic variables converted into the TFN which taken from [63]. Then the 
fuzzy initial direct-relation matrix consists W̃k triangular fuzzy number denoted 
as W̃k =

(
w̃i jk

)
n×n =

((
pi jk, qi jk, ri jk

))
n×n 

where w̃i jk is the judgement obtain from k decision maker on the degree of impact 
of element i on element j demonstrated in Eq. (1). 

W̃k = ( w̃k)n×n = 

⎡ 

⎢⎢ 
⎢⎢⎢⎢ 

0 w̃12k · · ·  w̃1nk 

w̃21k 0 · · ·  w̃2nk 
... 

... 
. . . 

... 

w̃n1k w̃n2k · · ·  0 

⎤ 

⎥⎥ 
⎥⎥⎥⎥ 

(1) 

• Determine the average direct relation matrix of obtain the judgement of k decision 
maker given in Eq. (2). 

W̃ = ( w̃)i j  =
((

w̃i j1 + w̃i j2 +  · · ·  w̃i jk 

K

))

n×n 

(2) 

• Normalization of direct relation matrix N using Eq. (3): 

N = (
ỹi j

)
n×n = 

⎛ 

⎜⎜⎜ 
⎝ 

ỹ11 ỹ12 · · ·  ỹ1n 
ỹ21 ỹ22 · · ·  ỹ2n 
... 

... 
. . . 

... 

ỹn1 ỹn2 · · ·  ỹnn 

⎞ 

⎟⎟⎟ 
⎠ 

(3) 

where ỹi j  = w̃i j  

s = ( pi j  
s , 

qi j  
s , 

ri j  
s

); s = max1≤i≤n

(∑n 
j=1 ui j

)
. 

To convert the criteria scale into the corresponding scales, linear scale has used 
as formula mentioned in Eq. (4) in normalization. 

b̃i j  = 
n∑

j=1 

w̃i j  = 

⎛ 

⎝ 
n∑

j=1 

pi j  , 
n∑

j=1 

qi j  , 
n∑

j=1 

ri j  

⎞ 

⎠, s = max1≤i≤n 

⎛ 

⎝ 
n∑

j=1 

ui j  

⎞ 

⎠. (4) 

where b̃i j  is the TFN in each cell of W̃ and s represent the maximum summation 
value in the entire row of each TFN shown in Eq. (4).
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• Let Ỹ = (
ỹi j

)
i j  =

(
p′
i j  , q

′
i j  , r

′
i j

)
and express Np =

(
p′
i j

)

n×n 
, Nq =

(
q ′
i j

)

n×n 

and Nr =
(
r ′
i j

)

n×n 
. In this matrix all element extracted from Ñ shown in 

Eq. (5): 

Np = 

⎛ 

⎜⎜⎜ 
⎝ 

0 p′
12 · · ·  p′

1n 

p′
21 0 · · ·  p′

2n 
... 

... 
. . . 

... 

p′
n1 p

′
n2 · · ·  0 

⎞ 

⎟⎟⎟ 
⎠

; 

Nq = 

⎛ 

⎜⎜⎜ 
⎝ 

0 q ′
12 · · ·  q ′

n1 

q ′
21 0 · · ·  q ′

n2 
... 

... 
. . . 

... 

q ′
n1 q

′
n2 · · ·  0 

⎞ 

⎟⎟⎟ 
⎠

; 

Nr = 

⎛ 

⎜⎜ 
⎜ 
⎝ 

0 r ′
12 · · ·  r ′

n1 

r ′
21 0 · · ·  r ′

n2 
... 

... 
. . . 

... 

r ′
n1 r

′
n2 · · ·  0 

⎞ 

⎟⎟ 
⎟ 
⎠ 

(5) 

• Using Eq. (6) to compute the total direct-relation matrix: 

T̃ = limk→∞
(
Ñ 1 + Ñ 2 +  · · ·  +  Ñ K

)
(6) 

where T̃ matrix comprises TFNs

T̃ = 

⎛ 

⎜⎜⎜ 
⎝ 

t̃11 t̃12 · · ·  ̃t1n 
t̃21 t̃22 · · ·  ̃t2n 
... 

... 
. . . 

... 

t̃n1 t̃n2 · · ·  ̃tnn 

⎞ 

⎟⎟⎟ 
⎠ 

t̃i j  =
(
p′′
i j  , q

′′
i j  , r

′′
i j

)
and

[
p′′
i j

] = Np ×
(
I − Np

)−1 
,

⌈
q ′′
i j

⌉ = Nq ×
(
I − Nq

)−1 
,
[
r ′′
i j

] = Nr × (I − Nr)
−1 (7) 

• To find the value of D1 and R1 using the Eqs. (8) and (9) corresponding 

T̃ = [
t̃i j

]
m×m where i, j = 1, 2 . . . . . . ,  m (8)
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D1 = 

⎡ 

⎣ 
m∑

j=1 

t̃i j  

⎤ 

⎦ 

m×1 

= [
t̃i
]
m×1 (9) 

R1 =
[

m∑

i=1 

t̃i j

]

l×m 

= [
t̃ j

]
l×m (10) 

where D1 = is the sum of row, and R1 = is the sum of columns. 
After that, calculate the value of Prominence (D1+R1) and Relation (D1−R1) 

by add the corresponding value of D1 and R1. 
• Formation of casual diagram of enablers on the basis of Prominence and Relation 

value: 
The casual diagram is formed by mapping the (D1+R1) and (D1−R1) data, 

(D1+R1) and (D1−R1) data value marked horizontally and vertically corre-
sponding. If (D1−R1) value come negative then this enabler defined in effect 
group and if positive value then defined in cause group [64]. 

• Total relation matrix contains the defuzzify entries using Eq. (11). The non-fuzzy 
total relation matrix denoted as T = (

ti j
)
n×n 

where 

ti j  =
(
p′′
i j  + 4q ′′

i j  + r ′′
i j  

6

)
(11) 

5 Numerical Illustration 

To derive the analysis for the ranking of enablers, a fuzzy linguistic scale-based ques-
tionnaire has been designed as demonstrated in Table 2, and send to the expert through 
Google Docs and obtain their importance’s regarding enablers. Then, linguistic table 
is arranged, and obtain matrix from the expert in linguistic term has been shown in 
Table3. Table 3 demonstrates the impact nature of consider enablers over each other. 
For example, CEE1 enabler has no impact on CEE2 enabler, very low impact on 
CEE6 enabler, low impact on CEE4 and CEE7 enabler, high impact on the CEE3 
and CEE8 enabler, and very high impact on CEE5 enabler.

After that linguistic scale direct-relation matrix, has been converted into the TFN 
and then the aggregated matrix has been defuzzified. The defuzzification direct-
relation matrix is shown Table 4.

According to the next step, average direct-relation matrix shown in Table 5.
where

∑n 
i j  ai j  =

[∑n 
i=1 t̃i j

]
n×1, i j  = 1, 2, 3 . . . . . . . . .  n 

Thereafter, normalization of the average direct relation matrix has been obtained. 
Normalization of average direct-relation matrix has been demonstrated in Table 6.

To find the value of D1 using the Eq. (9) and for R1 using the Eq. (10) is  
demonstrated in Table 7.
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Table 3 The linguistic scale direct-relation matrix by expert-1 

CEE1 CEE2 CEE3 CEE4 CEE5 CEE6 CEE7 CEE8 

CEE1 0 NO HI LI VH VL LI HI 

CEE2 LI 0 VH VL LI HI VL LI 

CEE3 NO VL 0 LI VH LI HI NO 

CEE4 HI VH NO 0 LI VH VL VH 

CEE5 VL LI HI VH 0 LI NO HI 

CEE6 HI VL LI HI VH 0 HI VL 

CEE7 LI VH HI VL LI HI 0 LI 

CEE8 VL HI VH LI HI VL VH 0

Table 4 Defuzzification direct-relation matrix 

CEE1 CEE2 CEE3 CEE4 CEE5 CEE6 CEE7 CEE8 

CEE1 0.0000 0.1167 0.7000 0.5000 0.8833 0.3000 0.5000 0.7000 

CEE2 0.5000 0.0000 0.8833 0.3000 0.5000 0.7000 0.3000 0.5000 

CEE3 0.1167 0.3000 0.0000 0.5000 0.8833 0.5000 0.7000 0.0000 

CEE4 0.7000 0.8833 0.1167 0.0000 0.5000 0.8833 0.3000 0.8833 

CEE5 0.3000 0.5000 0.7000 0.8833 0.0000 0.5000 0.0000 0.7000 

CEE6 0.7000 0.3000 0.5000 0.7000 0.8833 0.0000 0.7000 0.3000 

CEE7 0.5000 0.8833 0.7000 0.3000 0.5000 0.7000 0.0000 0.5000 

CEE8 0.3000 0.7000 0.8833 0.5000 0.7000 0.3000 0.8833 0.0000

Table 5 Average direct-relation matrix 

CEE1 CEE2 CEE3 CEE4 CEE5 CEE6 CEE7 CEE8 
n∑

i j  
ai j  

CEE1 0.0000 0.2444 0.4333 0.6333 0.5000 0.9000 0.6944 0.6944 4.1000 

CEE2 0.4389 0.0000 0.6944 0.3667 0.7556 0.7000 0.3667 0.4333 3.7556 

CEE3 0.1889 0.6278 0.0000 0.3722 0.4944 0.3333 0.4000 0.2333 2.6500 

CEE4 0.5000 0.6889 0.3722 0.0000 0.6333 0.5278 0.3000 0.8222 3.8444 

CEE5 0.6278 0.5000 0.3722 0.7556 0.0000 0.6944 0.4611 0.4000 3.8111 

CEE6 0.4000 0.5667 0.5000 0.6278 0.3944 0.0000 0.7000 0.3667 3.5556 

CEE7 0.4333 0.5889 0.6278 0.5000 0.5000 0.5667 0.0000 0.5000 3.7167 

CEE8 0.6278 0.6944 0.5611 0.4333 0.6333 0.3000 0.6278 0.0000 3.8778

After that, calculating the value of prominence (D1 + R1) and Relation (D1−R1) 
shown in Table 7. If the enabler value in the (D1−R1) is positive then it come under 
the cause category and if value negative then it classified into the effect category 
[64].
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Table 6 Normalization of average direct-relation matrix 

CEE1 CEE2 CEE3 CEE4 CEE5 CEE6 CEE7 CEE8 

CEE1 0.0000 0.0596 0.1057 0.1545 0.1220 0.2195 0.1694 0.1694 

CEE2 0.1070 0.0000 0.1694 0.0894 0.1843 0.1707 0.0894 0.1057 

CEE3 0.0461 0.1531 0.0000 0.0908 0.1206 0.0813 0.0976 0.0569 

CEE4 0.1220 0.1680 0.0908 0.0000 0.1545 0.1287 0.0732 0.2005 

CEE5 0.1531 0.1220 0.0908 0.1843 0.0000 0.1694 0.1125 0.0976 

CEE6 0.0976 0.1382 0.1220 0.1531 0.0962 0.0000 0.1707 0.0894 

CEE7 0.1057 0.1436 0.1531 0.1220 0.1220 0.1382 0.0000 0.1220 

CEE8 0.1531 0.1694 0.1369 0.1057 0.1545 0.0732 0.1531 0.0000

Table 7 Total relation matrix 

CEE1 CEE2 CEE3 CEE4 CEE5 CEE6 CEE7 CEE8 D1 

CEE1 0.9350 1.1774 1.1174 1.1940 1.2165 1.3204 1.1653 1.1341 9.2601 

CEE2 0.9428 1.0124 1.0736 1.0450 1.1649 1.1805 1.0042 0.9847 8.4082 

CEE3 0.6696 0.8800 0.6849 0.7885 0.8522 0.8374 0.7619 0.7114 6.1859 

CEE4 1.0012 1.2060 1.0568 1.0052 1.1943 1.1963 1.0356 1.1091 8.8045 

CEE5 1.0144 1.1587 1.0454 1.1567 1.0467 1.2221 1.0576 1.0237 8.7252 

CEE6 0.9029 1.0977 1.0037 1.0550 1.0599 0.9941 1.0306 0.9451 8.0889 

CEE7 0.9374 1.1349 1.0586 1.0624 1.1133 1.1486 0.9152 0.9969 8.3672 

CEE8 1.0197 1.2021 1.0922 1.0982 1.1906 1.1537 1.0943 0.9349 8.7858 

R1 7.4229 8.8693 8.1326 8.4049 8.8382 9.0531 8.0648 7.8399 

Bold indicates the sum of columns scores of CE enablers relative to others and itself in total relation 
matrix

6 Results and Discussion 

Product become as a waste material after completing their life cycle, and producing 
various type harmful gases which effect the environment and human health. So, in 
this paper, an effort has been made to identify important enabler on the basis of 
their ranking which improving the performance of supply chain and more important 
in term of reduce the negative environment influence and social impact. Determine 
the important ranking of all enablers based on the value of Prominence (D1 + R1) 
shown in Table 8 and Fig. 2. In Table 8, CEE5 have greater important than the other 
enablers. The important rating order of all enablers comes as: CEE5 > CEE2 > CEE4 
> CEE6 > CEE1 > CEE8 > CEE7 > CEE3. From the findings it can be said that the 
organizations should primarily focus on the waste recycling. And also analyzing the 
value of Relation (D1−R1), basis on the value of (D1−R1) enablers defined in the 
cause-and-effect group. The enablers such as Energy recycling (CEE2), digitalization 
(CEE3), waste recycling (CEE5) and social well-being toward CE (CEE6) have
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‘negative’ (D1−R1) value and come under the category of effect group. While other 
enablers such as: long term strategy planning (CEE1), green procurement (CEE4), 
organization environment (CEE7) and reduction in manufacturing cost (CEE8) have 
the ‘Positive’ (D1 + R1) value and define in the cause group. The impact of cause 
over the effect enablers has shown in Fig. 1. 

The D1 + R1 values in fuzzy DEMATEL method provide the information about 
the importance significance of considered parameters. Here, different CE enablers 
has attained different values of D1 + R1. Higher is the D1 + R1 value for an enabler, 
higher is its importance rating. Figure 2 displays the attained important rating by 
each CE enablers.

Table 8 Scores of prominences and relation of enablers 

Enablers D1 R1 D1 + R1 D1−R1 Cause and effect Rating 

CEE1 9.2601 7.4229 16.6831 1.8372 Cause 5 

CEE2 8.4082 8.8693 17.2775 −0.4611 Effect 2 

CEE3 6.1859 8.1326 14.3185 −1.9467 Effect 8 

CEE4 8.8045 8.4049 17.2094 0.3996 Cause 3 

CEE5 8.7252 8.8382 17.5634 −0.1131 Effect 1 

CEE6 8.0889 9.0531 17.1421 −0.9642 Effect 4 

CEE7 8.3672 8.0648 16.4321 0.3024 Cause 7 

CEE8 8.7858 7.8399 16.6257 0.9459 Cause 6 

CEE1, 1.8372 

CEE2, -0.4611 

CEE3, -1.9467 

CEE4, 0.3996 

CEE5, -0.1131 

CEE6, -0.9642 

CEE7, 0.3024 

CEE8, 0.9459
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Cause and effect diagram 

Fig. 1 Cause-and-effect diagram of enablers
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Fig. 2 Enabler’s rating diagram

7 Conclusion 

In this research paper eight enablers have been considered and analyzed using 
the fuzzy DEMATEL approach. Identify the enablers rating and on the basis of 
rating obtain classified enablers into the most important and less important category. 
And also classified the enablers into the cause-and-effect category by using fuzzy 
DEMATEL method on the basis of Prominence (D1 + R1) and Relation (D1−R1) 
value. The fuzzy DEMATEL method is an extension of simple DEMATEL method 
with the use of linguistic variables (shown in Table 2) and fuzzy aggregation method, 
in order to reduce the uncertainty associated with the human judgement. 

In this research work, long-term strategy (CEE1) having the highest positive value 
due to which CEE1 enabler come into the cause group. Long-term strategy (CEE1) 
having the highest impact over all the enablers and organization environment (CEE7) 
having the least impact over all the enablers. It effected the energy recycling (CEE2), 
digitalization (CEE3), waste recycling (CEE5), and society well-being toward CE 
(CEE6). Waste recycling (CEE5) enabler having the highest negative value over all 
enablers, so that it is affected more as comparison to all other enablers. The effecting 
order of enablers found as: waste recycling (CEE5) > energy saving (CEE2) > society 
well-being (CEE6) > digitalization (CEE3). The ratings of all considered enablers 
have been found out of those the enabler name as: digitalization (CEE3) acquired the 
highest rating. So that the conclusion of this research paper is organization has been 
more focused on the waste recycling enabler because it having the more impact which 
affect the all-other enablers more as compare the other enablers of more impact and 
effect the all enablers high as compare another enabler.
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Multi-criteria Assembly Line Design 
and Configuration Using 
Heuristics—An Automotive Case Study 

Rajeev Singh Rawat, Anish Sachdeva, Mohit Tyagi, and Dilbagh Panchal 

Abstract This paper is based on the case study of an automotive component produc-
tion assembly line that was undertaken in order to design an efficient version of the 
assembly line against multiple user-defined criteria. Some of the criteria used in the 
design are investment cost, machine utilization, operator utilization, availability and 
annual production volume. The productivity of an assembly line is directly influenced 
by determining a company’s position in the market. The production line’s balance 
would undoubtedly aid personnel and facilities in increasing operational efficiency. 
The design of a manufacturing line is a difficult and complex problem to tackle. 
Computer simulation and modelling optimize and predict the layout of the produc-
tion line, and it can shorten the R&D cycle. The method is evaluated and tested on 
this case study, inspired by a real automotive assembly line. 

Keywords Line balancing · Heuristics · Simulation ·Wheel assembly line 

1 Introduction 

An assembly line is a part of a manufacturing facility where a series of identical goods 
are constructed in a sequential order. A basic assembly line is made up of workstations 
that are linked together by material handling equipment. On an assembly line, a 
workstation is a location where a portion of the overall assembly job is completed. 
An assembly line’s workstations are allocated distinct jobs or operations and are 
equipped with the essential supplies, machinery, workers, and even robotic arms. 
The part will be delivered to the subsequent station by material handling equipment 
once operation is done, and the next station will execute the assigned operation. 
These steps are continued until the desired outcome is obtained. Operation time is
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taken to perform one operation at a workstation, whereas cycle time refers to time 
taken to complete all operations at the workstation. 

2 Literature Review 

The purpose of this section is to provide a brief review of available research work 
related to assembly line balancing. Bryton [5] was the first to propose the concept 
of line balance. However, Salveson [11] presented the first published work on the 
ALBP. In this, assembly line has a satisfactory precedence relationship and appro-
priate effectiveness measures are defined. Assembly line balancing was established 
with the purpose of ensuring that an assembly line has a satisfactory precedence rela-
tionship and appropriate effectiveness measures (e.g. line efficiency enhancement, 
productivity increment, reduction of idle time and balance delay minimization). Jamil 
and Razali [9] provide the improved production rate and efficiency in this study, and 
two assembly line improvement layouts were successfully proposed. 

According to Pekin, to this study to manufacture a product in an assembly line, the 
total work must be divided into a set of elementary operations. Fleszar [6] presented 
a study on enumerative reduction and heuristic methods for the ALBP. For the type 
I assembly line balance problem, they presented a new reduction techniques and 
new heuristic algorithm. The aim of this reduction techniques to improve combine 
activities, precedence and speed up operations. A test on a well-known benchmark 
set of problem instances testifies to the combined algorithm’s efficiency [1]. The 
goal of the project was to reduce the cost of the line that was being designed. As 
well as research on reduction approaches for a generalized ALBP, a heuristic-based 
guidance for the enumeration process required an efficient component for algorithm. 

3 Classification of ALBP (Assembly Line Balancing 
Problems) 

According to Baybars [2], in the ALBP, there are various problems. This is one of the 
possible classifications, in which he differentiates between two classical problems: 
the general (GALP) and simple (SALBP). 

3.1 SALBP (Simple Assembly Line Balancing Problem) 

Boysen et al. [3] and Scholl and Becker [12]: In this study the simple assembly 
line balancing problem is the basic optimization problem in assembly line balancing
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research. A set of tasks with deterministic task times is given. The SALBP can be 
classified based on its objective. 

SALBP 1: To attain a desired cycle time, reduce the number of workstations. 

SALBP 2: To achieve the desired number of workstations, minimize the cycle time. 

SALBP E: The line efficiency maximizes by minimizing the cycle time and number 
of workstations simultaneously. 

SALBP F: To estimate the feasibility of balancing an assembly line for cycle time 
and given number of combination of workstations. 

3.2 GALBP (General Assembly Line Balancing Problem) 

Bryan Pearce [4]: GALPs are problems that are not addressed by SALBP. For 
example, when if there are parallel stations, process’s time is variable and so on. 
There are four types of GALBP: 

MOALBP (multi-objective assembly line balancing problem): In these problems, 
various objectives are considered at the same time, such as minimizing number of 
stations and the total cost, maximizing the line’s efficiency and so on. 

RALBP (robotic assembly line balancing problem): That problem appears when the 
allocation of a robot and task allocation to each workstation are evaluated in order 
to improve the efficiency of the tasks in assembly line. 

MALBP (mixed-model assembly line balancing problem): This type of problem 
occurs when same product but consider various models, then have a set of basic 
operations that are followed on all models, independent of setup time. 

UALBP (U-line assembly line balancing problem): The difference between a serial 
line and a UALBP is that which task predecessors have already been assigned a serial 
line can only assign them, whereas the UALBP can assign tasks whose successors 
or predecessors have already allocated. It means the stations can be assigned in such 
a way that they can manage two components at the same time in different positions 
of the line throughout the same cycle time. 

4 Research Methods 

4.1 Heuristic Methods 

Fleszar [6] presented a study on enumerative reduction and heuristic methods for the 
ALBP. For the type I assembly line balance problem, they presented a new reduction
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technique and a new heuristic algorithm. The new method is based on Hoffmann’s 
heuristic and chooses the appropriate solution from each side of precedence network. 

The heuristic method is defined as a problem-solving strategy in which the 
approach is simply to achieve rational solutions, and it can be used to solve line 
balance. The assembly line balance problem is based on a complex set of consider-
ations and assumptions, because there is no absolute solution. However, researchers 
have used it in various case studies. Some heuristic procedures are selected for 
assembly line balancing. 

4.1.1 KWM (Kilbridge and Wester Method) 

Kilbridge and Wester [10] proposed this heuristic method. The objective is to select 
tasks and distribute them to workstations based on their position in the precedence 
diagram. Tasks with identical precedence must be organized in columns in the 
prepared precedence diagram. 

4.1.2 RPW (Ranked Position Weight Technique) 

Helgeson and Birnie [8] introduced this technique. RPW is a heuristic approach 
for assigning tasks to workstations based on their positional weightage. Positional 
weight is the sum of the task processing time and all of its successors’ processing 
times. 

5 Terms in Line Balancing Technique 

Cycle time is total time to producing an item, and it can be said as the sum of all task 
time 

CT = 
K∑

i=0 

TTi (1) 

where TTi = Task time of Task i 

K = Total number of tasks. 

Range is difference between the maximum and minimum task time 

Range = TTmax − TTmin (2) 

where TTmax = Maximum task or process time 

TTmin = Minimum task or process time.
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Allowance is described as any unavoidable additional delays that must be added to 
the operation’s basic time. 

Allowance = CTmin − ∑
TTmin∑

Range
× Rangei (3) 

Standard task or process time = TTmin + Allowance (4) 

Standard workstation time = 
k∑

i=0 

TTI (5) 

where Rangei = Range of Task i 
CTmin = Minimum cycle time. 

k = Total number of workstation. 

The rate of production is the rate at which products are produced. 

Rate of production = Total productivity per day 
Total running hour per day 

(6) 

The degree to which the assembly line’s resources, including capital resources 
and human, are utilized strategically and effectively is referred to as line efficiency. 

Line efficiency = SCT 

SWTmax × k (7) 

where SWTmax = Maximum standard workstation time 

SCT = Standard cycle time. 
The relative smoothness of the assembly line is measured by the smoothness 

index. A smoothness value of 0 indicates perfect equilibrium [7]. 

Smoothness index = 
⌜||√

k∑

i=1 

(SWTmax − SWTi)2 (8) 

where SWTi = Standard workstation time of Workstation, i.



708 R. S. Rawat et al.

6 Case Study 

The wheel assembly process is divided into multiple workstations, each of which 
performs a number of processes, and each of which is assigned an alphabetical 
designation as indicated in Table 1. 

A well-calibrated professional stopwatch was utilized to conduct the time study. 
Each step was timed accurately and without delay, and 40 samples were taken. 
The cycle time for each batch of samples was then calculated using Eq. 1. The  
minimum task duration for each process was established, and the range was calculated 
using Eq. 2. The allowance and standard time were calculated using Eqs. 3 and 4, 
respectively. The results of each computation are shown in Table 2.

According to the process analysis, the existing assembly line has eight worksta-
tions and each of which is operated by one well-trained and skilled operator. Table 3 
depicts the responsibilities given to each operator at each workstation and standard 
workstation time of each workstation.

The standard task time derived from time study was allocated to each task in this 
model. The model was run for 28,800 s, which is the total time of the assembly 
line runs in a shift. Simulation shown in Fig. 1 results, assembly line is producing 
1179 units in 8 h. However, Fig. 2 shows the process ideal, processing and idle time 
and Fig. 3 shows the details of operator utilization and idle data.

Table 1 Process and descriptions 

Notation Process Description 

A Unloading and inspection of alloy painted 
rim 

Unload the painted rim from conveyor 
and check for paint and other defects on 
rim and then put on trolley 

B Seal press on rim Rim set on hydraulic press and assemble 
seal on rim 

C Tyre  mounting on rim Rim clamp on tyre mounting and then 
tyre mount on rim 

D Fitting ‘O’ ring on rim A black O shape rubber ring fit on rim 

E Tyre inspection and leakage checking Inspect tyre visually and submerged tyre 
in water and check leakage on tyre 

F Apply vegetable soap on tyre Apply vegetable soap on tyre for 
lubrication at the time of mounting 

G Air filling in tyre Put wheel on spindle and fill air on tyre 

H Runout of wheel Check radial and lateral runout on linear 
variable differential transformer (LVDT) 
machine 

I Pre-delivery inspection It is final inspection of tyre before 
delivery 

J Tyre  mounting on rim Rim clamp on tyre mounting and then 
tyre mount on rim 
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Table 2 Current assembly line standard time 

Process Tmin Tmax Range Allowance Standard process time 

A 12.22 13.8 1.57 0.44 12.67 

B 17.63 23.59 5.96 1.68 19.31 

C 14.18 16.97 2.79 0.79 14.97 

D 19.31 21.74 2.43 0.69 20 

E 3.29 5.91 2.62 0.74 4.03 

F 14.17 16.97 2.8 0.79 14.96 

G 8.28 10.96 2.68 0.76 9.03 

H 8.16 9.99 1.83 0.52 8.67 

I 12.13 13.88 1.75 0.49 12.62 

J 10.01 12.91 2.89 0.82 10.83 

CT 119.38 146.72 27.33 7.7 Standard cycle time = 114.72

Table 3 Workstations and operators involved in process 

Workstations Operator Process Standard workstation time (s) 

1 O1 A 12.67 

2 O2 B 19.31 

3 O3 C 14.97 

4 O4 D, E 24.03 

5 O5 F 14.96 

6 O6 G 9.03 

7 O7 H, I 21.29 

8 O8 J 10.83

Fig. 1 Current assembly line workstation simulation model
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Fig. 2 Current assembly line process 

Fig. 3 Current assembly line operator 

6.1 Root Cause Analysis 

Analysing and examining the data from the present assembly line methodically in 
order to find the main cause. The overall percentage of blocking is 33.89%, the overall 
percentage of process idle is 22.56%, and the overall percentage of processing is 
43.62%, according to the findings. The line efficiency is 44.07%, while the smooth-
ness index is 26.87. The assembly line has been identified as having an uneven 
Workstation time and an asymmetrical workload result in a low line efficiency and 
a poor smoothness index. As a result, assembly line balancing is essential to reduce 
the workload and workstation time of the operators. Then, all factors of overall 
performance can be improved.
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7 Assembly Line Balancing 

Assembly line balance is a production technique that establishes a target rate of 
production in order to produce a specific product in a specific amount of time. 
The assembly line must be well-designed, with jobs allocated among employees, 
machines and workstations to ensure that all line segments in the production process 
are completed within the time frame. 

7.1 KWM Assembly Line Balancing 

Limit the precedence diagram so that nodes representing processes with comparable 
priority are arranged in columns vertically. This is demonstrated in Fig. 4. Then, 
tasks are assigned to workstations using the KWM approach as described in Table 4. 

The KWM assembly line model was run for 28,800 s, which is the total time of 
the assembly line runs in a shift. Simulation shown Fig. 5 the result, assembly line is 
producing 1210 units in 8 h. Figure 6 shows process ideal, processing and idle time, 
and Fig. 7 shows the data of operator utilization and idle data.

Fig. 4 KWM precedence diagram, process divided in column 

Table 4 KWM process assigning to workstation 

Workstation Operator Process Standard workstation time (s) 

W1 O1 A 12.67 

W2 O2 B 19.31 

W3 O3 C, G 24 

W4 O4 F 14.96 

W5 O5 D 20 

W6 O6 E, H 12.7 

W7 O7 I, J 23.45 
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Fig. 5 KWM modified assembly line workstation simulation model 

Fig. 6 Current assembly line process using KWM method 

Fig. 7 Current assembly line operator using KWM Method
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Fig. 8 RPW assembly line precedence diagram with positional weight 

Table 5 RPW process assigning to workstation 

Workstation Operator Process Standard workstation time (s) 

W1 O1 A, G 21.7 

W2 O2 B, E 23.34 

W3 O3 C 14.97 

W4 O4 F, H 23.63 

W5 O5 D 20 

W6 O6 I, J 23.45 

7.2 RPW Technique Assembly Line Balancing 

On the present assembly line, the Ranked Position Weight (RPW) approach is used. 
Begin by drawing the precedence diagram as shown in Fig. 8. 

Determine the weight of each task process’s location. It is the total amount of 
time spent on the network’s longest path from the start to the finish. The results of 
process assignment using the RPW approach are shown in Table 5. 

The model was run for 28,800 s, which is the total time of the assembly line runs 
in a shift. Simulation shown Fig. 9 the result, assembly line is producing 1195 units 
in 10 h. Figure 10 shows the process ideal, processing and idle time, and Fig. 11 
shows the data of operator utilization and idle data.

8 Results and Discussion 

Table 6 summarizes the previous sections’ information on the present assembly line, 
as well as the RPW and KWN modified assembly lines. Based on the observation, 
the data of the two modified assembly line versions has been significantly improved.
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Fig. 9 RPW modified assembly line workstation simulation model 

Fig. 10 Current assembly line process using RPW method 

Fig. 11 Current assembly line operator using RPW Method
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Table 6 Data comparison table of modified versions and current of assembly line 

RPW KWM Current 

Number of workstation 6 7 8 

Number of operator 6 7 8 

Line efficiency % 89.63 75.64 44.07 

Smoothness index 9.59 19.39 26.87 

Overall blockage % 21.11 21.01 33.89 

Overall process idle % 34.11 34.9 22.61 

Overall processing % 44.77 44.07 43.62 

Overall operator utilization % 89.54 75.55 65.44 

Overall operator idle % 10.43 24.44 34.56 

Total production/shift 1210 1195 1179 

9 Conclusion 

The existing wheel assembly line was conducted to a root cause analysis. The 
assembly line showed an unequal allocation of workstation time among the worksta-
tions, as well as an unequal burden for the operators. Among all the variations, the 
Ranked Position Weight (RPW) upgraded version assembly line was chosen as the 
proposed assembly line. The planned assembly line has only six operators and work-
stations, compared to eight operators and workstations on the current production 
line. In addition, the assembly line’s performance has been enhanced. 

Furthermore, the manufacturing process is one of the most essential components 
in obtaining high production efficiency. While providing high-quality assembly and 
fabrication, a well-designed manufacturing process saves time, money and resources. 
As a result, a process optimization analysis is strongly advised. Finally, as tech-
nology progresses, assembly line technologies such as computer-integrated manufac-
turing, automated packing systems, robotic assembly arms and automated conveying 
systems are implemented to improve performance. 
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A Postural Risk Assessment of Manual 
Dairy Farm Workers Using REBA 
Technique 
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Abstract Postural assessment plays a vital role to find out the causes of muscu-
loskeletal fatigue endured by the human body due to awkward bending, kneeling, 
twisting and material handling during different manual activities. Various ergonomic 
tools like REBA, RULA, OWAS, NIOSH equation, OSHA, JSI and JSA have been 
used frequently to calculate the risk level faced by workers in different sectors where 
the workers are prone to uncomfortable movement of various body parts repeatedly. 
Unendurable level of stress, strain and over-exertion of load may lead to muscu-
loskeletal disorders with serious injuries. Most of the dairy farms in India are still 
not modernized, and therefore, manual work with traditional hand tools and tech-
niques is preferred. Manual work in awkward posture with traditional methods led to 
various musculoskeletal health issues among dairy farm workers. The aim of present 
investigation is to study and find the level of MSDs and risk score among manual 
dairy farm workers and suggest remedial measures for high risk factors. Rapid Entire 
Body Assessment technique is used to assess the posture of farm workers in dairy 
industry. 
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1 Introduction 

Different occupational activities performed by dairy farm workers lead to muscu-
loskeletal risk and serious injuries caused by heavy load lifting and repetitive muscle 
movement in awkward postures. Since dairy industry in India has engrossed a value 
of 11 billion in 2020 and India is already having a milk production of about 20% of 
the total global output (IMARC report), it becomes necessary to improve the health of 
dairy farm workers and reduce unnecessary efforts. REBA, RULA, OWAS, NIOSH 
equation, OSHA, JSI and JSA are the common assessment tools used to calculate 
the risk level of workers in various industries. Application of Rapid Entire Body 
Assessment (REBA) technique helps to identify and quantify the fatigue developed 
in dairy farming tasks [15]. REBA investigates the risk factors developed in human 
body associated with postures of neck, trunk, legs, upper arm position, lower arm 
and wrist position. The standard chart of REBA helps to analyze the working posture 
of human body accounting pictures and video recordings and generate reports based 
on the bending, kneeling and lifting angles created by the body parts with respect to 
normal [16]. The scores can be evaluated for every worker which helps to identify 
the individuals whose working postures are more prone to musculoskeletal disorders 
and injuries. With results obtained by REBA, the tasks are to be further assessed and 
redesigned to improve the probability of MSDs developed in occupational activities 
[4]. From ergonomics point of view, the muscular pain might be bearable but over 
a span of time, it may result in serious injuries depending on the scale of exertion 
tolerated by an individual. 

2 Research Background 

The musculoskeletal health-related research work among manual dairy farm workers 
is very less reported. However, a sufficient amount of research has been done in 
other similar sectors. According to [10], occupational risk and injuries affect the 
work productivity and the cost of business around the world. They have assessed the 
demographic factors like gender, age, experience, education, height and weight on 
ergonomic risk and occupational injuries using REBA analysis and Quick Exposure 
Check (QEC). Jain et al. [5] studied the factors influencing MSDs using logistic 
regression on a data of 138 manual farm workers using Nordic equation and RULA 
score. The study reveals significant occurrence of MSDs in lower back (71.4%), 
fingers (62.1%) and shoulders (56.4%) associated with age, daily working duration, 
work experience in farms, fatigue developed and the hand muscle movements. 

According to Jain et al. [5], an investigation on harvesting farmers of Rajasthan 
using RULA assessment technique shows the effect of increasing age, farming expe-
rience, hand tool design and body mass index on the occurrence of MSDs in human 
body. The results state that MSDs are prevalent in more than 50% of the farmers in 
one or more body parts.
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Sain et al. [14] conducted a similar study in brick kiln industry using modified 
Nordic equation and logistic regression where the results showed 76.19% workers 
prone to MSDs who were involved in mold evacuating task. 62.35% workers reported 
wrist and lower back issues who were involved in spading task. Workers with more 
than five years of experience in kiln industry were also prone to neck muscular 
disorders. Enez and Nalbantoğlu [2] conducted a study for an auto parts manufacturer. 
The results confirmed that the information gathered from Data Envelopment Analysis 
is reliable with REBA and QEC, which focus on the role of education, experience 
and weight in reducing the ergonomic risks. 

According to Zubar and Alamoudi [19], a number of operations in a bearing 
manufacturing industry like honing, laser cutting, face grinding, rib grinding, laser 
marking, roller filing, hard turning, slushing and visual inspection indulge ergonomic 
risk at various levels. Many workstations in a manufacturing industry may not be 
ergonomically designed. Authors insisted to add application of anthropometry in 
different occupational tasks in manufacturing industry to develop ergonomically 
designed tools and workplace. REBA scores were obtained for different activities, 
and the most stressful tasks were categorized to be resolved by better administrative 
controls like rest pauses and job rotation to reduce the stress level of employees and 
control ergonomic risks. 

Reyes-zárate and Garcia-cavazos [13] used the application of Microsoft Kinect 
V2 hardware on database of workers and their posture images in wireframe model in a 
textile garment industry in Monterrey (Mexico). The Kinect movement sensor helped 
to capture the human body movements and represent them in X, Y, Z coordinates 
in 3D plane. RGB color, depth map, infrared image and graphical representation of 
skeleton through Kinect helped to gather the accurate data for REBA. After analyzing 
the REBA scores, remedial measures were taken on existing workstation by providing 
the workers with an inclined wooden support to help them improve the trunk and neck 
posture thereby reducing the REBA score from 7 to 2 and enhancing the efficiency 
of workers. 

Haekal et al. [3] conducted a study on the workers who are involved in extreme 
load carrying, lifting, pick and place of freight, pulling and pushing of hand pallet 
and packaging activities in a pharmacy warehouse of Indonesia. The load lifting 
varied from 5 to 100 Kgs for an individual worker and for certain activities like 
lifting the carton from container causes the body to bend by 102° to generate support 
and results in uncomfortable posture for the workers. Using Nordic questionnaire, 
the posture data of workers was analyzed, and using REBA technique, scores were 
generated for workers engaged in completion of different activities. The scores of 
majority of workers were beyond 9, which enforced them to make improvements 
in existing workstation design by rearranging the packaging material according to 
sequence of activities, reducing load on pallet, use of portable ladder for objects to 
be placed at heights and goods delivery in slots to manage space constraint issues. 
Above all, the training and learning sessions were suggested for workers to improve 
their working capabilities and productivity of the organization and resolve health 
issues of workers.
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Yu et al. [18] confirmed the use of JVEC (Joint-Level Vision-Based Ergonomic 
Assessment) tool in extraction of skeleton data from pictures and videos of construc-
tion workers using deep learning methods and the implementation of 2D and 3D pose 
estimation algorithms for obtaining the final results of musculoskeletal disorder cases 
among survey participants. Kulkarni and Devalkar [8] used the concept of REBA and 
RULA assessment techniques for construction industry workers who are repeatedly 
involved in load lifting and over-exertion and experience increased fatigue after a 
certain span of age. The authors aimed at calculation of risk level of workers and 
suggest corrective measures to resolve it. 

The authors worked on development and improvement of hand tools to resolve 
work-related health problems in the field of agriculture. The researchers focused on 
product manufacturing and quality variables for improvement in hand tools along 
with consideration of variables, from the view of an operator and the particular task to 
be performed with that tool [6]. This even enhanced an increased scope of research in 
the field where traditional methods of working are being employed. Arendra et al. [1] 
assessed the ergonomic risks involved by salt evaporation field workers in Indonesia. 
The application of esMOCA sensor hardware helped them to record the muscle 
movements of upper limb thereby using the data for assessment through REBA and 
RULA techniques. The authors worked on redesigning of work tools for pick and 
place of rock salt which was the one resulting in heavy ergonomic risks according 
to their study. The workstation redesign and the work tool redesign help to control 
ergonomic risks up to a huge extent and reduce injuries developed due to MSDs [15]. 

Lowe et al. [9] studied on a web-based survey conducted for ergonomic prac-
titioners over the importance and demands of work postures and through various 
tools and observational techniques including the strain index and stress in upper 
extremities using REBA and RULA techniques. The survey was mainly conducted 
in Canada, Great Britain, Australia and New Zealand with 1221 eligible participants 
to develop better ways of ergonomic assessment in future. Ramadhani et al. [12] 
made a study at Passenger Transportation Company General Djakarta which was 
randomly involved in installation of wheels in transportation services. The entire 
method involving installation was the one which could cause musculoskeletal disor-
ders among workers and trigger health problems for an individual’s future. The 
authors worked on a prevention note to avoid these health hazards using REBA 
assessment. 

3 Research Methods 

3.1 Work Details 

The experiment was carried out in a dairy farm in Jaipur city in state of Rajasthan 
in western India. For postural analysis, dairy farm expert workers with a good expe-
rience were chosen in consultation with dairy incharge. The sampling involved 50
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participants completing their daily activities in farm, and their videos and pictures 
are recorded for a detailed study. The analysis was carried out on dairy farm tasks 
like fodder cutting, washing cattle, milking process, harvesting, material handling 
and cleaning the cattle shed area. All these activities involve repetitive working in 
awkward postures like bending, kneeling and twisting with strained muscles for 
prolonged durations resulting in serious injuries [7]. Nordic questionnaire was filled 
by all 50 dairy farm participants to reveal their age, experience, gender, working 
hours, rest pauses and the strained parts in human body and the muscular pain felt 
by them during performance of material handling activities. 

3.2 Data Collection 

Dairy farming is generally done throughout the year. So, data was collected in the 
month of April–May–June–July in different months for different set of workers for 
dairy tasks. The consent from workers and dairy managers/owners was also taken 
before pursuing the entire study. 

The entire study was conducted keeping without any violation of the World 
Medical Association Declaration of Helsinki 41 (2001) and National Ethical Guide-
lines for Biomedical and Health Research (2016). All the steps in dairy farming 
process were observed carefully for 3 days, and it was observed the workers do 
bending, kneeling, squatting, load lifting, filling fodder in bags, scraping animal 
dung in ground and cleaning of ground and cattle shed area. Workers were randomly 
selected for study in various tasks, and all details like weight, height and experience 
of workers were saved for future reference. Videos and pictures were recorded for 
REBA analysis without disturbing the routine task of workers. 

The usability of hand tools was assessed through the comfort questionnaire for 
hand tools (CQH). Anthropometric kit and weighing machine were also used to 
record the other data. A minimum value (+1) was assigned to the working posture 
for which risk is minimum and higher numbers were allocated to extreme postures 
in range of 20° and beyond that with extreme stretching of muscles. Varied scatter 
charts, bar graph, pie chart and tables were helpful in descriptive statistics. 

4 Case Study 

The experimentation process conducted on 50 participants with varying age, height 
and experience reveals the following analysis as shown below. The standard Ergo 
plus REBA calculator permits Risk Index of less than 4 as a safe zone for workers.
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Table 1 REBA standard risk 
index categories 

REBA score No of workers Risk level Action 

1 0 Negligible Not necessary 

2–3 0 Low May be necessary 

4–7 11 Medium Necessary 

8–10 21 High Necessary soon 

11–15 18 Very high Immediate action 
required 

Fig. 1 Percentage 
distribution of 
musculoskeletal disorders 
among dairy workers 

4 - 7 
22% 

8 - 10 
42% 

11 - 15 
36% 

4.1 Application of Research Methods 

The risk score covered 5 categories varying from permissible limit to high risk zone as 
shown in Table  1. Those having Risk Index value 4 and above need necessary action 
for change in their work parameters to avoid MSDs and injury due to excessive 
exertion of muscles (Fig. 1). 

Based on the survey conducted for 50 participants who were involved in different 
dairy farm activities, more than 3/4th of them were reported to have musculoskeletal 
disorders and developed risk scores beyond 8 which is usually believed to be the 
point where an individual needs attention on his daily occupational tasks (Figs. 2, 3, 
4 and 5).

REBA scores were generated for all 50 participants using the actual data of their 
age, height and experience in dairy farm based on their body postures while doing 
their daily activities in dairy farms (Table 2).

The below mentioned graphs in Figs. 6, 7 and 8 show the relations or trends in 
risk levels of workers with respect to increasing age, experience and height.

5 Results and Discussion 

The results obtained through REBA analysis show a general trend of almost 36% 
workers suffering from high level of musculoskeletal disorders which need imme-
diate cure in their routine tasks. 42% workers are those who are under medium level 
of risk, but still need action to improve the work technique in their occupation. Less
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Fig. 2 REBA score frequency among 50 survey participants 

Fig. 3 Case 1—REBA analysis while carrying load on shoulders and back
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Fig. 4 Case 2—REBA 
analysis while carrying load 
on head

than 1/4th of the survey participants are under secure who have a safety in occu-
pational activities. The second trend shows an increasing wave of musculoskeletal 
disorders with increasing age in most of the cases. This may happen due to fatigue 
and fragility developed in the body after a certain age and the increased strain in 
muscles on lifting load and carrying out different dairy activities without utmost 
care. 

The observation was also made with respect to experience of workers in dairy 
farms. The general trend says that workers who have worked more number of years 
in dairy farm have frequent issues related to MSDs and their bodies are more prone 
to injuries compared to those who have spent less years in dairy farm occupation. 
However, this trend of increasing MSDs or risk score of workers is general as it may 
not apply to 100% of workers but usually expected to be followed by majority of 
dairy workers. The REBA score tendency does not vary much with height as it shows 
that workers of all age groups may be prone to MSDs, irrespective of their heights. 
It depends more on the duration of working hours, the level of force exertion borne 
by the workers’ body and the more of bending, kneeling and twisting activities done 
by muscles which go out of permissible zone of human body resulting in injuries 
sooner or later in neck, lower back, upper extremities and shoulders.
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Fig. 5 Case 3—REBA 
analysis while lifting the 
load to a certain height

6 Conclusion 

The above results after comparison with the permissible limits show that MSDs are 
common among dairy farm workers and a majority of workers suffer from medium-
or high-level disorders and need immediate cure to that problem. Apart from that, 
those who have spent more time in dairy farm activities are more likely to have 
severe injuries after a certain span of time with the increasing age. Few remedial 
measures could be taken to resolve these issues like proper training of workers, 
proper rest pauses between continuous occupational activities and pick and place of 
manure which is a heavy load frequently through a trolley system to avoid rigorous 
exercise and prevent time of dairy workers. Designing of workstation or tools used in 
daily activities such that if we are able to reduce the repeated bending and kneeling 
occupational tasks, the risk level of workers can be reduced to a much low score 
compared to that being now. A few modifications in workplace design and proper 
training and lifting techniques will reduce the fatigue experienced by the workers 
thereby creating a safe, secure and healthy work environment and thus also improve 
the productivity of the workers by a considerable level.
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Table 2 REBA scores for 50 participants using standard REBA calculator 

Subject Age Height Weight Dairy work 
experience 

Posture 
score in 
table A 

Posture 
score in 
table B 

Table C REBA 
score(inches) (inches) 

1 20 67 62 2 2 6 4 10 

2 22 60 58 2 1 8 5 13 

3 22 63 76 3 1 9 6 15 

4 22 64 67 3 1 9 6 15 

5 25 62 66 5 5 7 9 16 

6 25 63 71 5 5 7 9 16 

7 26 66 70 4 4 9 10 19 

8 26 70 76 3 3 6 5 11 

9 28 64 60 3 3 6 5 11 

10 28 65 64 5 5 7 9 16 

11 28 71 77 4 2 6 4 10 

12 29 61 64 6 3 8 8 16 

13 29 64 70 2 2 8 6 14 

14 29 64 67 7 3 6 5 11 

15 29 65 69 6 3 8 7 15 

16 30 68 67 4 3 8 7 15 

17 32 60 68 5 1 7 4 11 

18 32 61 64 6 3 8 8 16 

19 34 66 67 8 6 8 10 18 

20 35 63 65 7 5 7 9 16 

21 35 63 62 8 3 9 10 19 

22 35 65 69 9 3 6 8 14 

23 36 67 59 10 3 7 8 15 

24 36 70 68 5 2 8 6 14 

25 37 60 62 8 6 8 10 18 

26 37 63 69 8 3 8 8 16 

27 37 65 59 10 6 8 10 18 

28 38 66 69 12 3 7 8 15 

29 38 72 76 9 3 8 8 16 

30 40 63 66 8 6 7 10 17 

31 42 59 55 13 4 9 8 17 

32 42 63 61 9 3 6 8 14 

33 42 67 55 10 2 6 8 14 

34 43 62 70 15 3 8 9 17 

35 43 69 75 9 3 6 8 14

(continued)
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Table 2 (continued)

Subject Age Height Weight Dairy work
experience

Posture
score in
table A

Posture
score in
table B

Table C REBA
score(inches) (inches)

36 44 72 81 13 6 8 10 18 

37 45 65 64 13 6 8 10 18 

38 45 66 68 14 3 8 9 17 

39 48 64 68 10 3 7 8 15 

40 48 66 61 16 6 8 10 18 

41 50 62 56 14 3 7 8 15 

42 50 67 75 25 3 9 10 19 

43 50 68 81 22 6 9 12 21 

44 52 63 71 19 6 9 12 21 

45 53 65 62 18 6 9 12 21 

46 54 66 61 8 3 9 10 19 

47 55 62 56 24 6 9 12 21 

48 58 68 76 30 5 6 10 16 

49 62 62 71 32 6 8 11 19 

50 62 65 78 25 4 8 12 20

Fig. 6 Correlation between age of worker and REBA score
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Fig. 7 Correlation between dairy experience of worker and REBA score 

Fig. 8 Correlation between height of worker and REBA score
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Feasibility Investigations 
on the Development of Hybrid 
Pellet-Based Extruder with Fused 
Filament Fabrication 

Yash Soni, Narendra Kumar, Ravi Pratap Singh, and Prashant K. Jain 

Abstract Quintessential additive manufacturing has established Fused Filament 
Fabrication (FFF) as the major technique due to ease in handling of the equipment. 
Despite limitations such as restricted material choices, usage of FFF has become 
de facto among 3D printing enthusiast. Although several independent researchers, 
industry and academia have tried to use pellet-based extrusion as a prominent method 
for additive manufacturing, still the respective field has relatively less accessibility 
and requires more handling effort compared to traditional filament extrusion. The 
current research focuses on the validity of pellet-based extruder in a hybrid form 
factor to rectify its handling issues and, henceforth, its credibility when compared to 
a filament extruder. Thus, experiments are conducted using Acrylonitrile Butadiene 
Styrene (ABS) and Ethylene-Vinyl Acetate (EVA) in order to validate the developed 
system. The research is also validated by comparing the part quality with numerous 
diverse test parts for validation of pellet extruder in comparison with conventional 
filament extruder. The presented research also explores the printability among various 
materials and methods. 
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1 Introduction 

Additive manufacturing, once viewed as a breakthrough in manufacturing sector, 
has plateaued in recent years. Despite being applied in varied forms and processes, 
such as Fused Filament Fabrication (FFF), Laser Engineered Net Shaping (LENS), 
Selective Laser Sintering (SLS) and Selective Laser Melting (SLM), its application is 
still limited to prototyping and selective test cases in medical and aerospace sectors. 

Among these methods, FFF is the most popular globally for the aforementioned 
purpose. Due to easy handling and relatively inexpensive factor, the prominence of 
FFF is widely justified among the masses. Largely employed for concept validation 
among researchers, it has so far provided enough support to shape blooming ideas but 
with years going by, the eligibility of FFF is gradually decreasing. This is attributed 
to factors such as limited application of materials in FFF processes, exhaustion of 
novel concepts/ideas regarding material combination and its application, along with 
that, stagnant growth in the FFF community. Furthermore, a shift in interests of 
scientific stakeholders due to earlier mentioned factors has also caused negligence 
in innovation [3]. 

Alternatively, some academicians have tried to opt for different techniques in 
order to widen the range of additive manufacturing. One of those techniques is 
pellet extrusion which involves layer-by-layer deposition of material present in pellet 
stock form instead of filament form [7]. This enables to incorporate mixtures and 
combinations of several materials in predefined proportion, without worrying about 
its mechanical properties due to imminent filament conversion from its initial raw 
form. Along with that, traditional injection moulding principles can be applied for 
simulating the workflow behaviour initially. Despite several advantages, its usage is 
still not prominent in the scientific community. The reasons can be credited towards 
the lack of professional equipment in the market dedicated towards pellet extrusion 
additive manufacturing [2]. 

The present study presents on one such pellet extrusion system developed in 
house with the ability to alternate between both traditional filament extrusion and 
pellet extrusion [4]. The details about the design and development of the pellet 
extruder are published elsewhere. The independent setup can be mounted and driven 
through the open-source software such as Ultimaker Cura with minor tweaks in 
settings [10]. The design was validated and optimized via various methodologies in 
order to calibrate the pellet extrusion hardware with commercial filament extrusion 
setup which is published elsewhere. Additionally, experimental analysis of fabricated 
parts also has been performed in order to validate its competence in comparison with 
conventional FFF technique. Its printability is also tested by throughput analysis of 
various material not compatible ordinarily with filament extrusion system. Along 
with that, throughput from different nozzle sizes is also explored [9]. 

Section 2 includes the discussion on the performed experiments with the appa-
ratus, Sect. 3 is the analysis of results by the experimentation, Sect. 4 lists some issues 
inferred during the result analysis, and Sect. 5 concludes the presented research work.
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2 Materials and Methods 

The experimentation utilized diverse materials having different mechanical proper-
ties and behaviour such as toughness and elasticity. Figure 1 shows the material in 
pellet form which was used for the test patterns with ABS and EVA, respectively. 
A constant rate of pellet input was established beforehand in order to smoothen the 
material flow across the extrusion process resulting a consistent melting. ABS is 
tough and rigid, while EVA is an elastomer which cannot be used in filament form. 
Thus, the pellet extrusion system adds a new dimension of materials especially flex-
ible materials which are strenuous to mould in filament form and also sometimes 
fails the printing process due to buckling in the extrusion’s material feeding system 
[6]. The pellets utilized in the study size at an average under 3 × 3 × 3 mm. 

2.1 Pilot Experimentation 

Initially, the extruder had printed some elementary prints such as filament of different 
nozzle sizes and filaments with different print speeds, with varied temperature, with 
different materials, etc., to check the viability of the extruder. Some of these through-
puts built using the pellet extruder are shown in the forthcoming section along with 
the throughput of extreme diameters. These filaments are necessary to understand 
the repeatability of the extruder and versatility using different types of materials [5]. 

These experiments were designed with optimum process parameters to get a 
clear idea of extruder’s extruding ability and consistency along with its repeatability. 
The observation from the experiment establishes the foundation of the pellet-based 
extruder towards extruding full-fledged parts. The process utilizes the extruder at 
250 °C of extrusion temperature, 25 mm/s of print speed, 25 mm/s of feed speed 
and 0.6 mm of standoff distance from the printing bed for ABS parts and, similarly, 
100 °C of extrusion temperature, 25 mm/s of print speed, 25 mm/s of feed speed

Fig. 1 ABS and EVA pellets 
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and 0.6 mm of standoff distance from the printing bed for EVA parts. The details 
on the parameter optimization for the respective pellet extruder and its calibration 
with filament extruder firmware and hardware via various Design of Experiments 
methods are published elsewhere. 

2.2 Fabricated Parts 

This section shows the printability of the pellet-based AM extruder with different 
nozzle size from 0.4 to 1.5 mm nozzles. Depending on the kind of application, either 
can be used. Here, the nozzle used to print different parts is 1.2 mm diameter in size 
due to its high flowability and low back pressure on the feeding auger. 

This indicates that the parts printed via the pellet-based AM extruder have 
the accuracy and ability to print standard parts which can be controlled with 
an open-source slicing software like Ultimaker Cura. Figures 2 and 3 prove the 
aforementioned points and are discussed in detail in forthcoming section. 

3 Results and Discussion 

The various experimentation resulted in different learnings about the validity of the 
pellet extruder, and also, exploration is done in the area of the possible commer-
cialized version of the hybrid extruder in current scenario. Some of the fabricated

Fig. 2 Microscopic image 
of EVA throughput 

Fig. 3 Microscopic image 
of ABS throughput 
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parts are in direct connection with standard filament extrusion systems which also 
helps understand the merits and demerits of the system. Furthermore, the analysis 
of the different parts and throughput built from the pellet extrusion system enables 
to comprehend the further scope of design and parameter modification which can be 
improved in the setup. 

3.1 Pilot Experiments 

The results of the initial experiments depict that the extruder shows positive effect on 
changing the process parameters such as temperature and nozzle sizes. The micro-
scopic image of the filament extruded shown in Figs. 2 and 3 displays no signs 
of under-extrusion or over-extrusion, thus negating the possibility of the filament 
stretch or accumulation. Additionally, it also verifies the printability of pellet extruder 
across various materials from recycled ABS to elastomer EVA, without any burrs. 
The throughput of the pellet extruder with different materials of extreme charac-
teristics such as ABS and EVA shows the compatibility of the extruder with tough 
as well as flexible materials. Conventionally, the flexible materials are difficult to 
print with FFF extruders due to buckling issue and also provide fewer permutations 
of composite materials, which is not the case with the pellet extruder. The diameter 
variation is measured to check the repeatability and consistency of the pellet extruder. 
The following Table 1 presents the details of the deviation of diameter with different 
material. 

Thus, the variation in diameter of the throughput is also found to be less than 
0.1%, ascertaining the repeatability of the extruder’s accuracy. The image shown in 
Fig. 4 shows the versatility of the extruder setup with the ability to print via different 
nozzle sizes from 0.2 to 1.5 mm. Furthermore, the tensile specimens printed as shown 
in Fig. 5 involved different extrusion parameters such as variation of print speed and 
nozzle temperature [1].

Table 1 Theoretical and actual throughput 

Material 

ABS EVA 

Nozzle size (mm) Actual throughput diameter 
(mm) 

Nozzle size (mm) Actual throughput diameter 
(mm) 

0.40 0.40 0.40 0.39 

1.20 1.20 1.20 1.18 
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Fig. 4 Throughput from 
nozzle of 0.4 and 1.5 mm 
diameter 

Fig. 5 Tensile specimens printed with ABS 

3.2 Fabricated Parts 

Thus, the upgraded FFF printer possesses a hybrid printing feature which can print 
through both filament and pellet material. The pellet extruder enhances the print-
ability of the 3D printer with its ability to print various materials unconventionally 
not available commercially in filament form. In addition to the hardware, the use of 
an open-source firmware and software to operate the pellet extruder and synchro-
nize with software provides the ingenuity to add and modify observed changes in 
parameters, in order to fine-tune the extruder for user-defined operations on selective 
materials/parts. 

Figure 6 shows a simple cube built using the pellet extruder and also the standard 
boat benchy part which is used for calibration of various filament-based systems and 
fine-tuning its output by tweaking its parameters [8]. It incorporates various complex 
features such as roundness and inclination to measure and analyse the accuracy of 
the printing system in unison.
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Fig. 6 Some more parts built using pellet extruder 

4 Issues and Challenges 

During the development, there are many factors which influence the printability of 
the pellet extruder. These factors are further classified as external and internal factors, 
which include heat transfer, cooling rate, design optimization, etc. To rectify these 
issues, changes must be accommodated and justified within the range of calculated 
operation parameters. The observed shortcomings of shrinkage and rough surface 
blobs are further rectified by using a nozzle of smaller size. The existing pellet 
extruder has the allowance to opt between nozzle sizes which is as convenient as 
changing nozzle in standard FFF printers. The fabricated parts such as tensile spec-
imens and boat benchy further verify the printability of the pellet extruder among a 
variety of shapes and sizes. 

Additionally, in future a gantry system can also be manufactured having an 
extruder storage tread head, providing the accessibility to choose from filament-based 
and pellet-based AM extruder on the same machine thus enabling large possibilities 
of hybrid printing for aerospace and automotive turbo-machinery sector. Further-
more, due to change in its input material form from filament to pellet, extensive use 
of flexible polymer can also be employed irrespective of its buckling strength, which 
is generally limited to printability in the filament-based printer. 

5 Conclusion 

The conducted research explained the possibility of a pellet-based extrusion system 
with a comprehensive analysis between standard parts built with either extruder. 
The development of pellet-based extruder was done in such a way that a commer-
cial FFF printer can be modified and utilized as pellet-based system without any 
major modifications on printer’s motion chassis. Along with the successful upgrade,
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some throughputs extruded with different parameters and hardware have been inves-
tigated also, to establish the groundwork for justification of the developed setup. 
Additionally, different materials were also used to validate the increase in printer’s 
applicability in comparison with traditional FFF printer. 

The resulted output illustrates that the direct pellet fabricated parts are closely 
comparable with conventional FFF parts. The post-processing attributes such as 
shrinkage factor, overall strength and surface finish are similar to the standard 
systems. Furthermore, the manufacturing of complex parts such as boat benchy and 
standard tensile specimens widens the spectrum of the pellet-based extrusion system 
application. In future, several different material combinations can be tested for further 
research in the respective field. A gantry system for switching between pellet and 
filament extruder can be built to add an industrial perspective to the extrusion system. 

References 

1. ASTM International (2013) F2792-12a—Standard terminology for additive manufacturing 
technologies. Am Soc Test Mater 10–12. https://doi.org/10.1520/F2792-12A.2 

2. Childs THC (1994) Linear and geometric accuracies from layer manufacturing. 43(2):163–166 
3. Jyothish Kumar L, Pandey PM, Wimpenny DI (2018) 3D printing and additive manufac-

turing technologies. 3D printing and additive manufacturing technologies. Springer, Singapore. 
https://doi.org/10.1007/978-981-13-0305-0 

4. Karunakaran KP, Suryakumar S, Pushpa V, Akula S (2009) Retrofitment of a CNC machine 
for hybrid layered manufacturing. Int J Adv Manuf Technol 45(7–8):690–703. https://doi.org/ 
10.1007/s00170-009-2002-2 

5. Kumar N, Jain PK, Tandon P, Pandey PM (2018a) 3D printing of flexible parts using EVA 
material. Mater Phys Mech 37(2):124–132. https://doi.org/10.18720/MPM.3722018-3 

6. Kumar N, Jain PK, Tandon P, Pandey PM (2018) Extrusion-based additive manufacturing 
process for producing flexible parts. J Braz Soc Mech Sci Eng 40(3):143. https://doi.org/10. 
1007/s40430-018-1068-x 

7. Kumar N, Jain PK, Tandon P, Pandey PM (2018) Investigation on the effects of process param-
eters in CNC assisted pellet based fused layer modeling process. J Manuf Process 35:428–436. 
https://doi.org/10.1016/j.jmapro.2018.08.029 

8. Measure and calibrate. (n.d.). Retrieved from http://www.3dbenchy.com/dimensions/ 
9. Momenzadeh N, Berfield TA (2019) Polyvinylidene fluoride (PVDF) as a feedstock for material 

extrusion additive manufacturing, (June). https://doi.org/10.1108/RPJ-08-2018-0203 
10. Ultimaker Cura. Retrieved Aug 20 2017, from https://ultimaker.com/software/ultimaker-cura

https://doi.org/10.1520/F2792-12A.2
https://doi.org/10.1007/978-981-13-0305-0
https://doi.org/10.1007/s00170-009-2002-2
https://doi.org/10.1007/s00170-009-2002-2
https://doi.org/10.18720/MPM.3722018-3
https://doi.org/10.1007/s40430-018-1068-x
https://doi.org/10.1007/s40430-018-1068-x
https://doi.org/10.1016/j.jmapro.2018.08.029
http://www.3dbenchy.com/dimensions/
https://doi.org/10.1108/RPJ-08-2018-0203
https://ultimaker.com/software/ultimaker-cura


Investigations on the Effect of Nanoclay 
Reinforced ABS/Nylon-Blended 
Copolymer Filament for Extrusion-Based 
3D Printing 

Vishal Francis, Narendra Kumar, Sonika Sahu, and Ravi Pratap Singh 

Abstract Nylon is one of the widely used semi-crystalline thermoplastics for various 
engineering applications. However, the materials have limited impact strength and 
relatively low-dimensional stability. This limits its application especially for the 
extrusion-based 3D printing process. On the contrary, acrylonitrile butadiene styrene 
(ABS) has excellent printability and better toughness. ABS/nylon blend can be an 
effective alternative for extrusion-based 3D printing with excellent properties of 
both the polymers. However, these polymers are immiscible in nature. Nanoclay is 
an excellent additive for the polymer which can enhance the material properties of 
the polymer composite. Moreover, these nanoparticles can also provide a compatibi-
lization effect along with reinforcement. The present paper investigates the effect of 
nanoclay addition on various blends of ABS/nylon blends for possible 3D printing 
applications. Filaments were prepared for 30/70, 50/50 and 70/30 wt% of ABS/nylon 
blends along with nanoclay as compatibilizer. Thermal analysis was performed to 
investigate the effect of various compositions using DSC analysis. The morphology 
of the polymer blends was investigated by SEM analysis. Moreover, mechanical 
testing was performed on the developed filaments. 
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1 Introduction 

Multi-phase copolymer systems provide numerous benefits by combining the attrac-
tive properties of each material or by reducing the deficiencies of a single compo-
nent material. The use of polymer blends in order to improve the impact strength 
of semi-crystalline thermoplastics has attracted several special attentions and is a 
well-established process of providing toughness. Nylon 6 is semi-crystalline thermo-
plastic, with a strong chemical resistance. On the other hand, it also has disadvantages. 
Low impact strength, high absorption of moisture and poor dimensional stability are 
few of its major limitations. ABS is a thermoplastic of good impact strength at low 
temperatures [1–5]. It is also much less prone to the expansion of the notch and 
is economical compared to nylon. The blends of these two polymers are usually 
incompatible; therefore, it is important to add a compatibilizer to the blend in order 
to achieve the desired properties [6–9]. Nanoclay-based polymer nanocomposite 
materials have influenced both scientific and industrial interest due to ease of devel-
opment of composites by melt intercalation techniques which requires established 
processes like extrusion and injection moulding. Moreover, the high aspect ratio and 
the interfacial area of this nanoparticles have been reported to improve compati-
bility of immiscible polymers along with providing the reinforcement effect [10]. 
Extrusion-based 3D printing utilizes thermoplastic polymeric filaments. The most 
widely used material is ABS, though nylon filaments are also used [11]. However, it 
is difficult to some extent to print with nylon filaments. The present paper investigates 
the effect of nanoclay addition on various blends of ABS/nylon blends for possible 
3D printing applications. Filaments were prepared for 30/70, 50/50 and 70/30 wt% 
of ABS/nylon blends along with nanoclay as compatibilizer. Thermal analysis was 
performed to investigate the effect of various compositions using DSC analysis. The 
morphology of the polymer blends was investigated by SEM analysis. 

2 Materials and Methods 

The investigations were carried out by using ABS and nylon pallets. The pallets were 
extruded using the tailor-made setup. Nanoclay powder was added in the polymer 
blend and mechanically mixed before extrusion. The extruded filament was re-platted 
and extruded again to form a filament of diameter of 1.75 mm. The nanoclay content 
was kept as 1 wt% in the polymer blend. Filaments were prepared for 30/70, 50/50 
and 70/30 wt% of ABS/nylon blends. The developed filament was characterized with 
SEM and DSC techniques. The extrusion was carried at 230 °C barrel temperature. 
The screw speed was kept at 50–60 rpm to provide proper mixing of the blend and 
residence time. The properties of the material used are illustrated below (Table 1).
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Table 1 Properties of the materials used for the study 

1 ABS density 1.05 g/cm3 

2 Nylon density 1.13 g/cm3 

3 Organically modified montmorillonite 
(OMMT) cloisite 30B 

Organic modifier: Methyl, tallow, 
bis-2-hydroxyethyl, quaternary ammonium 

Density 1.98 g/cm3 

d-spacing 18.5 Angstrom 

3 Filament Characterisation 

The developed filament was characterised to investigate the dispersion of the poly-
mers and the blending effect of nanoclay. SEM analysis was performed to observe 
the morphology of the fractured filaments. Figure 1 shows the SEM image of the 
70/30 ABS/nylon blend with 1 wt% nanoclay. The ABS is in the dispersed phase, 
and smaller dispersed particles were formed. 

The morphology of the second composition which consists of 50/50 wt% 
ABS/nylon blend with 1 wt% nanoclay as compatibilizer is shown in Fig. 2. 
The fractured specimen of the filament shows the nonspherical dispersed phase 
morphology.

Figure 3 shows the SEM image of the fractured filament which consists of 70/30 
blend. ABS particles in the blend debonded and showed little plastic deformation. 
Moreover, larger dispersed particles could have been accumulated in the blend.

Further, the filaments were investigated to observe the effect of blending on 
thermal properties by DSC analysis. Figure 4 shows the DSC graph for 30/70 blend. 
The melting peak was observed at 221.43 °C. Figure 5 shows the DSC graph for 50/50/ 
blend. The peak was observed at 221.78 °C. Similarly, when the blend contains 70/30 
ratio, the peak was observed at 220.17 °C (Fig. 6). It can be seen that processing 
temperatures of the polymer blend filament could be processed around 210–250 °C

Fig. 1 SEM image of 30/70 blend 
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Fig. 2 SEM image of 50/50 blend

Fig. 3 SEM image of 70/30 blend

during 3D printing. However, determination of the appropriate extruder tempera-
ture needs further investigations. The study provides a preliminary data which can 
be utilized to conduct such experiments and selection of extruder temperature for 
extrusion-based 3D printing.

4 Conclusion 

Extrusion-based 3D printing is widely used for fabrication of complex shapes with 
ease. However, the materials available for the technology are limited. In this regard, 
development of filaments with high performance will add value to the technology. 
ABS/nylon blends were prepared with 1 wt% nanoclay as compatibilizer. Filaments
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Fig. 4 DSC graph for 30/70 blend 

Fig. 5 DSC graph for 50/50 blend
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Fig. 6 DSC graph for 70/30 blend

were prepared for 30/70, 50/50 and 70/30 wt% of ABS/nylon blends along with 
nanoclay as compatibilizer. Thermal analysis was performed to investigate the effect 
of various compositions using DSC analysis. The morphology of the polymer blends 
was investigated by SEM analysis. It can be concluded that the ABS/polymer blend 
with nanoclay as compatibilizers can be utilized for 3D printing process; however, 
further studies need to be conducted. 
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