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Preface

Since 2010, Department of Mechanical Engineering at Sardar Vallabhbhai National
Institute of Technology, Surat has been organizing series of conferences on “Recent
Advances in Manufacturing”. In order to enable the sharing of knowledge in the
areas of Manufacturing technologies, we have organized six national conferences on
“Recent Advances in Manufacturing” and now we have planned the International
Conference on Recent Advances in Manufacturing (RAM-2020). The Conference is
organized to bring the academicians, researchers and practicing engineers for sharing
their experiences in the field of advance manufacturing. RAM-2020 will provide
the opportunity for networking among participant institutes/organizations/industries
to systematically confront the challenges in mutual areas of interest to advance
manufacturing technology in these areas.

The proceedings volumes are published in the Springer series Lecture Notes in
Mechanical Engineering in two volumes, viz. Volume 1—Advances in Manufac-
turing Processes and Volume 2—Advances inManufacturing Systems.We acknowl-
edge the academic support from Prof. Dumitru Nedelcu and Prof. K. P. Rajurkar
while editing the volume 1 and 2 respectively. We are also thankful to Ms. Priya
Vyas and her team at Springer Nature for timely publication of these volumes.

As the entire world is facing the threat from corona pandemic, the international
as well as interstate travel is restricted. However, we have tried our best to carve out
a comprehensive schedule, keynote speakers, oral presentations in both online and
offline mode, all of which will facilitate stimulating insightful discussions within
the research community. In spite of such a pandemic situation, 60 participants have
presented their findings and exchanged ideas related to manufacturing domain.

We are thankful to the conference organizing committee members, the advi-
sory committee members, the reviewers, session chairs and the volunteers, without
whose generous contributions this conference would not number of presentations
and number of participants.
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x Preface

Most of all, we thank the participants for enriching the international conference
with their active participation.

Dr. Shailendra Kumar
Organizing Secretary, RAM-2020

Surat, India

Dr. Harshit K. Dave
Organizing Secretary, RAM-2020

Surat, India
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Chapter 1
Computational Design and Digital
Fabrication

Panagiotis Kyratsis, Anastasios Tzotzis, and Athanasios Manavis

Introduction

The advent of more sophisticated and advanced computer-aided design (CAD) soft-
ware has increased the productivity of the design engineers. Commercial CAD soft-
ware are now filled with functions that were not available in the past decades. One
such is the parametric modeling. With proper utilization of the application program-
ming interface (API), it is possible to take advantage of the parametric modeling to
develop simple macros or complete applications that can support design, assembly,
manufacturing and engineering documentation.

Kim et al. [1] described an end-mill design process based on the cutting simulation
method. This method was used to obtain the machined shape of an end-mill by using
Boolean operations between a given grinding wheel and a cylindrical workpiece.
This research was implemented using a commercial CAD system with API function
programming. Tapoglou [2] presented a novel simulation model that enables accu-
rate prediction of important aspects of the chips produced during power skiving. The
simulation model was embedded on a CAD environment and through the simulation
code, the virtual simulation of the manufacturing process was realized. A similar
study was carried out by Dimitriou et al. [3]. The authors described a simulation
method of gear hobbing, based on virtual kinematics of solid models representing
the cutting tool and the work gear. An algorithm has been developed and embedded
in a commercial CAD environment that can be used to generate realistic chips.
The algorithm is supported by a universal and modular code as well as by a user-
friendly graphical interface. Roberto and Osorio-Gómez [4] proposed a method to
search the optimal sequence of assembling for a product, by comparing different

P. Kyratsis (B) · A. Tzotzis · A. Manavis
Department of Product and Systems Design Engineering, University of Western Macedonia,
50100 Kila Kozani, Greece
e-mail: pkyratsis@uowm.gr

© The Author(s), under exclusive license to Springer Nature Singapore Pte Ltd. 2021
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Lecture Notes in Mechanical Engineering,
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2 P. Kyratsis et al.

sequences extracted in automatic mode from a 3D CAD model. In addition, this
method allows the manufacturer to analyze and study the optimal assembly sequence
without the direct use of a CAD system. Oancea and Haba [5] presented a software
tool which allows the user to obtain the manufacturing and the cutting data for each
process from themanufacturing sequenceof rotational parts, by combining computer-
aided production planning (CAPP), CADand computer-aidedmanufacturing (CAM)
modules. The authors used the programming resources of a commercial CAD soft-
ware to develop their software tool. Mok et al. [6] developed an effective reuse and
retrieval system that can easily registermodeled standard parts using a simple graphic
user interface. Open API and a commercial CAD solution were used for the purpose.
The system was applied to standardize mold bases and mold parts and it consists
mainly of three kinds of module: the standard part module, the parts-list module
and the retrieval-system module. Similar techniques were applied for measuring and
verification purposes. García-Hernández et al. [7] developed a software application
for measuring gears and described its implementation using general-purpose spread-
sheet software that calculates the probe positions and direction of measurement.
Finally, studies where CAD-based programming was used for computational design
purposes are available in the literature as well. Teodor et al. [8] designed dedicated
software for computing polynomial approximation and the axial section of the gear
hob. The profiling method of the gear hub uses the Bezier approximation polyno-
mials. Similar approacheswere followed for parametrically automated 3Ddesign and
manufacturing [9, 10], as well as for simulating manufacturing processes [11, 12].

Computational design is a new and continuously progressing technology. Further-
more, parametric modeling offers a number of opportunities for novelty and better
solutions. In the past, unusual geometries were extremely difficult to be modeled and
manufactured. In addition, today there are various tools available and the designers’
perspective is widely affected. The idea is to design complicated geometries based on
textual programming languages. Leitão and Santos [13] described that the compu-
tational design principles open new horizons in what we call novel design forms.
Specifically, generative design (another term for computational design technique) is
a modern methodology of using textual programming to create and modify shape,
geometry and ornamentation.

According to Killian [14] computational design approach allows automation of
the design procedures and extension of the standard features of CAD applications,
and therefore overstepping their limitations. Krause [15] defined that computational
design allows immediate generation of large number of design alternatives. In addi-
tion to geometric approach of final alternatives of the same product or structure
that are produced via computational design way, Casale et al. [16] described that
the study of geometry is oriented to concept, formal and expressive control, and
built form. Moreover, Chen and Pottmann [17] defined that the critical analysis of
the geometric shape goes through the problems of its virtual representation—also
in parametric form—and finally transforms it into a physical object with simple
prototyping equipment.

Malakuczi [18] used parametric applications to generate structures and deals that
digital fabrication tools can lead to new opportunities in many product typologies
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across the material culture. On the other hand, designers are able to use textual
programming languages to develop CAD-based applications that are focused on
unique geometric models. Textual programming languages allow control within a
software (i.e. Python™ commands and structures joined with Rhino™ via Rhino-
ScriptSyntax module). Lopez and Leitão [19] cite that a programming language is a
formal medium for expressing ideas and not just a way to get a computer to perform
operations. Furthermore, in a textual programming language, programs are described
using a linear sequence of characters. Especially, the current paper includes a case
study that is developed by using RhinoScriptSyntax™ module that includes module
containing functions that perform various operations on Rhino™. The library of
functions is about geometry, commands, document objects and application methods.

According to Viny et al. [20] all functions are returned as simple Python™ vari-
ables due to the ease of design processing. Kyratsis et al. [21] used the method-
ology of computational design which is based on textual programming language in
order to generate forms in 3D space. The main reason of this procedure aims on
designing innovative structures for CNC laser cutting and engraving applications.
The presented paper is based on the computational design technology together with
the use of CNC laser cutting and engraving techniques for the material of wood using
a CAD-based application (Rhino™) via textual programming language (Python™
and RhinoScriptSyntax™ module).

Even though modern CAD solutions are enriched with capabilities, the need for
automated functionalities is still high. In the present paper, two case studies related to
the implementation of the CAD-based programming resources are being presented.
Firstly, an interactive tool developedvia theAPI of SolidWorks™is being introduced.
This tool combines several engineering aspects in one simple graphical interface. For
example, the automatic creation of typical design features such as fillet, chamfer and
hole, and the rapid production of the standardized engineering drawings. Finally,
a CAD-based application for automatic generation of complex 3D geometries [22]
was developed with the aid of Python™ programming language and Rhino™ for the
representation of the CAD geometries.

Multi-feature Generation Tool

Design of User Interface

The selection of topology objects, such as vertices, edges and faces, is an integral
part of every CAD-based process. Hence, for automating the topology selection
procedure, the basis for utility of CAD-based applications can be established. In the
present paper, an effort is made to combine certain functionalities of SolidWorks™
by using theAPI. The goal is to develop an all-around application that can support the
user during routine design tasks. Specifically, the presented application can be used
to automatically create standard CAD features such as fillet, chamfer, pattern and
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hole with minimal effort. In addition, multiple selection schemes (i.e. selection of all
available edges/faces, selection of specified edge/face) can be automated. Moreover,
it is possible to expand the functionalities of the application by adding the proper
code with VBA™.

The application of user-interface is divided into four tabs. Figure 1.1a illustrates
the first tab that is related to the topology selection. Users can choose the objects on
which the preferred features will be applied. The type of topology object as well as
the ID of an object can be set. Figure 1.1b depicts the second tab that contains several
options that are required for setting three basic design features (fillet, chamfer and
hole). In addition to the aforementioned features, it is possible to automatically create
circular patterns also, based on custom or standard properties (Fig. 1.1c). Finally,

Fig. 1.1 The user-interface: topology selection tab (a), feature creation tab (b), pattern creation
tab (c) and documents creation tab (d)
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via the fourth tab (Fig. 1.1d) users can produce standardized engineering documents
such as three-view drawings, sectioned view drawings and assembly documents.

The input of the values and the selection of the options are all performed with the
aid of the user-interface which is the bridge between the user and the CAD system
[23–25].

Programming via SolidWorks™ API

Programmatically, the code of the tool is divided into three main modules. The
topology selection module is the first one. The code of this module is responsible for
the connection of the application tool to an open part or assembly document so that
access to available solid bodies can be established. This way it is possible to locate
the user-specified topology object (i.e. face, edge, vertex) by traversing all available
objects with a “For” loop. However, prior to locating the preferred topology entities,
the code changes the default ID of each one of these objects according to the one
specified by the textbox entitled “Object name” (see Fig. 1.1a) and then stores them
to an array for future use. That is, if a part contains 20 edges then theywill be renamed
to “Edge” plus a number from 1 to 20 as suffix. Finally, the corresponding entities are
selected depending on the user preferences. In addition, the selected entities can be
colored according to the chosenRGBcombination (see Fig. 1.1a) in order to facilitate
the visualization of the selection procedure in complex parts or large assemblies.

The second module is the one related to the feature creation. First, the corre-
sponding topology objects (edges or faces) are selected since they are already named.
Then, for the case of the hole feature only, an appropriate sketch is inserted on the
selected face, based on the input values (see Fig. 1.1b). Finally, a fillet feature, a
chamfer feature or a hole feature is applied on the selected objects according to the
user’s preferences. Additionally, it is possible to apply a specific fillet feature to a
chain of edges instead of applying it multiple times. On top of that, this module
contains extra code for the automatic creation of flange patterns (see Fig. 1.1c). User
can choose between customized or standardized patterns according to the dimensions
given by the input fields or the commercial ISO standards, respectively. The steps
followed in the pattern creation slightly differ to the ones taken in the aforemen-
tioned features (fillet, chamfer and hole creation). At first, the main cylindrical face
of the part is recognized and selected, and consequently a new sketch is inserted.
This sketch contains the reference construction circle and the hole profile. Lastly, the
flange pattern is applied.

The last module contains the program for the automatic production of the engi-
neering documents. A new drawing document is created and formatted according
to the input specifications (scale and paper size) as shown in Fig. 1.1d. Finally, the
document is prepared (standard three-view drawing) and saved in the following file
types: PDF and DWG. Optionally, user may select to add a sectioned view of the
part or the assembly to the drawings. Moreover, a bill of materials (BOM) is auto-
matically prepared in the case of an open assembly document, which the user may
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Fig. 1.2 The workflow of the application tool

export as a spreadsheet. All the files are saved in a folder where the original part or
assembly exists, but the user may choose otherwise by just slightly altering the code.

Figure 1.2 summarizes the steps followed during the execution of each of the
tool’s functions.

According to the schematic (Fig. 1.2), the “OpenDoc6” and the “ActiveDoc” API
methods are required to open an existingmodel document and activate it respectively,
which is the first step of the workflow. If there is no document active, a message will
warn the user. Next, the “GetBodies2” method as well as the “GetFaces” and the
“GetEdges” methods are implemented in order to gain access to the solid bodies
of the model and hence to the topology objects that are available in the bodies.
Depending on whether the model document is a part or an assembly, the method
must be called via the appropriate interface (i.e. IPartDoc, IComponent). To retrieve
the topology objects a “For” loop is used that traverses all objects, changes their
names and stores them to an array. The method for changing the names of the objects
is the “SetEntityName”. The name is a combination of a user-specified prefix and
a numeral as suffix which is generated by a counter. Subsequently, the selection
of the desired entities is realized with the “GetEntityByName” and the “Select4”
methods. The first method is the one that gets the entity, whereas the latter is the
one that selects and marks the entity. The “GetMaterialPropertyValues2” and the
“SetMaterialPropertyValues2” methods are used for the object coloring option.

Themethods “InsertFeatureChamfer” and “FeatureFillet3” are employed to insert
the chamfer and fillet features, respectively, on the preferred topology object. The
feature parameters (fillet radius, angle and width of chamfer) are set via the input
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fields (see Fig. 1.1b) which are connected to the corresponding variables. Similarly,
the creation of holes that is performed with the “FeatureCut4” method requires the
set of several parameters, such as the hole diameter, the depth of cut and the center
of the cut profile. The design of the flange pattern is achieved with the “FeatureCir-
cularPattern5” method. The input fields illustrated in Fig. 1.1c define the diameter
of the reference circle, the diameter of the holes and the number of the holes for
the customized flange option. The creation of a standardized pattern is performed
with the same method and the data are dictated by the combo-box. In both cases,
a cylindrical face must be present in the active model document. Thus, the object
selection procedure is not defined by the user preferences, rather it is pre-defined. In
other words, the code uses the “GetSurface” method and a “For” loop to traverse all
faces of the solid bodies found in the model, in order to find and get any cylindrical
surface for the pattern to be applied. If no cylindrical face is found, the pattern feature
cannot be completed. With respect to the circle sketch that describes the hole profile,
the “CreateCircleByRadius” method is used. The implementation of this method
requires the set of the radius and the center of the circle.

The methods used in the engineering drawings production procedure (fourth tab)
are the following. The “OpenDoc6” is required to open the target assembly document.
Creation and setup of a new drawing document are performed with the “NewDocu-
ment” and the “SetupSheet6” methods, respectively. The input fields (see Fig. 1.1d)
are connected to variables that define the template path for the drawing documents,
the save path and the folder where the target assembly resides. In addition to these
settings, the user must define the sheet size and the scale. It is possible to change the
name of the sheet and the margins by modifying the corresponding code. The sheets
of the drawing document are created with the “NewSheet4” method and a “For”
loop which follow the two previous methods. The loop is needed to traverse all the
components that comprise the target assembly. The number of sheets created by the
“NewSheet4” method depends on the number of components found. The insertion
of the standard three-view of the model is realized with the “CreateDrawViewFrom-
ModelView3” methods, whereas the placement of the basic annotations (i.e. dimen-
sions) is done with the “InsertModelAnnotations3” method. The model views are
pre-defined and are placed on the paper space according to the default values given by
SolidWorks™ based on the paper size. It is possible to configure the three variables
that represent the coordinates X, Y and Z of the placement location, to change the
location. On the other hand, the annotations cannot be changed because they solely
depend on the annotations the user included during the design process of each part.
In order to place the numbering balloons on each of the components, the “CreateAu-
toBalloonOptions” method is employed. This method creates an array that stores the
preferences (i.e. shape, size) for the balloons. Lastly, these preferences are applied
to the balloons, which are then inserted to the drawing with the “AutoBalloon5”
method. Furthermore, the standard data of the assembly that are used to create the
BOM are extracted with the “CreateMassProperty” method, whereas the custom
properties (i.e. weight, material) can be associated to the BOM with the utilization
of the “InsertBomTable3” method. Finally, the “SaveAsText2” method is used to
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export the BOM as a spreadsheet and the “SaveAs” to save the drawing documents
to the preferred file type (PDF, DWG).

Table 1.1 summarizes the most important SolidWokrs™ API methods and prop-
erties that were used in this study. The presented application tool demonstrates the
possibilities that derive from the programming of a CAD system via its API.

The implementation of the previously mentioned API methods was used for the
development of the presented application tool. The following code snippet (Fig. 1.3)
presents the use of a “For” loop in order to traverse and name all faces in the solid
bodies of a model so that the selection process can be facilitated. Additionally, two
check structures (“If–Then–Else” statements) are included so that the selection of
an individual face or the selection of all available faces can be achieved. Similar
strategies were used in the work of Kyratsis [26].

Textual Programming for Computational Design Application

Computer-aided design applications based on textual programming languages offer
a great number of opportunities to the user/designer. The design methodology used
via computational design prompts toward very unusual geometries and someone can
argue that these are extremely difficult to be manufactured. Furthermore, the usage
of a computational design application is crucial nowadays—due to the evolution of
designmethodologies (i.e. digital fabrication tools, virtual and augment reality appli-
cations, CNC laser cutting and engraving techniques). Fortunately, new technologies
offer new possibilities in the design and manufacturing industry.

The proposed case study presents a CAD-based application for automatic devel-
opment of special 3D geometries with the aid of Python™ as amain textual program-
ming language and Rhino™ for the CAD-based representations of geometries.
Figure 1.4 illustrates the workflow for the automated creation of 3D entities. The
recommended procedure consists of a series of steps that complete CAD-based appli-
cations. First, the user creates two different types of objects by using Rhino™ tools:
a primitive geometry (i.e. sphere, cube, cylinder, cone, pyramid, etc.) and a plane.

All dimensions of these designed elements are up to the users’ choice. The main
mechanism of the application is: the plane will cut the initial geometry to a certain
number of flat layers. Thereafter, the user inserts specific numerical values for the
parameters (Rhino™command line) that determine the final formof the 3D structure.
The proposed variables of the application are: step (number of cuts from plane on the
primitive object), count (number of surface layers) and thickness (layers extrusion).

Python™ programming language is the main tool that a designer uses for the
application development. Specifically, the designer imports the rhinoscriptsyntax
module to the Rhino™ software. The combination between Python™ and Rhino™
deals with a great number of advantages in CAD-based application development.
Some of the commands used for the script are presented in Table 1.2. Furthermore,
a complete script of the proposed CAD-based application is presented in Table 1.3.
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Table 1.1 SolidWorks™ API methods and properties used in the study

API method/property Explanation Return value

OpenDoc6 Opens an existing
document

Newly loaded model
document

ActiveDoc Connects to the
currently active
document

Model document

GetBodies2 Gain access to the
bodies in the currently
active part

Array of bodies

GetFaces Gets all the faces on
the body

Array of faces on the body

GetEdges Gets the edges for the
selected body

Array of edges

SetEntityName Sets the name of the
entity

True/false

GetEntityByName Gets an entity (face,
edge, vertex) by name

Entity

Select4 Selects an entity and
marks it

True/false

GetMaterialPropertyValues2 Gets the material
property values for the
selected component

Material properties

SetMaterialPropertyValues2 Sets the material
property values for the
selected component

–

InsertFeatureChamfer Inserts a chamfer Pointer to the IFeature object

FeatureFillet3 Creates the specified
fillet feature for
selected edges or faces

IFeature

FeatureCut4 Creates a cut extrude
feature

Cut extrude feature

GetSurface Gets the surface
referenced by this face

Underlying surface for this
face

CreateCircleByRadius Creates a circle based
on a center point and a
specified radius

Sketch segment for the circle

FeatureCircularPattern5 Inserts a circular
pattern feature

Circular pattern feature

CreateMassProperty Obtains mass property
information about one
or more solid bodies in
the document

IMassProperty object

(continued)



10 P. Kyratsis et al.

Table 1.1 (continued)

API method/property Explanation Return value

InsertBomTable3 Inserts a BOM table in
a part or assembly
document

BOM table annotation

SaveAsText2 Saves a table to a text
data file

True/false

SaveAs Saves the active
document to the
specified name in the
specified format

True/false

NewDocument Creates a new
document based on a
specified template

Newly created document

SetupSheet6 Sets up the specified
drawing sheet

True/false

NewSheet4 Creates a new drawing
sheet in the current
drawing document

True/false

CreateDrawViewFromModelView3 Creates a drawing view
on the current drawing
sheet using the
specified model view

Pointer to the newly create
IView object

InsertModelAnnotations3 Inserts model
annotations into the
current drawing
document in the
currently selected
drawing view

Array of inserted IAnnotation
objects

CreateAutoBalloonOptions Creates an object that
stores auto balloon
options

IAutoBalloonOptions

AutoBalloon5 Automatically inserts
BOM balloons in
selected drawing views

Array of INotes

Figure 1.5 presents four alternative design for the object of sphere that it is user’s
choice. The final results of this procedure are that the application creates a number of
alternatives cuts of the selected object. The development of these different patterns
emphasizes the creation of family morphologies. The alternative morphologies are
(based on numerical values of proposed parameters from user’s point of view):

• Alternative design (A): Step = 4, Count = 50 and Layer’s Thickness = 1
• Alternative design (B): Step = 7, Count = 50 and Layer’s Thickness = 2
• Alternative design (C): Step = 2, Count = 50 and Layer’s Thickness = 0.5
• Alternative design (D): Step = 2, Count = 80 and Layer’s Thickness = 0.5.
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Fig. 1.3 Code snippet of automatic topology selection with SolidWorks™ API

The results of these alternative choices by the user are:

• Alternative design (A): a medium density of individual layers
• Alternative design (B): a low density of individual layers
• Alternative design (C): a high density of individual layers
• Alternative design (D): an extremely high density of individual layers.

The presented structure is based on the computational design technology together
with the use of CNC laser cutting and engraving techniques for the material of wood.
Laser cutting is a technologywidely used in themanufacturing industry. Especially, in
the wooden products production, designers create computer models based on textual
programming languages of the appropriate geometry for each component, and after
their cut, they are assembled in a specific manner with an aim to reach the intended
geometry.
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Fig. 1.4 The workflow of CAD application based on textual programming

Table 1.2 Script commands
for the computational design
application

Command Usage

GetObject Inserts plane, object

GetReal Inserts values for step and thickness

GetInteger Inserts values for count

MoveObject Moves plane

IntersectBreps Creates segments

AddPlanarSrf Creates segment surface

ExtrudeSurface Extrudes surfaces

The final produced structure deals with the main concept of wooden applications
for architectural and product design purposes (i.e. wooden toy puzzles, portable
architectural kiosks, etc.). The selected material for the product is wood, which is
very fashionable nowadays, because it combines both quality and cost-effectiveness.
The main idea is the use of cut wood based on the design principles offered by
the computational design technology. The different components can be produced in
short production times and these production times can be kept to a minimum. The
curves used in the proposed design are well placed with high aesthetics. Finally, the
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Table 1.3 Complete textual programming script for application

PythonTM Module for PythonTM

import rhinoscriptsyntax as rs

Defeminations

def MyCut( obj , cutter , step , count , thickness ):
listCrvs = []

“Cutting the Object” Mechanism

for i in range(1,count):
        cutter = rs.MoveObject( cutter , [step,0,0] )
        Intersect = rs.IntersectBreps( obj , cutter )
        listCrvs.append( Intersect )
    rs.DeleteObject( obj )

rs.DeleteObject( cutter )
    curve = rs.AddLine( [0,0,0] , [thickness,0,0] )

Layers extrusion

for crv in listCrvs:
        if crv == None:

continue 
else :

            #print crv
            srf = rs.AddPlanarSrf( crv )

rs.ExtrudeSurface( srf , curve )
            rs.DeleteObject( crv)
    rs.DeleteObject( curve )

User’s choices (design parameters)

obj = rs.GetObject( "select object:")
cutter = rs.GetObject( "select cutter:")
step = rs.GetReal( "step = " , 4 )       # real numbers "rs.getReal()"
count = rs.GetInteger( "count = " , 50 )
thickness = rs.GetReal( "thickness = " , 1 , 0 , step )
MyCut( obj , cutter , step , count , thickness )

different types of shapes from the proposed application are a family of prototypes
with an aim to explore aesthetics and technical characteristics from the designers’
point of view.
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Fig. 1.5 A series of case studies of CAD application based on textual programming

Conclusions

The implementation of the SolidWorks™ API and the programming with the Rhino
syntaxmodule is beingpresented in this paper. Twodistinct tools have beendeveloped
that can provide assistance to design engineers during the product development phase.

The programming resources used in the presented case studies are the Solid-
Works™API under VBA coding and Rhino™3D tools with Python™programming
language.

In general, the following conclusions can be drawn:

• The possibilities that derive from the utilization of CAD-based programming tools
are vast.

• It is possible to design user-interfaces to accommodate the functionalities of the
developed tools.

• In addition, CAD systems can be connected to other type of software such as
MS™ Excel™.

• Most of the standard CAD-based operations can be automated.
• Special 3D entities can be automatically generated for use with 3D printing or 2D

CNC operations that otherwise would require a lot of time and effort to design.
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Furthermore, the value of such tools increases as the complexity of the system or
product under development increases.
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Chapter 2
Development of Macro Program
for Improving Machining Characteristics
of Logarithmic Spiral on CNC
Machining Center

Vratraj Joshi, Bhavin Desai, Shalin Marathe, Keyur Desai, and Harit Raval

Introduction

In the field of CNC machining, many algorithms are proposed to improve produc-
tivity. Literature related tomachining of curved tool path, and algorithm development
is studied in the present work. Kalidaas et al. [1] suggested that mathematical model
can be developed to optimize and correlate the process parameters with surface
roughness. Parameshwari et al. [2] identified surface finish as quality attribute and is
assumed to be directly related to productivity. Themilling parameters evaluated were
cutting speed, feed rate and depth of cut. Omirou et al. [3] developed an algorithm
to generate motion that use real-time interpolation. Rough pass and finish pass are
applied to control surface quality. Abbas et al. [4] described that an algorithm may
be required to develop user-defined cycle. Fitter et al. [5] discussed that parametric
representation has become a standard form of computer-aided geometric design to
define various industrial profiles. Free-form curves are represented mathematically
as parametric curves to make them more computers compatible. Boujelbene et al.
[6] suggested that explicit function is used, while second-order continuous tool path
comprising arc and straight line segments can be compared with first-order contin-
uous tool path. Tseng et al. [7] observed that the final surface produced may lack
smoothness due to interpolation of line segments. Yang et al. [8] reported that para-
metric interpolator is favorable in the machining of free-form geometry. The linear
interpolator has the advantages of simplicity. Farouki et al. [9] formulated explicit
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function with the compact part program. Sata et al. [10] defined the numerically
controlled tool path. From the literature, it is noted that geometrical data of the cutter
path is stored in aCADmodel and transformed toCAM tomachine the curve.Various
algorithms have been developed to decrease data volume, part program preparation
time and to attain shape flexibility. Inspiring from the literature, it is decided to
develop algorithm for logarithmic spiral curves in the present work.

In the present work, MACRO programming is attempted and compared with the
conventional part programming approach considering linear interpolation. It is a
flexible programming method, where planar curve can be expressed by any mathe-
matical parametric equation that can be machined using MACRO programming. In
the present work,MACRO and conventional programming techniques for machining
curved shape with continuously changing radius (logarithmic spiral) are studied and
compared. Explicit function is used while programming with MACRO interpolator.
Commands for CNC machining can be developed that convert motion trajectory
from the desired path. CNC Fanuc controller can prepare MACRO programming to
be executed by preparatory codes. It can utilize conditional and logical loops, arith-
metic variables and operators. For parts with similar design, a MACRO program-
ming can be developed to reduce part programming time. A subprogram is helpful to
machine parts having similar operations. Workpiece variables such as dimensions,
holes, threads and slots can be changed frequently. Tool position coordinates are not
needed to be changed every time as and when the part is changed; hence a single
MACRO program is more suitable for a same part family. It helps in reducing dupli-
cation by using the commands such as GO TO, IF [condition] THEN [do something
condition], EQ [equals], NE [not equals], GT [greater then], LT [Less then], + , −,
*, /, SIN, COS, TAN, ATAN, SQRT and ABS.

Machining of Logarithmic Spiral

A logarithmic spiral, also known as equiangular spiral or growth spiral, is a self-
similar spiral curve which often appears in nature. The curve was described by
Descartes and investigated by Jacob Bernoulli, who mentioned the curve as “the
marvellous spiral”. Equation (2.1) is an equation for the radius of the spiral curve. It
shows that radius “r” varies with variation in angle “θ” [11].

r = aebθ (2.1)

X = r cos θ

Y = r sin θ

}
(2.2)

Equation (2.1) provides radius “r” of the spiral curve for the value of “θ” that varies
at regular interval. X and Y coordinates are calculated at various points on curved
geometry using logarithmic spiral function. The values of X and Y coordinates of
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the cutter location points are required to machine the curve. From Eq. (2.2), it is
cleared that the values of X and Y coordinates are dependent on the value of “r” and
as per Eq. (2.1). Figure 2.1a–c shows interpolation, simulation and actual machining
of logarithmic spiral. Positions of X and Y coordinates can be changed by varying
the value of variable “θ” for the given “a” and “b” because of value of radius “r”
is dependent on variable “θ”. So, by varying the value of “θ”, the values of X and
Y coordinates can be obtained as mentioned in Eq. (2.2) from the polar value of the
radius “r”.

Fig. 2.1 a–c Simulation and actual machining of logarithmic spiral



20 V. Joshi et al.

Table 2.1 Assigning MACRO address

MACRO address Variable Description Initial value

#101 a Constant 1

#102 b Constant 1

#103 � Initial angle 0

#104 r Polar coordinates 1

#105 X X coordinates of cutter location points 1

#106 Y Y coordinates of cutter location points 0

Logarithmic spiral is interpolatedwithMACROprogramming.Angular increment
starts from initial value “0°” and ends at “360°” with the increment of 3.6°. It means
the total calculated cutter location points are determined by dividing the subtraction
ofmaximumvalue andminimumvalue of anglewith the step size [i.e., (360–0)/3.6=
100]. Drawing logarithmic spiral in AutoCAD with measuring cutter location points
takes more time. Table 2.1 shows the variables stored at various MACRO addresses
and the detailed MACRO program is reported in annexure.

Results and Discussion

Conventional programming andMACRO programming are compared for length and
size of program, as well as for program writing and execution time. It is noted that
program writing time includes time required for drawing the logarithmic spiral and
feeding the program. Comparison between conventional andMACRO programming
methods for the machining of the logarithmic spiral is shown in Table 2.2. In the
present work, time for drawing logarithmic spiral with 100 cutter location points for
each quadrant in AutoCAD is 2652 s.

Time for feeding X and Y coordinates is 1133 s. Cutter tool path is driven by equa-
tion in case of MACRO programming. No drawing is required in that case. Hence,
program feeding time (i.e., 231 s) is quiet less.Machine feed is taken as 100mm/min,

Table 2.2 Comparison of conventional and MACRO programming

Conventional
programming

MACRO
programming

Length (words) 540 57

Size (KB) 14 0.38

Time (s) Program writing Drawing 2652 0

Feeding 1133 231

Program execution 32 67

Total 3817 298
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and hence program execution time to cut the curve by conventional programming is
32 s. The processor has to calculate X and Y coordinates for every cutter location
(CL) points in case ofMACROprogramming. So, the program execution time is 67 s.
It is more than double of the time for machining done by conventional programming.
Total time including programwriting (i.e., drawing and feeding) and program execu-
tion time for the conventional method to cut the logarithmic spiral is quite high (i.e.,
3817 s) compared toMACROprogrammingmethod (i.e., 298 s). The program size of
conventional programming is 14 KB and the length is 540 words.While forMACRO
programming, the program size is 0.38 KB and the length is 57 words. These are the
additional advantages of MACRO programming. The logarithmic spiral is machined
by conventional and MACRO programming methods to examine surface quality,
with the help of SURFTEST (SJ-210 Mitutoyo). The workpiece is marked clock-
wise at 30° at 12 positions (360°/120) of the test piece to measure surface quality.
Table 2.3 shows the surface roughness of logarithmic spiral (i.e., variable curvature)
machined by conventional and MACRO programming.

The average value of surface roughness is lesser for MACRO programming
method (2.992 µm) compared to conventional programming method (3.811 µm).
For conventional programming, number of cutter location (CL) points determines
the programming length. As length of MACRO programming is equation driven, it
is less compared to conventional programming. Some duration of time is needed
to execute the program by processor to calculate coordinates of cutter location
(CL) points as per the equation; sufficient time to change the direction according
to curvature region of the tool path is availed to the machine, which results in the less
fluctuation of cutting force. It reduces the tool overdrive and improves the surface
quality. Figure 2.2 indicates a comparison of the average surface roughness for both
programming methods.

Table 2.3 Measurement of
surface roughness

Surface roughness (μ)

S. No. Conventional
programming

MACRO
programming

Difference

1 3.951 2.848 1.066

2 3.827 2.974 0.853

3 3.973 2.811 1.162

4 3.822 3.144 0.678

5 3.83 3.036 0.794

6 3.879 3.158 0.721

7 3.806 3.288 0.518

8 3.751 2.829 0.921

9 3.729 2.809 0.92

10 3.814 3.111 0.703

11 3.581 2.904 0.677

12 3.829 2.905 0.924

Avg. 3.811 2.992
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Fig. 2.2 Surface roughness
in machining of logarithmic
spiral

Coordinates of cutter location (CL) points are calculated by the processor. Hence,
cutter stops for a while. It enhances surface quality while machining the curve using
MACRO programming method. As shown in Fig. 2.2, surface roughness is less in
the case of logarithmic spiral machined with MACRO programming compared to
conventional programming.

Conclusion

CAD software is not required while curved geometry is machined with MACRO
programming because the curve is represented by the mathematical equation. And
hence, sufficient time is availed by processor to calculate the cutter location (CL)
coordinates. Tool is stopped for a while at the previous point while the next point is
calculated. Enough time to follow the direction according to curvature of the tool path
is provided to the processor. Cutting force fluctuation is less and good surface finish
is achieved. Conventional and MACRO programming are prepared for the curved
shape motion of the tool but cutting force leads tool in the tangential direction. It
results in cutting force fluctuation. Owing to that, surface roughness is more for
conventional programming compared to MACRO programming methods.

Annexure

MACRO programming for Logarithmic spiral.
M03 S2000 (Spindle clockwise rotation).
G01 Z0 F1000 (Air cutting).
G01 Z-2.0 F50 (Tool mark at center).
#101 = 0 (Initial value of θ ).
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N10.
#102 = 2 (Initial value of k).
#103 = cos [#101] (Value cos θ ).
#104 = sin [#101] (Value sin θ ).
#105 = cos [#101*#102] (Value of r = cos (kθ )).
#106 = #105*#103 (Finding value of x = r cos θ ).
#107 = #105*#104 (Finding value of y = r sin θ ).
N30.
G01 X#106 Y#107 Z = -0.4 F100.
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Chapter 3
Automatic Feature Recognition (AFR)
of the Inclined Cross-Hole in Hollow
Cylinders

Abdullah D. Ibrahim, Sabreen A. Abdelwahab, H. M. A. Hussein,
and Ibrahim Ahmed

Introduction

Feature is a specific shape or another property of a part which helps the designer in
reasoning about a part by associating knowledge [1]. Interpreting the geometrical
CAD data automatically (feature recognition) of manufacturing features is insuffi-
ciently applied in real industry yet. Many researches on automatic feature recogni-
tion have proposed algorithms to recognize the combined and interacting machining
features [2], but these algorithms are not often compatible with all CAD systems
[3–5]. Most of these algorithms belong to three main groups of approaches, namely
graph-based, hint-based and volumetric decomposition [6].

To facilitate an interface between various CAD/CAM systems, a neutral format
for representation is required. There are various neutral files, such as STEP, DXF,
IGES, and STL files. The international standard ISO 10303-203 is a definition of
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STEPmodel data [7], and it is an internationally recognized neutral file format that is
suitable formost of the commercial CAD software; it also comprises coordinates data
that are easy to extract and geometric dimensioning and tolerancing data correlated
to the part.

Recognition of a cross-hole feature can be achieved when B-Spline-Curve-With-
Knots exist in the neutral file STEP AP-203. Inclined cross-holes can pass or offset
from the axis of the cylinder, and it might also pass through or be blind [8].

This paper proposes an AFR system for inclined cross-hole in hollow cylinders,
in which the SolidWorks software is used to draw the part and save it as a STEP
AP-203 file format. For extracting and recognizing the inclined cross-hole feature,
a tailor-made software is developed using Visual Basic programming language.

Literature Review

For AFR, various approaches have been developed and implemented. This review
is focused on the researches closely related to the proposed system described in this
paper as follows:

Nagi [9] has developed a system for extracting features from prismatic parts manu-
factured by milling operation. The input file to the system is in format of STEP
AP-203, and the output is in STEP AP-224 format for defining the geometry and
topology of a part.

Shunmugam et al. [10] has proposed a developed feature recognition system. The
author used that system in recognizing the orthogonal features. For representing
the part 3-D model, the module of feature recognition considers STEP AP-203 file
format. Face adjacency graph and volume subtraction techniques were considered
for feature recognition.

Sivakumar and Dhanalakshmi [11] have proposed a system for extracting manu-
facturing features from STEP AP-203 file of cylindrical parts. The geometrical and
dimensional information of features are extracted by using the process of feature
extraction. The extracted information is stored in a text file and then the logic rules
are used for analyzing the data of turning features.

Malleswaria and Sarcar [12] have presented a new software for feature recognition
of cylindrical parts that used a neutral file STEP as an input. This software analyzed
different entities and strings and in the neutral file and extracted geometrical, topolog-
ical and dimensional data of surfaces such as centre of circles, radius of the circles,
the surfaces type, and axis coordinates of surface. This software has interpreted
and evaluated the data exacted in terms of manufacturing process and recognized
features for the turned parts. The software used rule-based technique during feature
recognition process.
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The above AFR review illustrates that the researchers have used different method-
ologies for recognizing machining features depending on the neutral file STEP AP-
203 to represent the part 3D model and to recognize the machining features. So,
using STEP file format is needed to represent the model data of the part, and it also
helps in CAD/CAM systems integration. Thus, the current research is proposing a
system for recognizing the inclined cross-hole features in hollow cylinders that is
representing in the neutral file STEP AP-203, and a tailor-made software is used for
extracting and recognizing the inclined cross-hole based on rule-based reasoning.

Fig. 3.1 The architecture of the current system [13]
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Architecture of the Current System

The current system has been built by linking SolidWorks software to Visual Basic.
The drawing is sent to the Visual Basic as a neutral file STEP AP-203. Then, the
Visual Basic shows the part on a special screen through a tailor-made software
which is installed on it. The software can extract and recognize the inclined cross-
hole feature based on rule-based reasoning. Figure 3.1 shows the architecture of the
current system [13].

Data Extraction and Feature Recognition

The object-oriented approach is used to extract data from the input file. Visual Basic
extracts the data of the part and the technique of B-Reb is used to represent the part’s

Fig. 3.2 Flowchart of AFR of inclined cross-holes in hollow cylinders
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Fig. 3.3 Drawing and isometric of the part

geometrical structure and specify the orientation type of all faces from the database
of B-Rep which includes the geometrical and topological information.

Figure 3.2 shows a flowchart of AFR of inclined cross-holes in hollow cylinders.

Validation of the Developed Methodology

The developed methodology is validated through a case study. The part drawing is
prepared by using SolidWorks software and it is saved in STEP AP-203 file format.
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Fig. 3.4 Drawing of part on software screen

Fig. 3.5 STEP AP-203 file of the part

Then, a tailor-made software which is installed on Visual Basic is used to extract
model part data from part drawing file and to extract inclined cross-hole feature.

Recognition of the Inclined Cross Through Hole
Figure 3.3 shows the drawing and isometric of a cylindrical part, and recognition of
the inclined cross through hole will be done through the following steps:
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Fig. 3.6 Report of the extracted data

Fig. 3.7 AFR of an inclined cross blind hole

• The drawing and isometric of a cylindrical part prepared using SolidWorks
software is shown in Fig. 3.3. The file is saved in STEP AP-203 file format.

• The tailor-made software which is installed on Visual Basic platform is used to
extract the part data from the part file and compare these data with the rules
of feature recognition. Figure 3.4 shows the part on the screen of tailor-made
software.
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Figure 3.5 depicts the file of cylindrical part and Fig. 3.6 shows the report of
extracted data.

Feature recognition of an inclined cross through hole is shown in Fig. 3.7.

Conclusion

The present paper proposes a new simple approach for automatic feature recognition
of inclined cross-holes in hollow cylinders using a tailor-made software which is
installed onVisual Basic platform. This software links SolidWorks software toVisual
Basic and shows the part on special screen. The software extracts data of the part
geometry from STEP AP-203 file and recognizes the inclined cross-holes in hollow
cylinders. Validation of the proposed methodology has been done using a case study.
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Chapter 4
Grey Relational Multi-decision Analysis
of SS304 Bead Characteristics Processed
in Wire Arc Deposition Process
for Additive Manufacturing

D. T. Sarathchandra and M. J. Davidson

Introduction

Wire and arc additive manufacturing (WAAM) belongs to the directed energy depo-
sition process which uses electrical arc as energy source and wire as feedstock.
WAAM can be attained by processes like gas metal arc welding (GMAW) [1], gas
tungsten arc welding (GTAW) [2], and plasma arc welding (PAW) [3]. There are
numerous advantages for WAAM over laser-assisted and plasma-assisted additive
manufacturing processes, in terms of the capital cost of machines and material flex-
ibility. Cold metal transfer (CMT) process is considered as the advancement of the
GMAW process with lower heat input and spatter as compared to other arc welding
methods [4]. The key factor involved in CMT technology is the automatic wire feed
controller. The reciprocatedwire feedmechanismwas incorporatedwith an electrical
process in which arc initiation and short circuiting will be synchronized by the elec-
trical controller. In the present work, austenitic stainless steel of grade SS304 was
used for experimental studies. Austenitic stainless steels have been widely used as
nuclear structural materials for reactor coolant piping, valve bodies, spacer column
assembly, control rod drive mechanism, and vessel internals because of their excel-
lent mechanical properties, good mechanical properties and corrosion resistance at
high temperature and high pressure environment [5, 6].Many input factors contribute
directly or indirectly to the material characteristics. These include input power, weld
speed, wire feed rate, stand-off distance, inert gas flow rate, path planning, deposition
strategies, and so on. The present study considers the effect of input power in terms
of current, weld speed, and stand-off distance on the clad bed properties such as bead
shape and size, and depth of penetration.
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Grey relational analysis (GRA) was proposed by Deng in 1989. The grey rela-
tional assessment is a technique of evaluating the degree of similarity between
the sequences through grading. The grey relation evaluation concepts have drawn
significant interest among researchers. Some researchers worked to optimize the
multi-objective optimization using GRA [7].

Therefore, this study presents amulti-objective optimization of CMTbead charac-
teristics using the GRAmethod coupled with RSM. The RSM examines an adequate
estimate of input and output variables and determines the optimum operating condi-
tions for a function being studied or a segment of the factor field that meets the oper-
ational requirements. Three parameters, namely current, weld speed, and stand-off
distance, are selected to run the experiment. The grey relational analysis is applied to
evaluate the single bead characteristics for the development of additivemanufacturing
structures.

Materials and Methods

Experiments were conducted on Fronius-made manual CMT machine TPSI 320I
model, attached with in-house developed three-axis manual-controlled workstation.
While experimenting, welding torchwas held stationary in a vertical position through
which filler wire feeding is done on the system at a fixed angle, while the table bed
will have three-axis motions. Argon gas with a flow rate of 10 l/min was used as
a shielding gas that was supplied from the cylinder. The schematic diagram of the
CMT process was shown in Fig. 4.1. Commercially available stainless steel 304 filler
wire of 1.2 mm diameter was used for deposition. The chemical composition of the
wire which was certified is as shown in Table 4.1. Mild steel of size 250 × 250 ×
10mmwas used as the substrate for deposition. Before the cladding, mild steel plates
are sandblasted over the surface and cleaned to dry to avoid contaminations.

Fig. 4.1 Schematic diagram
of WAAM system with CMT
configuration
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Table 4.1 Chemical composition of SS304

Cr Ni Mn Mo Cu Al Si P Co N C Fe

17.61 8.85 3.97 0.008 1.17 0.015 0.49 0.01 0.11 0.05 0.06 Bal.

Response Surface Method

Input current (I), welding speed (S), and stand-off distance (D) are observed to be
themost affecting process parameters on bead characteristics. Parameter ranges were
identified by conducting trial experiments. Based on trial experiments and literature
research, current, stand-off distance, andweld speed are found to be important param-
eters for experimental design. Table 4.2 shows the experimental design condition as
per the central composite experimental design for three parameters and three-level
response surface designs.

Table 4.2 Experimental design and corresponding responses

Experimental conditions Response matrix

Experiment Current in
A

Standoff
distance in
mm

Weld
speed in
m/min

Bead width
(mm)

Bead
height
(mm)

Penetration
(mm)

1 90 4 0.4 3.901 3.217 1.197

2 100 5 0.3 4.732 3.732 1.794

3 100 5 0.3 5.164 3.734 1.419

4 90 4 0.2 5.637 4.072 1.253

5 100 5 0.3 5.082 3.179 1.711

6 100 5 0.3 4.833 3.531 3.531

7 110 4 0.2 2.696 2.371 0.767

8 110 6 0.4 4.477 3.123 1.739

9 90 6 0.2 2.653 1.935 0.786

10 90 6 0.4 3.858 3.680 1.134

11 110 4 0.4 2.281 1.592 0.872

12 110 6 0.2 5.912 3.868 1.775

13 83.67 5 0.3 4.133 2.778 1.281

14 116.33 5 0.3 5.209 3.194 1.711

15 100 5 0.46 4.425 2.351 1.481

16 100 3.36 0.3 4.643 2.951 1.668

17 100 5 0.3 4.655 2.896 1.679

18 100 5 0.3 4.901 3.397 1.840

19 100 6.63 0.3 4.803 3.062 1.940

20 100 5 0.14 3.332 1.898 0.858
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Grey Relational Analysis

For both consumers and manufacturers, quality and profitability are critical. The
objective of real-time situations is multi-objective in nature. Hence it is essential to
convert a multi-optimization problem into a single-objective function through statis-
tical approaches. Grey relational analysis is one of them. The procedure followed in
GRA is:

1. Normalize the data obtained from experiments from zero to one
2. Grey relational coefficients has to be evaluated from the normalized data
3. Obtain overall grey relational grade (GRG).

From theGRGwhichever the experimental condition has got Rank 1 is considered
to be the optimal setting that satisfies all the objective functions.

The characteristics equations for normalizing the minimization andmaximization
problems are obtained by using Eqs. (4.1) and (4.2).

x∗
i (k) = max(xoi k) − xoi (k)

max(xoi (k)) − min(xoi (k))
(4.1)

x∗
i (k) = xoi (k) − min(xoi k)

max(xoi (k)) − min(xoi (k))
(4.2)

where x∗
i (k) is the sequence data after normalization; xi (k) is actual response

value; max(xoi (k)) its maximum value, and min(xoi (k)) is the minimum value of
the generated data.

After normalization matrix obtained from the experimental data, grey relational
coefficients are obtained to estimate the relationship between normalized data and
actual data and is calculated using Eq. (4.3)

ξ(k) = �min + ξ�max

�oi (k) + ξ�max
(4.3)

where �oi (k) is deviation sequence and is calculated as |x∗
i (k) − xoi (k)|; ξ is the

distinguished coefficient and the value is ranging between 0 and 1. In general, 0.5 is
used.

The next step is to obtain the grey relational grade (GRG) and is defined as

γi = 1

n

n∑

k=1

wkξi (k) (4.4)

where wk is the weight factor, which is selected based on the priorities.
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Results and Discussion

SS304 single beads were successfully deposited on a mild steel substrate as shown in
Fig. 2a. The samples were cut in the middle and extracted from the plate. The micro-
graphs of the samples are depicted in Fig. 2b. The bead characteristics such as bead
width, bead height, and penetration were observed from the micrographs through
3D optical microscope (Make: QASMO optical microscope DIC polarizer, Model:
QX4RT) at 1000 μm scale. However, for additively layered structures smooth, flat,
and thin layers are recommended for the deposition of successive layers. Hence,
the maximum bead width, minimum bead height, and minimum penetration are
the desired objectives for the present study. Figure 4.3 shows the bead geometry
measurements which are obtained from the micrographs. The RSM experimental
design and corresponding observations are tabulated in Table 4.2. The experiments
were randomly conducted to ensure the results are free from the experimental bias.

Fig. 4.2 a SS304 beads deposited on mild steel substrate plate, b macro images of bead profiles

Fig. 4.3 Schematic diagram of weld bead characteristics
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In the present study, penetration has given higher weightage than bead width and
bead height. The weights are given as 0.4, 0.3, and 0.3 for penetration bead width and
bead height, respectively. For any additive manufacturing process, interfacial char-
acteristics and bonding between the layers play an important role in the fabrication
process. The interfacial characteristics depend on the penetration of the successive
layers. Hence in the present study penetration has given more weightage than bead
width and height. The grey relational analysis to find out the grey relational grade
with normalization data and grade coefficients is presented in Table 4.3. The GRG
represents the grade value combined with all the three objectives. From Table 4.3 it
is observed that experiment no 11 has rank 1 with the highest grade of 0.754. Hence
this condition can be treated as an optimal parameter setting that satisfies all three
objectives. Different parameter settings can be obtained with different weightage
combinations, and all this depends on the desired performance and application.

Figure 4.4 shows the effects plots for combined GRA grade for the single-bead
deposition. From the plots, it is observed that GRA grade decreases with current
and stand-off distance up to a cut-off limit and then increased, whereas GRA grade
increases with weld speed. The same has been revealed in ANOVA. MINITAB soft-
ware is used to performANOVAfor theGRA results. Table 4.4 shows theANOVAfor
the combinedGRAgrade. From the analysis, current andweld speed are significant in
predicting the experimental variation for multiple bead characteristics performance.
From the analysis it is found that current is the most significant parameter than the
other parameters because it has higher contribution.

Conclusions

Grey relational analysis was applied to response surface design experiments to eval-
uate the multi-objective performance of bead characteristics deposited by the cold
metal transfer process. The deposition characteristics, namely bead width, bead
height, and penetration, are considered for the present study. The weights used in the
analysis can be changed with process requirements.

From the GRA analysis, the simultaneous objective of maximum bead width,
minimum height, and minimum penetration is observed at 110 Amperes current,
4 mm/min weld speed, and 0.4 mm stand-off distance. Any specific performance
measure can be adjusted so that the other performance metrics satisfy the minimum
requirement.

Since additive manufacturing process mostly relays on interfacial characteristics
of single beads, the study on bead characteristics bead width height, and penetra-
tion will affect the layer height, surface roughness, and interfacial characteristics.
Hence, the multi-objective criteria have to be followed to develop the AM process
from the welding process. Further, the present results give an idea on the combined
performance of bead characteristics which may help the conversion of single bead
deposition into a multi-pass multi-track deposition which tends to be an additive
manufacturing process.
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Fig. 4.4 Main effect plot for
combined GRA grade
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Table 4.4 ANOVA for combined GRA grade

Source DF Adj SS Adj MS F-value P-value Remarks

Regression 3 7.2373 2.41243 272.29 0.000

Current 1 0.07206 0.07206 8.13 0.011 Significant

Stand-off distance 1 0.00156 0.00156 0.18 0.680 Non-significant

Weld speed 1 0.04977 0.04977 5.62 0.030 Significant

Error 17 0.15061 0.00886

Lack-of-fit 12 0.13085 0.0109 2.76 0.135

Pure error 5 0.01976 0.00395

Total 20 7.38792
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Chapter 5
Optimizing the Defocused CO2 Laser
Microchanneling Process Using Grey
Relational Analysis

Shashi Prakash

Introduction

CO2 lasers are commonly used for cutting different materials in industries. Though
high-power CO2 lasers are used formachining almost all sort ofmaterials, low-power
CO2 lasers are particularly useful for polymeric materials. Many of these polymeric
materials are used in microfluidic devices as a substrate material. Although glass and
silicon have been the first choice for such devices, transparent polymers such as poly-
methyl methacrylate (PMMA) have evolved as an efficient alternative to these mate-
rials. Fabricating microchannels on glass and silicon are not only difficult but also
time-consuming, leading to costly microfluidic devices. Also, many a times, clean
room is the essential requirement apart from extremely costly fabricating process
[1]. Microchannel fabrication on PMMA substrates has resulted in great improve-
ment in the development of cost-effective and portable microfluidic devices. A CO2

laser-based fabrication method takes a fraction of time and cost when compared
to other fabricating methods, such as wet etching, lithography, and micromilling.
A CO2 laser is at least ten times cheaper than other microfabricating equipment
used such as wet etching, excimer lasers, and femtosecond lasers [2]. PMMA is a
transparent polymeric material. It is also used as a substitute material for glass in
applications subjecting to low heating requirements. PMMA is often used in drug
delivery systems and bio-implants as it possesses a good degree of bio-compatibility
[3]. PMMA can be machined using excimer lasers [4], femtosecond lasers [3], as
well as hot embossing [5] with a good surface finish. However, these devices are not
only costly but take large amount of time. With a CO2 laser, a whole PMMA-based
microfluidic device can be built in less than 45min [6]. ACO2 laser-based processing
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may not require post-processing if parameters are used optimally [7]. PMMA as a
material has high degree of absorptivity with infrared beams combined with low heat
capacity and low heat conductance, which results in clean and effective laser cutting
[8].

Although CO2 laser beams are Gaussian in shape, but this does not limit the
laser to produce only Gaussian shape microchannels. In a recent attempt [9], authors
were able to fabricate microchannels with rectangular and U cross-sections. With
a low-power CO2 laser, microprocessing can be done using direct cutting method
(vector cutting) as well as raster cutting method [10]. However, both the methods
produce rough surface when focused processing is done and the resulting devices
may not be usable in many applications. Although there are various post-processing
and in situ processing such as multi-pass processing [11] available for producing
improved surface roughness, defocused processing can produce microchannels
with least time and in single-pass processing [12]. Although defocused processing
results in improved surface roughness, increased beam width also results in larger
microchannel width and lower microchannel depth which may not be desirable for
manymicrofluidic devices.Hence, an optimization problemcan be evolved amicably.
Previously, the authors have used desirability function-based multi-objective opti-
mization process for the similar defocused problem [7]. Many optimization methods
can be applied, including traditional as well as evolutionary methods such as genetic
algorithm, particle swarm algorithm (PSO), and so on. Many optimization methods
have been recently developed and that requires significant computation facilities. In
this regard, simple optimization methods can be proved to be very effective which do
not require computation facilities and can be carried out on simple spreadsheet like
software. Grey relational analysis (GRA) is an effective method for multi-objective
problems. GRA coupled with Taguchi’s design was used earlier for optimizing the
microchanneling process with Nd:YAG laser [13]. Application of GRA can also
simplify the optimization process in laser defocused processing. Therefore, in this
work, GRA has been used in defocused CO2 laser processing for optimizing the
input parameters, namely energy deposition and defocused distance for obtaining
better surface finish, minimizing width and heat-affected zone (HAZ) and increasing
microchannel depth.

Experimentation

Full Factorial Design

A 60 W CO2 laser (make Universal) was used to create microchannels on PMMA
substrates in defocused condition. Beam diameter at focusing plane was measured
using standard method as deliberated in reference [14]. Beam diameter was found
to be 237 µm. Five different defocusing planes were chosen for experimentation
1 mm apart from each other below the focusing plane. Using more than 5 mm of
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defocused distance was found to be more than acceptable limit as beam divergence at
more than 5 mm of defocusing resulted in excessive microchannel widths. Figure 5.1
shows different defocusing planes considered in this experiment. It shows different
defocusingplanes below the focusingplanes considered in this experiment. Figure 5.2
shows typical output parameters resulting from microchanneling processes [15].
This includes microchannel width, depth, surface roughness, and heat-affected zone
(HAZ).

Apart from defocusing distance, ratio of beam power to scanning speed was
selected as another input parameter to be termed as energy deposition (J/mm) [12].
Energy deposition was varied at five different levels based on various pilot experi-
ments, viz., 0.1, 0.15, 0.2, 0.25, and 0.3 J/mm. These parameters were selected so as
to keep microchannel width less than 500 µm which is most suitable for most of the
microfluidic devices [1]. Totally 25 experiments were performed according to full
factorial design as indicated in Table 5.1. Width, depth, and HAZ were measured
using Olympus optical microscope (STM6) while surface roughness was measured
using Zygo 3D profilometer and Mitutoyo surface roughness tester.

Fig. 5.1 Defocused planes considered in this research work, 1 mm apart from each other [7]
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Fig. 5.2 Output parameters of a laser microchanneling process on PMMA [15]

Beam Diameter at Different Defocusing

Beam diameter was measured using an optical microscope (STM-6, Olympus).
Microchannel width, depth, and heat-affected zone (HAZ) were also measured using
this microscope. Beam diameter at focusing plane was found to be 237 µm. Beam
diameter at different defocusing can be determined using Eq. 5.1.

w = w1

[
1 +

(
M2 λ(z)

πw2
1

)2
] 1

2

(5.1)

where w denotes beam radius at distance z from the focusing plane, w1 is beam
radius at new surface,M2 represents beam quality parameter, and λ represents wave-
length of laser beam. Surface roughness of the microchannel walls was measured
using Zegage Zygo profilometer and stylus-basedMitutoyo surface roughness tester.
Surface roughness measurements were taken at three different locations and their
average value was used. Beam diameter at different planes are given in Table 5.2.

Grey Relational Analysis (GRA)

Grey relational analysis deals with information level between 0 and 1. Output param-
eters are normalized between these two levels. Normalization of data is also called
grey relational generation. Using these normalized data, grey relational coefficient
(GRC) was calculated. Grey relational coefficient denotes the relationship between
actual results and desired output results. After calculating GRCs, grey relational
grade (GRG) is calculated by averaging the GRCs corresponding to each param-
eter. The overall performance characteristics depend upon grey relational grade. This
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Table 5.1 Experimental design and responses

Exp. no Process parameters Responses (µm)

E (J/mm) d (mm) W D SR HAZ

1 0.3 3 351 542 0.68 104

2 0.2 5 430 245 0.07 108

3 0.15 2 269 300 1.96 85

4 0.2 2 282 390 1.67 87

5 0.2 1 247 492 4.92 85

6 0.1 5 337 110 0.08 100

7 0.3 1 279 705 3.7 94

8 0.1 2 252 187 2.12 78

9 0.15 3 310 255 1 92

10 0.1 3 278 164 1.1 80

11 0.25 5 445 334 0.09 110

12 0.2 4 370 300 0.26 101

13 0.2 3 329 340 1.1 96

14 0.15 1 240 355 4.44 80

15 0.25 4 390 385 0.18 106

16 0.15 4 343 235 0.37 95

17 0.3 4 404 450 0.15 114

18 0.25 2 297 524 1 97

19 0.25 3 340 454 0.87 98

20 0.3 5 465 385 0.1 120

21 0.1 1 212 237 6.67 76

22 0.3 2 302 620 1.3 100

23 0.15 5 365 185 0.1 102

24 0.1 4 319 135 0.5 90

25 0.25 1 267 600 3.36 90

E energy deposition, d defocusing distance, W microchannel width, D microchannel depth, SR
surface roughness, HAZ heat affected zone

Table 5.2 Beam diameter at
different defocusing distances

Defocus distance (mm) Beam diameter ((µm)

0 237

1 251.93

2 292.193

3 349.12

4 415.93

5 488.58
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process convertsmulti-objective optimization process into single-objective optimiza-
tion process. The input parameters corresponding to highest grey relational grade
results in optimal set of parameters. In grey relational generation, lower the better
(LB) or higher the better (HB) criterion may be used depending upon desirable
output parameter. In case of lower the better characteristics, normalized values may
be determined using Eq. 5.2.

xi (k) = max yi (k) − yi (k)

max yi (k) − min yi (k)
(5.2)

In case of higher the better characteristics, GRCmay be determined using Eq. 5.3.

xi (k) = yi (k) − min yi (k)

max yi (k) − min yi (k)
(5.3)

Grey relational coefficient can be calculated using Eq. 5.4.

ξi (k) = �min + ψ�max

�0i (k) + ψ�max
(5.4)

where

�0i = ‖x0(k) − xi (k)‖

Here the value of � is set to be 0.5, the quantity used in most situations.

�min = ∀ jmin ∈ i∀kmin‖x0(k) − x j(k)‖;
�max = ∀ jmax ∈ i∀kmax‖x0(k) − x j(k)‖;

After calculatingGRCs, grey relational grade (GRG) can be obtained by averaging
the values of GRCs.

γi = 1

n

n∑
k=1

wiξi (k) (5.5)

where wi is weightage provided to ith response parameter and n is the number of
response outputs. In this work, each parameter has been considered to be of equal
importance, hence same weightage is provided to each output parameter. Output
parameters related to largest GRGs represent most optimum solution.
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Results and Discussion

The normalized values of output parameters, GRCs and GRGs, are calculated using
Eqs. 5.2, 5.3, 5.4, and 5.5 and given in Table 5.3. Since five levels of input param-
eters have been used in this work, GRGs for these five levels of input parameters
have been separately calculated as given in Table 5.4. In this table, the input param-
eter levels corresponding to highest GRGs represent most optimum values. Energy
corresponding to 0.3 J/mm and defocus distance of 1 mm was found to be most
optimum combination of input parameters according to grey relational analysis.
Output response values corresponding to this level of input parameters are 279, 705,
3.7, and 94 µm for width, depth, surface roughness, and HAZ values, respectively.

Table 5.3 Normalized results and grey relational coefficients for process response values

Normalized values GRC GRG

W D SR HAZ W D SR HAZ

0.4506 0.7261 0.9076 0.3636 0.4765 0.64604 0.84399 0.440 0.602

0.1383 0.2269 1.0000 0.2727 0.3672 0.39274 1.0000 0.407 0.542

0.7747 0.3193 0.7136 0.7955 0.6894 0.42349 0.63584 0.710 0.615

0.7233 0.4706 0.7576 0.7500 0.6438 0.48571 0.67347 0.667 0.617

0.8617 0.6420 0.2652 0.7955 0.7833 0.58276 0.40491 0.710 0.620

0.5059 0.0000 0.9985 0.4545 0.503 0.33333 0.99698 0.478 0.578

0.7352 1.0000 0.4500 0.5909 0.654 1.0000 0.476 0.550 0.670

0.8419 0.1294 0.6894 0.9545 0.7598 0.36481 0.61682 0.917 0.665

0.6126 0.2437 0.8591 0.6364 0.5635 0.39799 0.78014 0.579 0.580

0.7391 0.0908 0.8439 0.9091 0.6571 0.3548 0.76212 0.846 0.655

0.0791 0.3765 0.9970 0.2273 0.3519 0.44503 0.99398 0.393 0.546

0.3755 0.3193 0.9712 0.4318 0.4446 0.42349 0.94556 0.468 0.570

0.5375 0.3866 0.8439 0.5455 0.5195 0.44906 0.76212 0.524 0.564

0.8893 0.4118 0.3379 0.9091 0.8188 0.45946 0.43025 0.846 0.639

0.2964 0.4622 0.9833 0.3182 0.4154 0.48178 0.96774 0.423 0.572

0.4822 0.2101 0.9545 0.5682 0.4913 0.38762 0.91667 0.537 0.583

0.2411 0.5714 0.9879 0.1364 0.3972 0.53846 0.97633 0.367 0.570

0.6640 0.6958 0.8591 0.5227 0.5981 0.62173 0.78014 0.512 0.628

0.4941 0.5782 0.8788 0.5000 0.4971 0.54239 0.80488 0.500 0.586

0.0000 0.4622 0.9955 0.0000 0.3333 0.48178 0.99099 0.333 0.535

1.0000 0.2134 0.0000 1.0000 1.000 0.38863 0.33333 1.000 0.680

0.6443 0.8571 0.8136 0.4545 0.5843 0.77778 0.72848 0.478 0.642

0.3953 0.1261 0.9955 0.4091 0.4526 0.36391 0.99099 0.458 0.566

0.5771 0.0420 0.9348 0.6818 0.5418 0.34294 0.88472 0.611 0.595

0.7826 0.8235 0.5015 0.6818 0.697 0.73913 0.50076 0.611 0.637
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Table 5.4 GRGs corresponding to different levels of input parameters

Parameters Levels

Denotes −2 −1 0 1 2

Energy E 0.6038 0.5938 0.5826 0.5966 0.6346*

Defocus D 0.6492* 0.6334 0.5974 0.578 0.5534

These values can be further improved utilizing ANOVA analysis. However, GRA
can be efficiently used to find the most optimum set of input parameters out of exper-
imental runs. Hence, GRA has been found to be a very powerful and efficient tool
for multi-objective optimization process.

CO2 laser-based microchanneling processes are used widely by researchers
belonging to different streams and orientation. Owing to its simplicity, it can be
used by academicians and researchers without using the computational facilities and
with the application of spreadsheets only.

Although other methods like genetic algorithm, artificial bee colony algorithm,
and so on can also be used to optimize defocused microchanneling process, GRA
has inbuilt simplicity which can be applied without running the long codes.

Conclusion

CO2 laser-based microchanneling process is mostly used in the fabrication of
microfluidic chips. It is one of the most used fabrication process across the microflu-
idic industries and research labs. However, the process generates rough surface at
the microchannel walls due to sharp intensity gradient within the beam spot diam-
eter. Defocused processing can be successfully used for reducing the surface rough-
ness of the microchannel walls. However, enhanced surface finish due to defocused
processing comes at a cost of larger microchannel widths whichmay adversely affect
the application of microfluidic chips. In order to contain the microchannel width
within acceptable limit, GRA-based optimization processwas applied in this research
work. When increasing the defocusing distance, microchannel width also increases.
Defocused processing also improves surface finish of the microchannel. The larger
the defocusing distance, the lower is the surface roughness of themicrochannel. Even
the small amount of defocus can improve the surface finish of the microchannel wall
significantly. Experiment number 7 corresponding to 0.3 J/mm of deposited energy
and 1 mm of defocusing distance was found to be most optimum solution out of all
the conducted 25 experiments.
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Chapter 6
Selection of Multi-point Diamond
Dresser for Grinding Process Using Grey
Relation Analysis

V. V. Pansare, V. S. Gadakh , and S. S. Patil

Introduction

Grinding is one of the oldest manufacturing processes and has been used since the
StoneAge to accomplish such tasks as creating hunting tools. Because of the growing
demand for higher productivity at reduced cost, manufacturing industries require that
the grinding process should run more effectively with reduced lead time to achieve
an acceptable level for grinding conditions. The goal of the grinding process is to
produce parts with maximum surface finish and accuracy on hard components.

Dressing is an operation performed on the grinding wheel surface in order to
reform the wheel, which occurs after losing its original shape through wear. The
purpose of dressing is to remove the glazed and loaded surface from the grinding
wheel, for improving the cutting ability of the grinding wheel during the process.
Generally dressing has crucial effect onwheel performancewith respect to the surface
finish and grinding ratio in subsequent grinding process produced on the workpiece.
There are mainly two categories of multi-point diamond dressers: (1) natural (ND)
and (2) synthetic dresser. Natural diamond dresser is again classified into grit and
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Fig. 6.1 Types ofmulti-point dressers. aNeedle bladewith natural diamond dresser, bMCDneedle
blade dresser, c CVD needle blade dresser [1]

needle types, whereas synthetic dressers are classified into chemical vapor deposition
(CVD) type multi-point diamond dresser and monocrystalline diamond (MCD) type
dressers. The detail of each dresser type is shown in Fig. 6.1.

Needle blade with natural diamond dressers are useful for angular plunge/straight
and profile dressing of specially fused Al2O3, all Al2O3 and sintered Al2O3 grinding
wheels with 46–80 grit size. MCD needle blade dressers are preferably used for
profiling, sintered Al2O3, SiC and straight dressing of hard grinding wheels. Simi-
larly, CVD needle blade dressers are mostly preferred for special fused Al2O3 and
sintered Al2O3 grinding wheels and high-precision straight dressing of Al2O3 [1].

Fritsche and Bleicher [2] have produced active grain stack model which provides
information of grinding wheel structure and interaction of different layers with each
other. Patil and Bhalerao [3] reported that for getting good surface finish dressing
parameters play an important role in CNC cylindrical angular grinding machine.
Choi et al. [4] developed generalized process models for cylindrical plunge grinding
process. It is reported that their models can predict performances at different condi-
tions of grinding process. Jiang et al. [5] produced a mathematical model to predict
the ground surface roughness and topography by considering grinding, wear and
dressing variables. Sinha et al. [6] selected optimal dressing parameters depending
on grit size of wheel. It is reported that optimum range of dressing depth and dressing
lead for a specific grit size grinding wheel significantly influences the ground product
quality as well as the prime grinding attributes like grinding forces. Hecker and Liang
[7] developed a mathematical model to predict surface roughness of ground parts.
Liu et al. [8] presented a kinematic simulation study using single-point diamond
dresser to predict the surface roughness in grinding process with the help of different
abrasive grain shapes.

From the reported literature and industrial survey, it is observed that majority of
the papers dealt with process parameter optimization using different well-established
algorithms, either for grinding process-related parameters or developed somemodels
to predict the performances. Very few literatures discussed about single-point
diamond dresser in grinding process; however, literature lacks in terms of multi-
point diamond dresser for grinding process. Hence, the purpose of present work is
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to select best multi-point diamond dresser in cylindrical plunge grinding process for
getting better surface finish.

Experimental Procedure

The present work illustrates the selection of best multi-point diamond dresser in
cylindrical plunge grinding process. The effect of grinding process parameters such
as grinding feed rate, dressing cross feed rate and dressing depth of cut on surface
finish (SR), maximum grinding ratio (GR) and optimum power (P) were considered
using the Taguchi method. In Taguchi method, it is required to consider all design
aspects which affect the variation of functional characteristics of the product from
target values. The Taguchi method is a popular optimization method as it reduces
the number of experiments [9].

Experiments were performed on CNC angular head grinding machine (Model:
AHG 60X300) with EN31 cylindrical workpiece material and grinding wheel (Spec-
ification: 38A60K8VT3) was employed. A L9 orthogonal array was used as per
Taguchi design with three trials [9]. A large number of trials were performed to
find out the working range of grinding parameters using Taguchi’s single parameter
approach. The working range of the grinding parameters chosen is shown in Table
6.1.

During experimentation plunge and wet grinding were considered along with the
depth of grinding 300 µm, and the wheel speed and workpiece speed of 1250 rpm
and 100 rpm, respectively. Soluble oil was used as lubricant while different types of
multi-point diamond dressers, namely natural (Order # 69014185757), MCD (Order
# 66260392047) dresser and CVD (Order # 66260336093) dresser were used.

The workpiece surface roughness was measured using Mitutoyo SJ-410. For
grinding power measurement, field instrument system (FIS) unit was used, as shown
in Fig. 6.2. For grinding ratio measurement, the material removal volume and wheel
wear volumewere found out. But it is a complex task tomeasure thematerial removal
volume. For that specially made graphite sheets were taken for the impressions of
the grinding wheel after the grinding operation. The graphite sheets were mounted
using the bolts on the dresser fixture. The dimension of graphite sheet is 70 × 35 ×
3 mm. The graphite sheets were observed under the microscope (Make: Metatech,
Model: MVH-1) for finding the change of initial diameter and final diameter. The

Table 6.1 Grinding factors working range with their levels

S. No. Factors Symbol 1 2 3

1 Dressing depth of cut D (µm) 10 20 40

2 Dressing cross feed rate C (mm/min) 60 80 120

3 Grinding feed rate FR (mm/min) 0.6 1.2 2.4

4 Dresser d ND MCD CVD
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Fig. 6.2 Process of power
measurement with field
instrument system

grinding ratio can be calculated as:

Grinding ratio = MR

W R
=

π
4 × �D2

m × L
π
4 × �d2

w × L
= �D2

m

�d2
w

where L is the specimen length as 40 mm, �Dm and �dw are the difference between
initial and final diameter of the work material; and initial and final diameter of the
grinding wheel, respectively.

GR, SR and P were evaluated for all the different types of dressers and are
presented in Table 6.2. In this work, SR and P are non-beneficial attributes, where
smaller values are desirable, whereas GR is beneficial attribute, where maximum
values are preferable. The values of SR and P are normalized as per the following
Eq. (6.1).

x∗
i (k) = max x0i (k) − x0i (k)

max x0i (k) − min x0i (k)
(6.1)

Table 6.2 Surface roughness, power and grinding ratio

Run D C FR d GR Avg. SR Power (kW)

1 1 1 1 1 10.02 0.146 1.48

2 1 2 2 2 6.66 0.294 2.42

3 1 3 3 3 9.60 0.548 5.06

4 2 1 2 3 9.59 0.354 3.99

5 2 2 3 1 7.70 0.194 3.01

6 2 3 1 2 9.16 0.271 1.16

7 3 1 3 2 9.99 0.388 4.34

8 3 2 1 3 7.85 0.252 1.46

9 3 3 2 1 7.36 0.176 2.31
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Table 6.3 Normalized values
of the responses

GR SR P

1.0000 1.0000 0.9179

0.0000 0.6318 0.6769

0.8750 0.0000 0.0000

0.8720 0.4826 0.2744

0.3095 0.8806 0.5256

0.7440 0.6891 1.0000

0.9911 0.3980 0.1846

0.3542 0.7363 0.9231

0.2083 0.9254 0.7051

Similarly, the value of GR is normalized as per the following Eq. (6.2).

x∗
i (k) = x0i (k) − min x0i (k)

max x0i (k) − min x0i (k)
(6.2)

where i= 1 to 9, k = 1 to n; n is the performancemeasure, and i is the trial number.
Table 6.3 shows the normalized values. The grey relational coefficient (GRC) [ξi (k)]
is determined as follows:

ξi (k) = �min + ζ�max

�0i (k) + ζ�max
(6.3)

Note that larger-the-better is achieved when xi(k) = x0(k), that is, when x =
reference.

Here, x∗
0 (k) denotes the reference sequence; x∗

j (k) indicates the comparability
sequence; ζ ∈ [0 − 1] is the distinguishing coefficient; 0.5 is widely accepted;
�0i = ∥

∥x∗
0 (k)− x∗

i (k)
∥
∥ is the difference in absolute value between x∗

0 (k) and x∗
j (k);

�min = min∇ j∈i min∇ j∈k
∥
∥x∗

0 (k)− x∗
i (k)

∥
∥ is the smallest value of �0i ; �max =

max∇ j∈i max∇ j∈k
∥
∥x∗

0 (k)− x∗
i (k)

∥
∥ is the largest value of�0i .After calculatingGRCs,

the grey relational grade (GRG) is obtained as:

γi = 1

n

n
∑

k=1

ξi (k) (6.4)

where γi is the GRG and ‘n’ is the number of output characteristics. The GRC and
the related GRG for every experimental run are determined and shown in Table 6.4.
The maximum value of GRG shows optimal grinding parameters.
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Table 6.4 Grey relational coefficient, grade and rank

GR SR P GRG Ranking

1.0000 1.0000 0.8590 0.9530 1

0.3333 0.5759 0.6075 0.5056 8

0.8000 0.3333 0.3333 0.4889 9

0.7962 0.4914 0.4079 0.5652 7

0.4200 0.8072 0.5132 0.5801 6

0.6614 0.6166 1.0000 0.7593 2

0.9825 0.4537 0.3801 0.6054 5

0.4364 0.6547 0.8667 0.6526 3

0.3871 0.8701 0.6290 0.6288 4

Table 6.5 Mean GRG at each level

Factors Mean GRG Difference

1 2 3

D 0.5090 0.6969* 0.4608 0.2361

C 0.5915* 0.5748 0.5003 0.0913

FR 0.6887* 0.5165 0.4615 0.2271

d 0.6001* 0.5079 0.5587 0.0922

*Indicates the optimal setting

Optimal Setting of Grinding Parameters

At each level the mean value of GRG is determined. The maximum value GRG
shows the better output characteristics. The mean GRG and the optimal level of the
grinding parameter are shown in Table 6.5. Further a graph is plotted (Fig. 6.3), as
per the highest GRG value for each parameter in Table 6.5, and the optimal level of
the grinding factors is D2C1FR1d1.

Analysis of Variance

ANOVA is used to study the factors that significantly influence the quality measures.
ANOVA (Table 6.6) results show that the dressing depth of cut and grinding feed rate
are the significant grinding parameters that affect themultiple performancemeasures.
Moreover, dressing cross feed rate and type of diamond dresser are less significant
grinding process factors due to minimum values of percentage contribution. From
the experiments, the optimal level parameter is D2C1FR1d1. The mean value of GRG
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Fig. 6.3 Main effect of grey relational grade (GRG)

Table 6.6 ANOVA for the means

Factors DoF Adj SS Adj MS Contribution (%)

D 2 0.0933 0.0466 45.63

C 2 0.0141 0.0070 6.92

FR 2 0.0842 0.0421 41.18

d 2 0.0127 0.0063 6.25

Total 8 0.2045 100

DoF degrees of freedom; Adj SS adjusted sum of square; Adj MS adjusted mean square

of the grinding parameter at respective level is taken from Table 6.4 and the predicted
value of GRG is calculated as 0.953.

Confirmation Tests

The experimental validation at optimal setting of grinding parameters was done. The
natural type dresser, dressing cross feed rate 60 mm/min, dressing depth of cut 20
µm and grinding feed rate 0.6 mm/min were fixed; the achieved mean surface finish,
power and grinding ratio are 0.153µm, 1.49 kWand 9.96, respectively. The validated
experimental results with value of GRG are given in Table 6.7.
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Table 6.7 Grey relation
grade values

Level setting Optimum grinding parameter

Predicted Experimental

GR 9.98

SR 0.153

P 1.49

Grey relational grade 0.9387 0.9431

Conclusion

The Taguchi-based grey relational analysis is applied to find out the cylindrical
grinding process parameters. Multiple performance measures are reported in this
paper and the following conclusions are drawn:

• The optimal level of the dressing depth of cut is 20 µm, dressing cross feed rate
60 mm/min, and grinding feed rate 0.6 mm/min when natural type dresser is used.

• In this investigation the dressing depth of cut is an important factor that contributes
~46% to the overall contribution.

• Dressing depth of cut and grinding feed rate are the significant grinding factors
that affect the multiple performance measures.

• Dressing cross feed rate and type of diamond dresser are less significant grinding
factors due to least percentage contribution.
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Chapter 7
Development of Integrated Versatile
Paper, Plastic and AluminumWaste
Sorting and Disposal System

Sharada Gavade, Soham Kulkarni, Shivani Mohite, and Kiran Bhole

Introduction

Totally 40% of waste remain uncollected today [1]. Waste disposal is important from
many aspects of life. Emphasis is given globally on the effective waste management.
Recycling of waste is one of the important activities. Technology has developed a
lot in the field of recycling things. Figure 7.1 shows the typical supply chain of
recycling systems in India. The chain starts with waste pickers which pass the waste
to Kabadiwallah and then further to traders and finally to recyclers. Numbers of
methods are available to recycle our waste.

The following subsections summarize the developments in recycling of waste and
the potential gap in the waste management.

Previous Developments

Biddinika et al. [2] havemade efforts to design a shredder for household plastic waste
whose output is meant to be used for pyrolysis technology for producing liquid oil.
It is a great technology but this technology is unable to answer the unsolved question
of flow of uncollected waste to the recycling plant. Many more works like Akash
et al. [3], Sudhakara et al. [4] and Atadious [5] have designed various types of cost-
effective, portable shredders and so on, but when it comes to the installation of such
infrastructure in the areas where the waste pickers cannot reach and there is various
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Fig. 7.1 Supply chain of present waste recycling system

type of waste available, the following points fall under the unaddressed issues of
above systems.

• No provision for sorting different types of waste.
• Focus area only plastics.
• Industry-oriented design.
• Cannot be used to install eateries canteens.
• Lack of aesthetics and user orientation.

There are also various options available in the market typically called as ‘Plastic
Bottle Reverse Vending Machine’. Zeleno, Europack, Avanti, and so on are few of
them. Generally, these machines are meant to dispose only plastic bottles but few
of them like Zeleno also have a facility to dispose of aluminum or steel cans in
addition to plastic bottles. Presently, the cost of such machines goes around Rs. 5
lakh which is not affordable to many of the organizations to install. The reason why
thesemachines remain idle even after installing lies in the selection of the installation
areas. Following are the reasons mentioned with respective areas:

Railway stations and bus stand: Waste pickers collect lots of PET bottles from
this area. When this machine is installed at such a place, it threatens the livelihood of
these waste pickers. This provokes them to harm and damage such types of reverse
vending machines. Hence, when these machines are installed waste pickers make
them ill functional in some or the other way and hence the purpose of such machines
is not served in these public places.

Office spaces: Many of the office spaces already have a mechanism to dispose
of their waste. The collected waste is given to vendors which further sell it to the
recyclers. This is true about big companies only. But, in small offices this system
doesn’t work and even they may not afford a machine of high initial cost for waste
disposal.
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Research Gap

There are machines which shred only waste water bottles. There is no facility which
incorporates shredding of other available wastes such as aluminum cans or crushing
of paper cups and tetra packs. This mixed waste gets piled up in bins consuming
more storage space. Further, it is dumped on dumping grounds. As there are lots
of efforts involved in segregating this dumped waste, it is hardly segregated and
recycled. Instead of regular dumping bins, if one introduces a machine where the
dumped waste is segregated on the basis of its type, either for PET plastic bottle,
aluminum can, paper cup or tetra pack, then either it is crushed or shredded. This is
a very simple step toward liquefying the flow of waste for recycling purposes. As
waste accumulation is one of the major concerns it needs to be focused. The waste is
not getting recycled within the time which it should be. Hence more and more waste
are getting accumulated on the earth. This research study is hence devoted toward

1. Increasing ease of collecting the waste
2. Automatically sorting it
3. Processing of waste (crushing or shredding to reduce the volume)
4. Storing waste temporarily.

Themajor question is not about recycling but about the facility to collect thewaste.
If the waste is cut into small pieces and then stored, it will occupy comparatively
less space. Further before cutting if it is sorted according to different types then
processed and then stored separately it can be sent directly to their recycling plants.
This will hence reduce the time gap between waste generation and recycling and will
eventually reduce the percentage of waste accumulation. Focus on the areas where
the traditional recycling chain is broken typically in areas such as predominantly
small eateries, food courts, college canteens and big housing societies (where waste
pickers cannot enter or are not allowed to enter). Segregating all types of recyclable
wastes generated in such areas and further processing to reduce its volume and
storing separately is considered. This study is set to provide a low-cost solution,
further, increasing the flow and speed of recyclable waste in the recycle chain.

Efforts should be made to introduce such a machine which can incorporate the
facility of identifying the different types of common wastes such as polyethylene
terephthalate (PET) water, soft drinks and juice bottles, aluminum cans, paper cups
and tetra packs. Further crush it or both crush and shred and then temporarily store
to avoid further sorting and make the continuous flow of waste. Figure 7.2 depicts
the major areas discussed in the problem statement.
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Fig. 7.2 Typical areas of problem addressed in the proposed study

Proposed Methodology of Sorting

Capacitive Sensors: Sensor-Based Sorting

Change in capacitance with change in dielectric constant because of different types
of materials like metals, plastic and paper. This sensor can detect the target based
on the permittivity value of each material [6]. The main components of a capacitive
sensor consist of plates, oscillator, threshold detector and output circuit. The plate of
the sensor acts as one of the plates of the capacitor while target waste material acts
as another plate.

The air between these two plates acts as a dielectric material. According to capac-
itance principle, the capacitance increases with decrease in the distance between the
plates and vice versa. Capacitance sensor is capable of detecting any material having
dielectric constant greater than air. Figure 7.3 shows the setup for the capacitive-type
sensors. Table 7.1 indicates the dielectric values of paper and plastic.

Fig. 7.3 Setup for capacitive sensor for waste sorting



7 Development of Integrated Versatile Paper, Plastic and Aluminum … 67

Table 7.1 Value of dielectric
constants of waste material
considered in the study

Materials Dielectric value (ε)

Paper 3.60–3.85

Plastics 3.00–4.00

Inductive and Light Sensor: Sensor-Based Sorting

The inductive sensors are used to detect whether the waste fed to the machine is
metallic or not.

Figure 7.4 shows thewaste segregation algorithm using inductive and light sensor.
In case of metal proximity sensor, on approach of metal the eddy current is inducted
in the approached metal. This inductive eddy current changes the magnetic field
produced by inductive proximity sensor. This change in magnetic field is stimuli
for the sensor. Depending on this principle, the decision is taken whether it is an
aluminum can or a plastic/paper. Hence then what remains is sorting paper and
plastics. The general observation regarding PET bottles is that they are usually trans-
parent. Hence a light sensor can be used to segregate opaque paper cups, tetra packs
and transparent PET bottles.

Fig. 7.4 Waste segregation algorithm based on inductive and light sensor



68 S. Gavade et al.

Fig. 7.5 Block diagram of image processing system for waste sorting

Image Processing-Based Sorting

Tomake this sorting systemmore reliable and fool-proof instead of using sensors the
technology of image processing can also prove to be useful. This process of image
processing involves feeding the data to the microprocessor in terms of images. The
algorithm then carries out the function of setting the parameters to determine the
object (the output based on the input data, i.e. various images). Various types of
images of the targeted waste are fed as inputs. A robust algorithm gives the required
output for identification of the type of waste; whether a PET bottle, aluminum can,
paper cups or any unwanted material which is to be rejected [7].

The waste fed into the machine goes onto the conveyor. The camera clicks its
picture and sends this data to the microprocessor. The microprocessor then based on
the algorithm identifies what type of waste it is. Based on that it sends the output
signal to the motors of the conveyor and sorting mechanism—defining the direction
of rotation to carry out the sorting process. Figure 7.5 shows the block diagram of
this image processing unit. Selection of the best method for the sorting will be done
using evaluation matrix or decision matrix method. This part of work is under study.

System Details

Construction Details

• Bi-directional conveyor: The function of the conveyor is to move waste forward
inside the machine and to reject the unwanted waste.

• Sensing mechanism: It may consist of sensors or image processing technology to
identify the type of material of the waste.
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Fig. 7.6 a CAD assembly of machine; b CAD model of rotary shredder assembly; c CAD model
of crusher; d CAD model of bi-directional conveyor belt; e CAD model of fixed blades assembly

• Electronic unit: Electronic unit consists of microprocessor, relays and other elec-
tronic components. Function of electronic unit is to receive the input signals from
the sensing mechanism, amplify, process it to generate an output signal to actuate
bi-directional conveyor, the sorting mechanism, crusher and shredder.

• Crusher: Crusher is the main processing part of the system. Reciprocating crusher
used to crush the waste bottles, paper cups and cans.

• Sorting mechanism: This is a flap separator which separates crushed paper from
plastic and aluminum before entering the shredder unit. And further another
mechanism fitted after shredder segregates plastic and aluminum flakes.

• Shredder: The function of shredder is to shred the waste into fine flakes so as to
reduce its volume.

Figures 7.6 shows the 3D CAD parts developed for the machine in CATIA V5
software.CATIAV5software is used for design anddevelopment ofmachine.CATIA
V5 is used because it providesmultipleworkbenches like part design, product design,
drafting, assembly and so on, which were necessary for this work.

Working of System

The user has to insert the waste into the machine through the opening provided at the
front panel of the machine and then press the start button above it. The panel of the
machine is as shown in Fig. 7.7a. The type of waste inserted into the machine will be
identified by the sensing mechanism on the conveyor itself. Once the waste type is
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Fig. 7.7 a Front panel of machine showing various options for user; b block diagram of proposed
versatile waste sorting and disposal machine

identified, the necessary input data is sent to the sorting mechanism by the electronic
unit. If any unwanted waste is inserted into the machine it will be discarded. For
discarding, the conveyor motor will move in the opposite direction, thus dumping
the unwanted waste in a separate bin. If the targeted waste material is sensed on the
conveyor belt, then the motor of the conveyor belt starts rotating and the waste is
taken forward to the next processing stage (Crusher). The motive of the crusher is to
compact the targeted waste.

Paper waste after crushing directly goes to the storage bins as the sorting mech-
anism 1 sorts it out. But crushed plastic and aluminum is fed to the shredder unit.
After shredding the sorting mechanism 2 does the work of taking this shredded waste
into the respective bins. At a time one waste item will be processed in machine, until
waste is stored in bins. Before completing one cycle no other waste is processed.

Paper waste after crushing directly goes to the storage bins. But crushed plastic
and aluminum are fed to the shredder unit. After crushing the sorting/separating
mechanism does the work of taking this shredded waste into the respective bins. The
block diagram of the machine is as shown in Fig. 7.7b.
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Fig. 7.8 a Components of crusher, b crusher, c shredder, d conveyor

Design and Fabrication

Detailed manual design calculations were done for all the parts. Maximum shear
stress theory was used for the same. All static and dynamic loadings were considered
while designing the components. Design data book by V. B. Bhandari was referred
for this purpose.

The fabrication of current work is under development stage. Various parts like
shredder, crusher and conveyor are manufactured. Thus up to 60% of the total system
is fabricated up till now.

The general manufacturing procedure is as follows:

• Generation of drawings of the parts to be manufactured
• Estimation of material required for manufacturing
• Procurement of the material
• Machining of the material to the required dimension
• Assembly of the parts using welding, and detachable assembly is done using nuts

and bolts.

To manufacture each component a sequence of operations was selected. This
sequence was decided by considering the availability of manufacturing resources
such asmachines and tools and the process sheets weremade for the same. Figure 7.8
shows the actual photographs of the manufactured parts.

Cost Estimation

This study focuses on providing an affordable solution for the target areas of thiswork
in predominantly eateries, food courts, college canteens and big housing societies.
The available options in the market cost about 5 lakh (INR) and are hardly affordable
and suitable for the above-mentioned locations. Hence our effort is to reduce this cost
in all possible ways while maintaining the required functions of this infrastructure.
Cost estimate for developing the prototype consists of basic costs required for manu-
facturing machine components such as material cost, cost incurred in procurement
of raw material, machining cost and cost of bought out parts. This cost estimate is
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prepared at normal working conditions and the actual costing may vary at the time
of manufacturing but there won’t be much difference. The initial cost of the machine
development is Rs. 66,000 (sorting mechanism considered for calculation is image
processing-based sorting). The running cost of the machine would be Rs. 10 per hour
of waste to be processed. Cost estimate is done on the basis of past experiences of
various stakeholders involved in this process.

Energy Aspects and Impact on Environment

There are many possible ways to channelize the collected waste to resolve the energy
issues. Starting with PET bottles, which have the possibility of being off here and
there if bins are not around, technologies have been developed to use these waste
plastic bottles for making useful fuel. The technique of pyrolysis [8] which consists
of decomposition of plastics at higher temperature will convert it to fuel. This fuel
can be used for various purposes. Researches have proved that this fuel made out of
plastics has higher calorific value and on burning produces less harmful emissions.
Continuing with the topic of aluminum waste, only 5% of energy is necessary to
recycle plastic than that of making a new one [9]. Target areas defined in this paper
are the areas where even if the waste is collected it all ends up on the landfills [10,
11]. But locally people burn this waste which causes a lot of air pollution because of
the content of plastics in it.

To study the impact on the environment a survey of waste generation of our own
college campus—Bhavans campus, Andheri (West) Mumbai was carried out. The
wet waste is used to form compost but the dry waste is taken away by the BMC
(Brihanmumbai Municipal Corporation). Figure 7.9a shows weekly plastic usage of
various canteens and mess. Figure 7.9b shows PET bottles are the major contributors
to this dry plastic waste.

Fig. 7.9 a Plastic usage per week (classification by cafeteria); b waste generation per week
(classification by plastic type)
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Conclusion

Design and fabrication of novel versatile waste sorting and crushing system can be
carried out to improve the waste supply chain with the following points:

• Collecting sorted common waste like paper cups, aluminum cans and PET bottles
at initial stage avoids mixing of waste and saves further sorting time.

• Crushing paper cups reduces its volume up to 65%.
• Crushing and shredding aluminum cans and PET bottles reduces its volume up to

50% [12].
• Due to reduced volume of waste, more amount of waste can be easily stored in

machine.
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Chapter 8
Development of Machining Fixture
to Improve Machining Lead Time
of Helical Gearbox Case

Hardik Beravala , Rohan Pandey, Shubham Samudre,
and Jayesh Parpiyani

Introduction

In the competitive market, customer satisfaction is the main pillar of any manufac-
turing industries. It is important to have regular orders from customers to maintain
a position in the competition. The manufacturing industries must fulfil three basic
requirements of the customer, which are mainly on-time delivery, good quality and
reduced price. High takt time, delay work, increased ideal time, lack of standard-
ization in the work and so on are the major reasons for customer dissatisfaction.
When a business delivers good service with on-time delivery at a reduced rate, the
customer’s order is always with better quality. It is also critical that the industry
focuses on issues designed to boost income, growth and market stability. The lean
management techniques like Poka Yoke, 5 s, visual management, cause and effect
diagram, Judoka and so on have been used effectively in manufacturing to achieve
delivery of products on time. Lean tools are effectively applied in various fields of
engineering and medical applications [1–3]. Rajenthira kumar and Siva applied lean
manufacturing techniques to identify unwanted activities and improved the cycle time
in the construction equipment manufacturing industry [1]. Themajor seven wastes of
lean manufacturing, that is, unwanted activities were identified, and the cycle time
was improved by 63% through the value stream mapping technique. Nowotarski
et al. proposed a methodology based on lean management on the construction site
[3]. It was reported that the application of lean tools effectively reduced the time and
cost in the column concreting, storage area management and scaffolding ordering
operations. Jiagin et al. improved the performance of a closed manufacturing cell by
the reduction in the product setup times [4]. Feldmeth and Mülle designed the lean

H. Beravala (B) · R. Pandey · S. Samudre · J. Parpiyani
Department of Production Engineering, Birla Vishvakarma Mahavidyalaya, Vallabh Vidyanagar,
Gujarat 388120, India
e-mail: hsberawala@bvmengineering.ac.in

© The Author(s), under exclusive license to Springer Nature Singapore Pte Ltd. 2021
S. Kumar and K. P. Rajurkar (eds.), Advances in Manufacturing Systems,
Lecture Notes in Mechanical Engineering,
https://doi.org/10.1007/978-981-33-4466-2_8

75

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-33-4466-2_8&domain=pdf
http://orcid.org/0000-0002-0461-4224
mailto:hsberawala@bvmengineering.ac.in
https://doi.org/10.1007/978-981-33-4466-2_8


76 H. Beravala et al.

manufacturing system based on lean principles proposed by the Toyota production
system applicable in the assembly design [5].

The work and time study techniques have been proven scientific approach to
improve the efficiency of manufacturing and service factor utilization. Duran et al.
applied time study method in the glass manufacturing industry [6]. It was reported
that by the implementation of time study technique, the productivity of the plant was
increased by 53%. Al-Saleh et al. performed motion and time study at the motor
vehicle periodic inspection (MVPI) station to reduce the bottleneck in the inspection
point with the help of the simulation software [7]. The suggested method showed the
reduction in the bottleneck and improvement of 175% in the inspection capacity.

Siva et al. applied the current state value stream mapping technique to identify
the bottleneck in the manufacturing of filter drier [8]. A fixture was developed which
raised the production of filter drier from about 16% and reduction of bottleneck
process time about 37%. Eyler et al. extended the EOQ model to the EMQ model to
reduce the setup cost in the fluctuating variable lead time environment in the manu-
facturing industry [9]. Dong et al. gave the importance to select the locating elements
and identification of locating surfaces for the workpiece positioning in the fixture
design [10]. Bejlegaard et al. proposed a generic architecture designmethodology for
the design of reconfigurable fixtures for positioning of 14 different sub-components
in one single reconfigurable fixture for the assembly operation [11]. The reconfig-
urable design of fixtures reduced the requirement of multiple fixtures and resulted
in the reduction in the tooling cost. Wu et al. designed and manufactured a fixture
to machine jet engine blade [12]. The proposed clamping-sequence method in the
fixture effectively reduced the local maximum deformation of the blade. In addition,
the system stiffness is increased by 20Hz and the clamping force increased by 200N.
Baraiya et al. developed a fixture for finishing of ring-shaped cylindrical aluminum
alloyworkpiece [13]. The fabricated fixture canfinish the inner, outer and side surface
of a ring at the same time. The maximum percentage improvement in surface rough-
ness by 36, 37 and 27% in the inner, outer and side surface was reported, respectively.
There were few attempts conducted to improve geometrical control by the fixture
design in the machining of thin-walled structure [14–16]. Fei et al. developed the
fixture which provided support to the workpiece back surface by its simultaneous
motion with the milling cutter during machining of tin-walled workpiece [14]. The
motion of fixture with respect to cutter reduced the elastic deflection and improved
the geometrical accuracy of thin-walled structure during the machining. The litera-
ture shows that the fixture helps to reduce the lead time and improve the quality of
the product.

The gearbox manufacturing industry produced mainly casted helical gearboxes
that were used in the desired speed ratio to transmit rotational motion. These gear-
boxes have a size of 500mm × 1300mm× 700mm. The manufacturing of casted
gearboxes starts with the machining of gearbox cases and other individual parts such
as shafts and helical gears. The machining of the gearbox case begins with the pre-
production inspection of the delivered gearbox cases and thenmarking the center line
on the gearbox cases followed by the machining on a horizontal machining center.
To extract burs and chips from the body, the machined component is disassembled,
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Fig. 8.1 Operation sequence of helical gearbox case

followed by tapping and drilling. The gearbox case body is then washed in the work-
station, followed by post-inspection, and finally the gearbox is dispatched to themain
assembly department. The common manufacturing process steps for such gearbox
cases are shown in Fig. 8.1. The average machining lead time of a helical gearbox
case as per the present operation sequence was found to be 570 min.

In order to improve the production rate, the industry wanted to reduce the average
machining lead time. Hence, in the present research work, a lean manufacturing
tool, namely value stream mapping technique, was used to identify the waste in
the machining of the helical gearbox case. After identifying the waste, appropriate
corrective actionswere incorporated and the performanceof operationwas compared.

Value Stream Mapping of Existing Method of Clamping
the Gearbox Case

The helical gearbox case was machined at the vertical machining center (HMT,
Mazak FH10800). The gearbox case was clamped on the machine table with the
help of strap clamp as shown in Fig. 8.2. Before clamping it should ensure that the
gearbox casemust be aligned to themachine table. This setup consumed an average of
40 min. In single setup, surface A and surface B should be machined (refer Fig. 8.2).
However, due to the present method of clamping gearbox case allowed facing of
surfaces A and B, while the surface C was hindered by the clamps. Hence, all the

Fig. 8.2 Helical gearbox case clamp on machine table using strap clamp
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three sides cannot be machined in single setup. Therefore, the machining of surface
C required another setup. In the second setup, gearbox case body was to be revolved
and clamped for the rest of the part to be machined. This setup consumed an average
of 50 min. This second setup took a longer time as compared to the first one because
of the lower face it needed to change the orientation and realignment of the gearbox
case with respect to machine table. In order to machine the faces A, B and C, it
required two setups to facing the single gear casing and it consumed an average of
about 120 min. Every time a component is loaded on the machine, the operator does
the setting manually which includes initial clamping, dialing the component, final
clamping, zero offset and so on. From the detailed study by the value streammapping
technique of the existing process of gearbox case manufacturing, it was found that
the manual setting of the component onto the machine contributed to about 40% of
non-value-added time. It resulted in the loss of productivity of themachine and hence
it makes difficult to achieve the production target of 625 gearbox cases per month.
In order to reduce the lead time, it was required to develop the fixture which allowed
facing surfaces A, B and C in a single setup.

Development of Machining Fixture

The main objective for the development of the fixture was not only to allow the
gearbox case to be aligned with CNC machine axes but also to allow two surfaces to
be faced in one setup. Machining fixture consists of the main body, spacer pin and
support in two quantities each. Figure 8.3 shows the different assembly components
of machining fixture. The main body, spacer and support were made from cast iron.
The fixture’s main body was clamped on the machine table. Its main function was
to provide the clamping of the gearbox case during facing operation. The spacer
provided the location to the gearbox case from its pre-machined diagonal holes with

Fig. 8.3 Schematic diagram of a fixture main body and b spacer pin
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respect to machine axis. The fixture lifted the gearbox case about 100 mm from the
machine table so that it was possible to machine the surfaces A, B and C in a single
setup. Figure 8.4 shows the mounting of gearbox case on the fixture assembly, and
the location is provided by the fixture to the gearbox case as per the 3-2-1 location
system. As shown in Fig. 8.4b, spacer provided the location to the gearbox casing
with the help of locaters 2, 5 and 6 at the pre-machined hole P and locators 3, 7 and
8 at the pre-machined hole R. The support provided the location with the help of
locators 1 and 4 near the hole O and S, respectively. Rest of the degree of freedom
is restricted by the M20 fasteners which provided the clamping force 9 and 10 at the
holes P and R, respectively.

Fig. 8.4 Gearbox case a mounting on the fixture assembly, b location system provided by the
fixture
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Fig. 8.5 Comparision of both methods of clamping gearbox case

The experimentation was performed by time study method in order to compare
the performance of the fixture with respect to the previous method of clamping of the
gearbox case. In this method, bothmethodsmeasured the time consumed for loading,
positioning and clamping the gearbox case. It was performed out by an industry’s
machinist, helper and crane operator.

Results and Discussion

The experimental results are graphically plotted and shown in Fig. 8.5. The compar-
ison of the clamping methods for the gearbox case shows that the average setup time
of 120 min is reduced to 45 min by the fixture. Thus, with the aid of newly developed
fixture, the setup time for machining the gearbox case reduced by about 62.5%. This
was because the new fixture allowed surfaces A, B and C to be facing in a single
setup. Moreover, in earlier gearbox case clamping by the strap clamps, the fixture
eliminated the multiple setups for facing three surfaces. The developed fixture saved
75 min of production lead time per gearbox case. Hence, it resulted in the reduction
of machining lead time for the helical gearbox case and achieved the production
target of 625 helical gearbox cases per month.

Conclusions

The present paper focused on reduction in the machining lead time for helical
gearbox case. The clamping of the gearbox case by strap clamps on the machine
table increased additional 120 min of non-value-added time. It leads to cause high
takt time, delay work, increased ideal time and the output target was difficult to
achieve. The new fixture was developed to replace the existing method of clamping
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of the gearbox case by the strap clamps. The experimental results show that the
lead time for the case was reduced from 120 to 45 min with the aid of the fixture,
which saves 62.5% of non-value-added time in gear case machining. It also elim-
inates multiple setups for the machining of a gearbox case. The developed fixture
therefore helps in improving productivity and cycle time. This considerable saving
in takt time is directly proportional to the reduction in the cost of production and
contributes to customer satisfaction by cost reduction and on-time delivery. In the
future, the proposed fixture design can be applicable to other size gear box cases. In
addition, the flexibility of fixture can be improved by adding specific bores used for
mounting the upcoming new series of similar gearbox cases.
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Chapter 9
Design and Development of Robust
Fixture to Perform Friction Stir
Welding/Processing on Conventional
Vertical Milling Machine

Jainesh Sarvaiya and Dinesh Singh

Introduction

Friction stir welding and processing (FSW/P) is a solid-state process that coalesces
metal below its melting point under extreme strain applied by the high strength non-
consumable rotating tool [1]. The relativemotion between the rotating tool andwork-
piece produces very high undesirable forces, like axial force, welding/processing
force, and torque force during processing [2–4]. Figure 9.1 shows the schematic
diagram of various forces acting during FSW/P. It is very crucial for the work plate
to be rigidly fixed while processing. A very slight displacement in the work plate
can create an adverse effect on the qualities of the material. The issue is during the
plunging stage of friction stir welding (FSW), a rotating tool applies lateral force on
a workpiece abutted joint that increases the gap between the workpiece interfaces.
This separating force between two work plates is only observed in FSW but not in
friction stir processing (FSP) as it has a single work plate. However, very high torque
and axial force are noted at the initial stage of tool–workpiece interaction. Also, the
loose-fitting of a workpiece in the fixture is associated with safety concerns, while
FSW/P, a minor casualty, may lead to tragic accidents.

The FSW/P process can be described in three stages: (a) plunging stage, (b)
dwelling stage, and (c) translational stage. After the plunging stage, peak forces on
the tool stabilize with the generation of heat and increases the flowability of material
[5]. Therefore, the fixture has to resist more severe stresses during the plunging
stage than dwelling and translation stages. Thus, while designing FSW/P fixture,
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Fig. 9.1 Various forces acting during FSP

peak forces generated during the plunging stage must be considered. The success
of FSW/P is directly or indirectly dependent on the design of the fixture, clamping
device, and material used. Nowadays, companies are specially manufacturing the
FSW/P type of machine that has an inbuilt accessory of fixture and clamping devices
[6–8]. But such kind of machines requires a very high cost of investments. Thus, it
is necessary to construct an economical fixture for the FSW/P in a universal vertical
milling machine design in such a way that it withstands high forces and hold the
workpiece rigidly. Moreover, it is possible to modify a conventional vertical milling
machine for FSW/P through a suitable design fixture and clamping device [9–12].

Parida et al. [13] developed a fixture and clamping system that securely holds
the workpiece. It also eliminates the formation of a gap between the joint and
reduces job switching time with a cost-effective strain gauge-based force measuring
dynamometer. Richter-Trummer et al. [14] studied the effect of different clamping
forces on the distortion and residual stress developed in the abutted FSW joint. It
was observed that lower distortion and a more uniform residual stress distribution is
produced through the thickness due to higher clamping forces. Ramnath et al. [15]
designed and analyzed three FSW fixture materials, that is, cast iron (C45), die steel
(D4), and tool steel and hard alloy (H20) by ANSYS software. The outcome of this
analysis deduced that C45 steel material is also successfully used as a fixture mate-
rial in place of D4 and H20 materials. Further, it noticed that the design of a wedge
shape at the corner of the fixture reduces the stress concentration. Ahmed and Saha
[16] developed and proposed an FSW fixture for joining a thin sheet of aluminum
alloy by using a lever-type clamping system and asbestos as a cover plate to reduce
heat loss. The feasibility of the fixture is successfully established by FSW of 0.5 mm
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thin AA 6061-T6 sheets at five different tool travel speeds. Fratini et al. [17] have
specially designed an inbuilt cooling system in a backplate of FSWfixture and choice
of materials to overcome the shortcomings of welding of titanium alloy sheets. In
this present work, a fixture and the clamping system is designed and developed to
overcome the problem of fixture rigidity that securely holds a workpiece and fixture
to the milling bed during processing. It also reduces the job shifting time and easy
installation on conventional vertical milling machine bed. The unavailability of an
expensive company made FSW/P machine motivated to design and develop a fixture
that modifies traditional vertical milling machines into the FSW/P machine.

Design and Development of a Fixture

The adequately developed fixture has shown high efficiency in carrying out FSW/P
operations in the conventional vertical milling machine. While designing FSW/P
fixture, the following are the points that should be considered: (a) Backplate should
be reasonably thick relative to the thickness of the work plates to be processed
or welded. (b) The chosen material should have a low thermal conductivity that
maintains a sufficiently high temperature to promote the work material plasticization
and flow. (c) It is necessary to clamp from the top so that work plates should not lift
from their position during processing. (d) The longitudinal and transverse movement
of the work plate should be restricted. (e) In the case of FSW, for smooth welding, its
joint should be kept intact to reduce the gap between the plates. The fixture has four
main components: fixture plate, locating device, clamping device, and the support
plate.

Component of a Fixture

Fixture plate. It is the core part of the fixture with a size 320 × 280 mm and a
thickness of 22 mm under which is a rectangular recess of size 280× 100 mmwith a
depth of 8 mm to facilitate the setting of a workpiece. The corner point of this recess
has a circular blind hole of diameter 8 mm that helps in proper accommodation and
proper alignment of a rectangular workpiece. Sliding slot recess in the X and Y
directions are also provided to locate the workpiece in their position (see Fig. 9.2).

Locating device. It is a device that correctly positions and restricts the movement of
a workpiece in a lateral and longitudinal direction. It helps in the accommodation of
workpiece if any little variation in shape and size.

Sliding plate in X direction: It accommodates the workpiece if there is any variation
in length. The half circular-cut gives run out of space for the FSP tool at the end stage
of the process. The slotted hole helps in X direction movement and can be tightened
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Fig. 9.2 Fixture plate with recess for the accommodation of workpiece (all dimensions in mm)

in that position using the Allen bolt. The dimension of the sliding plate is shown in
Fig. 9.3a.

Fig. 9.3 Sliding plate to constraint workpiece movement in a X direction and b Y direction (all
dimensions in mm)
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Fig. 9.4 a Clamping device and b the support plate (all dimensions in mm)

Sliding plate in Y direction: It accommodates the workpiece if there is any variation
in width. The slotted hole helps in movement in Y direction and can be tightened in
that position using the Allen bolt (see Fig. 9.3b).

Clamping device. The purpose of clamping is to hold theworkpiece accurately in the
fixture and to ensure that the work should not be displaced under processing forces.
The clamping device design should be such that the operating time is as minimum
as possible. Thus, tightening of Allen bolt in clamping quickly and directly fixed to
the T-slot nut in vertical milling machine bed, which further ensures the rigidity of
the workpiece with fixture. The shape and size of the clamp are shown in Fig. 9.4a.

Support plate. It uniformly distributes the clamping forces on a workpiece. It kept
between the workpiece and the clamp, made up of the same material as that of
the fixture. Thus, it restricts the upward movement of a workpiece, and results in
negligible distortion during and after the processing work material. The dimension
of the support plate is shown in Fig. 9.4b.

The complete diagram of the fixture and its various parts is shown in Fig. 9.5. The
fixture and all its parts are fabricated at M/s. Keytex Machines (Surat, India) within
acceptable dimensional tolerance after finalizing the drawing. The final fabricated
FSW/P fixture is easily installed on the milling machine bed T-slot with the help of
ten Allen screws of size M12 × 1.25. However, the provision of four extreme holes
(at the start and the end of processing) rigidly holds the fixture with milling bed
even after relaxing the clamping bolt (see Fig. 9.6). For the sliding plates, two Allen
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Fig. 9.5 The complete diagram of the fixture and its parts

screws of size M10 × 1.25 are used. Table 9.1 shows the bill of material of designed
and fabricated FSW/P fixture.

Heat Treatment of the Fixture Plate

Surface hardening is a process that has a sort of techniques like carburizing, nitriding,
carbonitriding, and so on through which wear resistance of component is improved
without affecting the ductility of an interior part that gives toughness [18]. The
combination of surface hardness for wear resistance and toughness to internal part
for impact resistance is useful in applications like gear teeth, cam, shaft, bearing,
tools, dies, and automotive clutch plates. Thematerial used for manufacturing fixture
is medium carbon steel (C45 steel). It is also designated according to ASTM A29
grades AISI 1045 steel. The chemical composition andmaterial properties are shown
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Fig. 9.6 Final fabricated fixture installed on the vertical milling machine bed

Table 9.1 Bill of material

Item No. Parts Size (mm) Material Quantity

1 Workpiece 200 × 100 × 8 Aluminum alloy 1

2 Fixture/baseplate 320 × 280 × 22 C45 (surface hardened) 1

3 Sliding plate (X direction) 104 × 80 × 8 C45 1

4 Sliding plate (Y direction) 100 × 30 × 10 C45 2

5 Support plate 200 × 25 × 5 C45 2

6 Allen screw M12 × 1.25 Carbon steel 10

7 Allen screw M10 × 1.25 Carbon steel 4

8 T-slot nut – C45 10

in Tables 9.2 and 9.3, respectively. Its hardness increased by heating it in the furnace
between 820 and 950 °C with coke (at austenite with its high solubility of carbon)
hold until temperature is uniform throughout the section. So, at this temperature,
carbon diffused into the surface and provided a hardness of more than 55 HRC.
Thus, this method improves the resistance to surface indentation, fatigue, and wear.
Figure 9.6 shows the fixture plate appears black after surface hardening due to carbon
diffusion during the hardening process.

Table 9.2 Chemical composition of C45 steel

Element C Fe Mn P S

Content (wt %) 0.42–0.50 98.51–98.98 0.60–0.90 ≤0.040 ≤0.050
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Table 9.3 Physical and mechanical properties

Properties Density Young’s modulus Poisson’s ratio Yield strength Ultimate tensile
strength

Values 7.87 g/cc 200 GPa 0.33 310 MPa 565 MPa

Testing of Fixture

Finite Element Analysis (FEA) of the Fixture Plate

The mechanism of force action in FSW/P is similar to that of face milling cutting
operation. For FEA under static conditions, three maximum forces, such as axial
force, transverse/processing force, and torque force generated during the plunging
stage are considered. The boundary conditions applied are similar to actual situations.
During FSP, the fixture/base plate is fixed to themillingmachine bedwith a T-slot nut
andAllen screws. Therefore, the boundary conditions for the fixture plate is kept fixed
in all three directions. All interfaces between the workpiece and fixture plate are kept
in sliding contact. The vertical upward movement of a workpiece is restricted due
to the clamping device. The results are calculated based on the assumption of linear
response to the stress.

Steps of FEA analysis. Following are the steps for the FEA of designed and
developed FSW/P fixture:

1. Selection of “Study static stress” from various simulation applications.
2. Selection of fixture material (i.e., AISI 1045) and workpiece material (i.e., AA

6061).
3. Meshing is themost crucial part of the simulation process, where intricate geome-

tries are segregated into simple elements that can be used as discrete local approx-
imations of the larger component. The meshing influences the accuracy, conver-
gence, and speed of the simulation. The smaller the mesh size, the higher the
accuracy, but it increases the time to solve. The mesh element type used is a solid
tetrahedral with 24,750 elements with 41,802 nodes (see Fig. 9.7).

4. Apply boundary conditions for the FSP fixture model.
5. Application of loads such as vertically downward force due to the FSP tool,

torque force generated due to the rotating moment of a tool and horizontal force
due to processing speed. Based on the Trimble et al. [4] observation of force
measurement during friction stirweldingAl alloy, themaximum forces during the
plunging stage were taken into consideration for stress analysis. The considered
load for static stress analysis is 20 kN for a vertically downward force, 2 kN for
a horizontal force, and 60 Nm for a torque force.
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Fig. 9.7 The meshing of the fixture model

6. Solving the fixture model once it verifies the feasibility of the proposed model
and its constraint.

FEA result. Von-Mises stress plot obtained after solving the fixture model, as shown
in Fig. 9.8. When all three combined loads applied, the maximum Von-Mises stress
was 7.248 MPa, which is lower than the yield strength of fixture material. Therefore,
no failure is possible as the factor of safety is 15. The list of the result generated in
terms of factor of safety, stress, displacement, reaction force, strain, and the contact
pressure is shown in Table 9.4.

Fig. 9.8 Fixture model stress analysis
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Table 9.4 Result summary
with its minimum and
maximum values

Name Minimum Maximum

Safety factor

Safety factor 15 15

Stress

Von Mises 1.492 × 10–05 MPa 7.248 MPa

Displacement

Total 0 mm 0.001298 mm

Reaction force

Total 0 N 45.69 N

Strain

Equivalent 1.108 × 10–10 6.23 × 10–05

Contact pressure

Total 0 MPa 8.044 MPa

Experimentation Through a Fixture

The fabricated FSW/Pfixture is also experimentally validated on a traditional vertical
milling machine of M/s. Batliboi company model number BFV-5 (see Fig. 9.6). The
sample prepared with the help of the fixture has no defect, smooth surface finish,
and have no distortion. During FSP, lesser vibration and no lateral and longitudinal
displacement of the workpiece is observed as it is firmly held by fixture and clamping
devices (see Fig. 9.9).

Fig. 9.9 Experiment setup
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Conclusion

In this paper, the FSW/P fixture is designed and analyzed with the help of Autodesk
Fusion 360 (Education License). Further, the robustness of the fixture and clamping
device is validated with experimentation. From the result static stress analysis, it can
be perceived that maximum stress generated is 7.248 MPa, the maximum displace-
ment is 0.001298 mm, and the maximum reaction force is 45.69 N, which is within
an acceptable tolerance. The stress concentration factor is observed negligibly on the
fixture model, which ensures the rigidity of the fixture. The higher factor of safety
imparts high failure strength, which is able to bear a higher load without failure. It
is also experimentally validated that negligible vibration and no displacement in any
direction is observed during FSP. The samples prepared were free from defects, and
thus, the proposed fixture design is suitable for the FSW/P process.
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Chapter 10
Design of Gripper and Selection
of Robotic Arm for Automation of a Pick
and Place Process

Vijesh Shah, Nandkumar Gilke, Vilas Dhore, Chandrashekhar Phutane,
and Bhavisha Kondhol

Introduction

The process of enclosing a product to preserve it for storage, sale, distribution,
and use is packaging. The term packaging also means designing, producing, and
evaluating of packages. In other words, packaging can also be described as the
system of pre-processing of goods for transportation, storage, sales, and the end
consumer. The packaging is used to contain, protect, and preserve the product to be
transported, informs, and sold [1]. The packaging industry valued for 3.65 billion
USD is estimated to be valued at 5.96 billion USD by 2024 with the compound
annual growth rate (CAGR) of 8.52%, within the forecast period of 2019–2024
[2]. Packaging in the pharmaceutical and cosmetic industry is one of the highly
regulated processes with only minor variations in detail from region to region. Its
main objectives are to protect products fromclimatic or biological reactions, chemical
or physical contamination, and at the same time also being economical. It must also

V. Shah (B) · N. Gilke · V. Dhore
Department of Mechanical Engineering, K.J.Somaiya College of Engineering Vidyavihar,
Mumbai 400077, India
e-mail: vijesh.shah@somaiya.edu

N. Gilke
e-mail: nandkumargilke@somaiya.edu

V. Dhore
e-mail: vilasdhore@somaiya.edu

C. Phutane · B. Kondhol
Design Engineer, Elmach Packaging India Pvt. Ltd., Bhiwandi 421302, India
e-mail: cpphutane@gmail.com

B. Kondhol
e-mail: bkondhol080394@gmail.com

© The Author(s), under exclusive license to Springer Nature Singapore Pte Ltd. 2021
S. Kumar and K. P. Rajurkar (eds.), Advances in Manufacturing Systems,
Lecture Notes in Mechanical Engineering,
https://doi.org/10.1007/978-981-33-4466-2_10

95

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-33-4466-2_10&domain=pdf
mailto:vijesh.shah@somaiya.edu
mailto:nandkumargilke@somaiya.edu
mailto:vilasdhore@somaiya.edu
mailto:cpphutane@gmail.com
mailto:bkondhol080394@gmail.com
https://doi.org/10.1007/978-981-33-4466-2_10


96 V. Shah et al.

provide stability to the product throughout its shelf life [3]. Some common factors
that are included along packaging in the pharmaceutical and cosmetic industry are
the safety of the consumer, to assure the production efficiency through shelf life,
avoidance of possibility of packaging products into the product itself, restrain of
contamination to a product via environmental factors like oxygen, heat, moisture,
and microbial contamination and maintain sterility [4, 5].

The packaging is often involved in dispense, apply, and use of the product. The
packaging industry is a continuously evolving sector with a gradual increase in
demand for high-speed packaging for various materials. These increasing demands
can be achieved by modifying the system or machine with the incorporation of
an industrial robot in the line of operation. The integration of an industrial robot
and industry can be broadly divided into three categories, viz., product handling,
assembly, and finishing processes. Term material handling refers to the conveying
of material, in components, or as a whole product form, from one place to another.
Assembly includes the combining of two or more components into one component
or part, or a whole congregated product. These operations typically include a series
of pick and place operations along the processing line [6]. The trend of automa-
tion is still moving toward the path of assembly of components converting tedious
manual work into automation. Compared to manual assembly, automated assembly
especially leads to higher quality production and stabilization. Modified versions
of the technology are also expanding into the manual work areas of the assembly.
Compared to manual assembly, automated assembly lines lead to better performance
and stability [7]. A system for the automatic inspection of foreign matter into the
product and custom-built hardware for the transportation of the product, agitation of
particles, capturing of the image, and its analysis is designed by [8]. The machine
vision guides the robot to see the location and direction of the angle for each product,
while at the same time inspecting the material to prevent damage of the product to
be handled. The machine vision from the camera is faster than human observation,
and the robot selects faster than human hands. The application of the vision-guided
robots in the food packaging industry is reviewed by [9]. A new system that can grasp
multiple products with the help of a designed end effector mounted on the robot to
place it precisely inside the package is designed to improve the speed and efficiency
of the pre-existing packaging system.

System Design

Selection of Robot

A mechatronic system which can assist or replace human operator to carry out a
variety of physical tasks is considered as a robot [10]. In terms of effectiveness,
there are three main benefits of using a robot. The first is the success rate, repetition,
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accuracy, and speed of the process. Second is that a robot can work in harsh envi-
ronmental conditions without breakdown and with the same efficiency. Finally, IR
is very flexible. They can be customized to a variety of products in many processes
[11]. To achieve superior quality and improved productivity the industries aremoving
from the current state of automation to robotization. The speed of the picking and
placing of the parts is increased along with the production rates with the help of
robotic automation [12]. The operation of pick and place can be performed with
the same flexibility by the robot system as a human operator due to modular design
[13]. Industrial pick and place robots are classified into three different categories
majorly Cartesian, Delta, and SCARA. The problem of finding a robot configuration
for multigrasp assembly is solved with the help of an algorithm by [14].

The newly designed and developed prototype can achieve and sustain very high
speed and acceleration, and to achieve smooth and rigorous behavior throughout the
work envelope and in every direction [15]. Table 10.1 shows the comparison between
different types of robots and their perks. In our application, the most suited one is
SCARA as we have to mount our robot on the pre-existing machine, and SCARA
provides multiple mounting options. Also, it is fairly accurate which is good as we

Table 10.1 Comparison of different robots

SCARA Cartesian Delta

SCARA possesses a higher
accuracy than Delta that is of
up to 10 microns or 0.01 mm

The basis for the accuracy of
the Cartesian robot is linear
actuators. The main
determinant for the accuracy is
the type of actuators used and
the drive mechanism. The
mathematics involved in the
kinematics is simpler since the
control system has to move
only in XYZ direction. So
Cartesian robots are excellent
for accuracy

SCARA robots are more
accurate than Delta

The SCARA may be suitable
for mounting or controlling
power, but has a separate
envelope and the speed range is
not so high

For some applications with
substantial loads or repetitions,
a Cartesian robot may be the
ideal solution

Delta is not good with force
requirements like insertion
applications. It is best suited
for the conveyor tracking
application

SCARA robot can either be
mounted on a ceiling, wall, or
floor as per the requirement. In
addition, the form factor could
interfere when they are placed
right over the conveyor. Even
though they have cylindrical
work envelope still they are not
quite around themselves

The mounting of the Cartesian
robots is in the fashion of the
gantry system as the movement
of the robot is in Cartesian
coordinates. Although it may
be a cheaper solution but the
time required to set up and
integration is more along with
the space requirement

The biggest challenge of
Delta robots is that it needs a
sturdy overhead structure
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Table 10.2 Comparison of different SCARA robot

Property Dobot Estun Make-A

Payload 3 kg 3 kg 3 kg

Range 400 mm 400 mm 400 mm

J1 ±130° ±132° ±132°

J2 ±131° ±141° ±141°

J3 (mm) 0–150 0–150 0–180

J4 ±360° ±360° ±360°

J1 600°/s 600°/s 720°/s

J2 600°/s 600°/s 720°/s

J1 + J2 (mm/s) 6000 6000 7200

J3 (mm/s) 1100 1060 1100

J4 2600°/s 2250°/s 2600°/s

Cycle Time 0.45 s 0.44 s

Comparison 20° less reach at J2 and 30 mm at
J3 than Make-A

30 mm less reach at J3 than
Make-A

Slower by 120°/s at J1 and J2 than
Make-A

Slower by 120°/s at J1 and J2,
350°/s at J4 than Make-A

1200 mm/s slower at J1 + J2 than
Make-A

1200 mm/s slower at J1 + J2,
400 mm/s at J3 than Make-A

have to place the product into a pre-formed cavity. The flexibility and agility of the
SCARA robot are demonstrated by [16].

Thus, from the above comparison Table 10.2, it was easy enough to select the
make and model for the SCARA to be used which is Make-A.

The above three figures, Figs. 10.1, 10.2, and 10.3 show the comparison of three
different make of SCARA robots in different fields of range speed and payload at
different axis.

Fig. 10.1 Angular reach
comparison of SCARA
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Fig. 10.2 Comparison of
speed at base and shoulder of
SCARA
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Fig. 10.3 Comparison of
parameters of various
SCARA
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Design of End Effector

A device that can be attached to the wrist of the robot and enabling it to perform
a special task is called end effector. The end effector is the part of special-purpose
tooling for a robot [17]. To achieve a commercial pick-and-place process, it needs
low-cost gripper, high speed, and reliability [18]. MEMS microgripper is used for
the effective pick-and-place techniques that integrate both gripping and releasing of
micro-objects by [19]. For the designing of the gripper, we have to consider multiple
criteria. More grasping contact in the workpiece can be provided with the use of
resilient pads in the gripper. The interchangeability of the replaceable pads/cups can
also be employed for holding different work part sizes. A wide range of applications
can be handled by robotic vacuumgrippers and are suitable for picking up irregular as
well as products that are made up of a variety of materials smooth as well as porous
like cardboard, glass, plastic, and even sheet metal [20]. End effector comprising
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combined gripping action by electromagnetic as well as a vacuum that is used to
pick the object also rotate along the axis in required orientation is designed and
developed by [21].

Different Types of Products to Be Handled

The product to be handled comes in various shapes, curvatures, and materials to
strongly hold the product suction cups, or vacuum grippers are selected which can
sturdily hold the product by getting wrapped around it up to some extent. Various
shapes of the products are displayed in Fig. 10.4a–e. Table 10.3 shows various
dimensions, masses, and materials possible to be handled by the designed gripper.

Selection of Components for End Effector

The payload of the selected SCARA is 3 kg; however, the optimum cycle speed is
achieved when it is kept under 2 kg according to the details available from various
robot manufacturers. Although the maximum payload capacity of a robot may be
different, every robot works at the optimum speed for a payload lower than the
maximum payload in our case which is 2 kg. Therefore, to achieve this condition a
polymeric material with a density almost the one-third of aluminum is selected for
the end effector.

Since there is a difference in the position of components at pickup point and
placing point, a pneumatic cylinder is required to provide a stroke of 3 mm.

Round-shaped suction cups are selected for the application since it helps to grasp
the object coming in any orientation pre-calibrated by the operator. The diameter of
the cup has to be selected based on the minimum dimension of the product which is
generally a width instead of a length in most of the elongated products.

Vacuum grippers are needed to handle the product; thus, it needs a mounting plate
or bar to space it according to the distance between products.

The vacuum generator needs to generate the required amount of vacuum.
Pneumatic fittings need to be selected according to the selected pneumatic

components.
A cylinder stopper needs to be designed as a standard pneumatic cylinder is not

available in a stroke of 3 mm.

Holding Force Calculation

FT H = w

μ
× (g + a) × S . . . [17] (10.1)
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a b

c d

e

Fig. 10.4 a Flat round, b Flat elongated, c Convex shaped, d Cylindrical shaped, e Cylindrical
container

Table 10.3 Product characteristics

Product Dimension Weight Material

Flat round F10 mm × 7 mm
thickness

0.1–0.5 g Metal, glass, gelatine,
compressed powder in solid
form, plastic, color cake
(water color), wood,
chocolate, non-porous food
products, etc.

Flat elongated F10 mm × 9 mm long ×
6 mm thickness

0.15–0.6 g

Convex shaped F10 mm × 9 mm long ×
8 mm thickness

0.15–0.6 g

Cylindrical shaped F3.5 mm—F7.5 mm
Long 2.6–16.5 mm

0.25–0.4 g

Cylindrical container F10 mm—F17 mm Ht
25–48 mm

2–15 g
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FTH = Theoretical holding force [N]
w =Weight [kg]
Weight of the single product = 0.2 g (Since the trials will be performed on the
dummy cylindrical-shaped product weighing 0.2 g per piece)
Weight of 40 products = 40 × 0.2 = 8 g
g = Acceleration due to gravity [9.81 m/s2]
a = Acceleration [m/s2] of the robot
μ = Friction coefficient.

The coefficient of friction between workpiece and suction pad is very important
[17].

• Oily surfaces: μ = 0.1
• Moist or wet surfaces: μ = 0.2–0.4
• Glass, stone, plastic (dry): μ = 0.5
• Wood and metal: μ = 0.5
• Rough surface: μ = 0.6
• Sandpaper (dry): μ = 01.1.

Holding forces: Theoretic holding force always has to be higher than the calcu-
lated holding force. To overcome external factors that were not considered during
designing recommended safety factor of 2 is considered.

S = Factor of safety.

FT H =
(

8

1000× 0.6

)
× (9.81+ 65.45) × 2

= 2.006 N

Volume to Be Vacuumed Per Min

Volume in end effector =
(π

4

)
×

(
4

1000

)2

× 300× 4 = 15.07ml (10.2)

Volume in tube =
(π

4

)
×

(
4

1000

)2

× 2000 = 25.13ml

Volume in suction cup = 6.53 ml
Total volume = 46.73 ml
Total volume × FOS (2) × no. of cycles = 46.73 × 2 × 60 = 5607.6 ml/min
Thus, vacuum generator must generate vacuum at the rate of more than 5.6 l/min.

In the above calculations, 300 represents the total length of the connecting hole
to connect each suction cup to provide vacuum through a single generator, 2000
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Fig. 10.5 Product placement positioning

represents the length of the connecting tube from the location of the vacuumgenerator
to the gripper, and 4 is the inner diameter of the hole and the tube.

Required Product Placement

The product is required to be placed in a particular array in which a total of 40
products will be picked and placed at the same time, where the horizontal as well as
the vertical distance between the products is needed. Figure 10.5 shows the placing
positions of all the 40 products.

End Effector

The model consists of all the pneumatic connections; also, the weight is equally
distributed and the part is symmetric which is shown in Figs. 10.6 and 10.7. The
center of gravity of the end effector is along the shaft axis of the robot. Possible slots
are provided to reduce the weight and bring under 2 kg. A pneumatic cylinder is used
to provide the stroke to overcome the relative difference in pick-and-place position.
The more compact version of the pneumatic cylinder was selected to even further
reduce the weight.
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A - Pneumatic Cylinder  
B - Cylinder Stopper 
C - Suction Mounting Block 
D - Cover Mounting Block 

A 

B 

D C

Fig. 10.6 Top view of end effector

E 

F 

G

E - Pneumatic Fittings 
F - Pneumatic Tubing 
G - Suction Cups

Fig. 10.7 Bottom view of the end effector

Robot Cycle Time Diagram

The timing of the cycle performed by the Make-A SCARA robot is depicted in
Fig. 10.8. The time required for the particular functions to be performed is calculated
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Fig. 10.8 Cycle time diagram of robot

based on the combined speed of the joints of the robot and the functioning time of
the pneumatic components.

Results and Conclusions

In this project, the machine component design is one of the important tasks carried
out with the help of CAD software, SolidWorks 2019. The software helps in easy
iterations and optimization of the design component to reduce the overall devel-
opment time of components or systems. The design of end effector and product
design is carried out with the aid of CAD. End effector with vacuum grippers is
designed which is well suited for handling objects efficiently and delicately. This
work provides an insight into the various steps considered in the selection of a robot
for the task of pick-and-place operation in the packaging industry. The selection is
based on the various key factors like mounting options, space utilization, versatility,



106 V. Shah et al.

speed, work envelope, and cycle time of the robot. As suction cups are available in
a variety of sizes, it can be selected according to the dimension of the product. They
are perfectly suited for handling of variety of materials like glass, wood, gelatin,
and so on, including food compliant materials like chocolates. The integration of
a robot in the packaging system helps to increase the speed of the feeding process
of the machine with higher reliability and versatility. The current system without
the integration of robotics runs at the cycle speed of 30 cycles per minute. With the
integration of robotic feeding using the SCARA robot, it is expected to achieve the
speed of 50 cycles per minute. The total expected increment in output is by 800
products per minute considering 20 cycles per minute with 40 products per cycle.
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Chapter 11
Utilization of Stone Industry Waste
as Filler for Sustainable Development
of Aluminum Alloy Composites:
A Thermo-Mechanical and Mechanical
Characterizations

Vikash Gautam, Amar Patnaik, and I. K. Bhat

Introduction

Rapid development of industries and urbanization of place as well as rise in the
living standards of people is the root cause for the arise of a major problem of solid
wastes. Industrialization is the necessity of developing countries to boost up nation’s
economy. Simultaneously, it is the root cause for the generation of a huge quantity
of waste that led toward serious problem related to health or environmental pollu-
tion. Therefore, wastes are seemed to be a by-product of growth in industries. The
waste products increase with the increasing demand for raw materials in industries
and conventional resurfaces are diminishing day by day. Wastes occupy the land
distorting its fertility, and simultaneously increase the cost of waste disposal. The
developing countries like India need to make effort for minimization of these solid
wastes and simultaneously recycle of the waste or utilization of waste in different
areas. At the same time, the need for sustainable development program has all ampli-
fied the need to reuse the materials that were once regarded as wastes. Over recent
decades, innovative research works have been carried out to explore all possible
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methods for utilization of waste materials in wide range. Till now wastes gener-
ated through industrialization and urbanization have been used in many places as
alternative aggregates in embankment, road, pavement, and building construction.

Various solid wastes are generated by the industries such as copper slag, alumina,
fly ash, cement by pass dust (CBPD), cement klin dust, and rice husk. Copper slag is a
by-product of copper ores obtained during the matte smelting and refining of copper
[1, 2]. Sehi et al. [3] reported that copper slag is used in the manufacturing of cement
and concrete, and Satpathy et al. [4] use copper slag as filler material in glass-epoxy
composites for improvement in wear resistance properties. Similarly, red mud is the
by-product of alumina obtained frombauxite by theBayer’s process. Redmud is used
as a partial substitute of clay in ceramics products like bricks, tiles, and so on; it is also
used in soils for treatment of iron-deficient soils [5–7]. Geetha et al. [8] reported the
synthesis of red mud reinforced Al356 alloyed composites. Similarly, Mahata et al.
[9] confirmed the fabrication of aluminum titanate–mullite composite from red mud
rich in titanium. Fly ash is generated by coal combustion, and is composed of fine
particles that are driven out of the boiler with the flue gases. Fly ash has been used
as spherical filler for the production of lightweight high-strength concrete as well
as fly ash reinforced metal or polymer composites [10, 11]. Rice milling generates
a by-product know as husk. Alaneme et al. [12] reported the synthesis of rice husk
ash reinforced Al–Si alloy composites and observed the effect of reinforcement on
mechanical properties. Similarly, Narasaraju et al. [13] confirmed the synthesis of
rice husk and fly ash reinforced hybrid Al–Si alloy composites and its mechanical
properties. Again Debnath et al. [14] reported the adhesive and wear behavior of
rice-husk-filled glass/epoxy composites.

Stone sector industries produce a huge amount of slurry by cutting or polishing of
marble and granite slab. The waste marble slurry is converted into low-grade gypsum
which is used in cement and fertilizer industries. The waste granite slurry is used in
construction industries. Granite slurry or dry powder is a mixture of different oxides
(SiO2, Al2O3, etc.), and its chemical composition is presented in Table 11.1 [15].
Granite slurry is widely used in construction industries as a substitute of cement [16].
Granite powder has significant mechanical properties reported in Table 11.2 [15].
Kukshal et al. [17] evaluated the mechanical and fracture behavior of SiC-reinforced
A356 alloy composites fabricated through liquid stir casting technique. Mechanical
characterization results show that the hardness, tensile strength, and flexural strength

Table 11.1 Chemical composition of aluminum alloy 5083 [15]

Element Al Si Fe Cu Mn Mg Zn Ti Cr

wt% Balance 0.4 0.4 0.1 0.4–1 4.0–4.9 0.25 0.15 0.25

Table 11.2 Chemical composition of granite powder [15]

Element SiO2 Al2O3 K2O Na2O CaO FeO Fe2O3 MgO TiO2 MnO

wt% 72.04 14.42 4.12 3.69 1.82 1.68 1.22 0.71 0.30 0.05
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of A356 alloy are enhanced by the addition of micro SiC particulates. However, the
stress intensity factor was not of much effect with increment in crack length irre-
spective of particulate content. Similarly, in another study with alumina particles
with the same alloy composite, the experimental result shows that the increment
in alumina content in A356 alloy significantly affects the tensile strength, flexural
strength, fracture strength, and Young’s modulus [18]. Again, Gangwar et al. [19]
examined the effect of TiO2 particulate on mechanical properties of A380 alloy.
The mechanical characterization results depicted that increment of titania particu-
lates in A380 alloy enhanced the hardness and tensile strength, whereas the flexural
strength is shown in reverse trend. Okayasu et al. [20] examined the effect of silicon
nitride on mechanical properties of aluminum alloy. They reported that an increment
of silicon nitride particulates in aluminum alloys degrades the bending strength of
alloyed composites. Similar observation was also reported by Anilkumar et al. [21].
They showed the effect of fly ash content and particle size on mechanical properties
of aluminum alloy. The experimental results show that the increment in fly ash parti-
cles into aluminum alloy enhanced compression strength, flexural strength, tensile
strength, and hardness. On the other side, increment in fly ash particle size shows
decrement in compression strength, tensile strength, flexural strength, and hardness
of aluminum alloy. These composites materials were used in different fields, such as
automobile, wind turbine, and structural building construction.

The present research work is focused on the gainful utilization of stone industry
waste as filler. The chemical composition of granite powder shows that it is a mixture
of different hard abrasive particles, such as alumina, silica, and iron oxides. These
hard ceramic particles impart good strength and low thermal expansion coefficient at
high temperature. A series of granite-reinforced aluminum alloy composites is fabri-
cated through liquid stir casting technique. In composite series the aluminum alloy
5083 is mixed with different weight fractions (0, 2, 4, and 6 wt% granite particulate
powder) of granite powder. Thereafter, physical, mechanical, fracture, and thermo-
mechanical properties are determined for granite powder reinforced aluminum alloy
composites.

Materials and Methods

In the present research work, we used aluminum alloy 5083 as matrix material and
waste granite particulate powder as reinforcement. The mechanical properties and
chemical composites of granite powder are presented in Tables 11.1 and 11.2 [15].
The designed formulations are fabricated using high-temperature vacuum casting
machine (Fig. 11.1). A sequence of activities performed for fabrication are listed as
follows:

1. The graphite crucible is preheated (about 200 °C) first to prevent oxidation of
base material (i.e. aluminum alloy) and its easy melting.
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Fig. 11.1 High-temperature vacuum casting machine and cast iron mold

2. Thereafter pieces of basematerial are put inside the crucible. Further, the crucible
is heated till 650 °C. This melts the base material.

3. The reinforcing phase (i.e. granite powder) is added to the molten base alloy
slowly and a mechanical stirrer at 400 rpm is used to mix the ingredients at least
for 5 min. To ensure proper wettability between ingredients 1 wt% magnesium
power is added to the mixture. This step continues for another 10 min. Thus,
homogeneity in the mixture is ensured.

4. Now plunger is opened so that the molten metal is automatically poured into the
molds (made of rectangular stainless steel) for solidification. The mold is kept
in the room for around 20 min so as to achieve proper curing.

5. When the room temperature of casting is obtained, the specimen samples are
prepared as per the characterization or testing methods with the help of diamond
cutter.

Characterization Methods

In physical characterization the effect of reinforcement on density and void content
is evaluated. Theoretical density is calculated by Agarwal and Broutman [22]
who proposed formula for experimental density by water dispersion principle.
Void content is difference in ratio of theoretical and experimental. In mechanical
characterization flexural, hardness, impact, and fracture tests were carried out.
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Flexural strength is measured according to ASTM standard E290 using the
universal testing machine (UTM) provided by Aimil Ltd., India. ASTM E290 stan-
dard configures that the cross-head speed should be maintained 1 mm/min during
the test. The span length is taken as 40 mm during that test with sample dimension
of 60× 10× 10 mm3, respectively. Micro-hardness test is carried out using Vicker’s
hardness tester according to ASTM standard E-9.

ASTM E-23 standard was used to evaluate the impact strength using impact
tester. The test specimen size as per the standard is 64 × 12.7 × 3.2 mm3 with depth
of notch 10.2 mm. Thermo-mechanical properties were carried out using dynamic
mechanical analyzer provided by Perkin Elmer-8000. The test was conducted in
the temperature range of 30–250 °C at constant frequency (1 Hz) under three-point
bending configuration. A roller supported load point applied a static force of 1 N
uniformly on the middle of material and to inhibit friction effects. The sample size
for dynamic mechanical analysis test is 27.5 × 10 × 1.5 mm3. The span length was
kept 25 mm during the three-point bending test.

ASTM E-399 is used to evaluate stress intensity factor using universal testing
machine provided byAimil Ltd., India. Fracture test is conducted inmode-I condition
with different crack lengths. These crack lengths were prepared in the middle of
specimen using wire electrical discharge machine. After test, breaking load and
stress intensity factor is determined using Eqs. 11.1 and 11.2 for different crack
lengths samples.

K1 = P

B
√
W

γ (β) (11.1)

γ (β) =
√
2 tan πa

2W

cos πa
2W

[
0.75 + 2.02

( a

W

)
+ 0.37

(
1 − sin

πa

3W

)3
]

(11.2)

whereas K is the stress intensity factor, P is maximum load (stress), B is thickness
of specimen,W is width of specimen and a is crack length. γ (β) = function of crack
length and specimen width.

Results and Discussion

Effect of Granite Reinforcement on Density and Void Content

The physical and mechanical properties of a particulate-reinforced metal alloyed
compositeswere dependent on theweight ratio ofmatrix and reinforcementmaterials.
These propertieswere strongly affected by proper distribution of reinforcementmate-
rial in composites and interface bonding betweenmatrix and reinforcementmaterials.
The void plays a vital role to examine the mechanical properties of a composite. The
voids act as stress concentration point which leads toward early deformation under
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Table 11.3 Theoretical/experiment density and void content with composites designation

Designations Measured density (g/cc) Theoretical density (g/cc) Voids content (%)

5083 GD-0 2.12 2.18 2.75

5083 GD-2 2.23 2.32 3.87

5083 GD-4 2.35 2.48 5.24

5083 GD-6 2.45 2.62 6.49

Fig. 11.2 Effect of granite
powder reinforcement on
void content of composites
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the loading condition. The knowledge of void content was desirable for estimation
of the quality of the composites. It was understandable that a good composite should
have fewer voids. Table 11.3 shows the theoretical and experimental density with
void content of granite powder reinforced aluminum metal alloy composites. It was
observed from Fig. 11.2 that void content was increased with the addition of granite
powder in alloy matrix material. The possible reason might be attributed to the fact
that lower density may be attributed to insufficient bonding at the interface of matrix
and ceramic particulates that left voids. The agglomeration of particulates while
solidifying may have created intra-particulate voids because of insufficient bonding
with matrix material. The possible error may be the fabrication methodology which
resulted in voids contents [23].

Effect of Granite Reinforcement on Flexural Strength

Flexural strength of granite powder filled 5083 aluminum alloy composites is shown
in Fig. 11.3. From Fig. 11.3 it was clearly observed that incorporation of granite
powder into base matrix led to decrement in flexural strength of composites and the
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Fig. 11.3 Effect of granite
powder reinforcement on
flexural strength of
composites
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decrement ratewas less. Theflexural strength of aluminumalloy 5083decreased up to
~19% after incorporation of granite particulate into base matrix. The maximum flex-
ural strength 375.13 MPa and minimum flexural strength 315.93 MPa were obtained
for 0 and 6wt% granite-reinforced aluminum alloyed composites, respectively. From
the analysis it was observed that the flexural strength decreases up to 5% by 2 wt%
granite particulate incorporation into base matrix. It further decreased up to 6% on
further addition of 2 wt% granite particulate and further decreased up to 6% on
further addition of 2 wt% granite particulate into base matrix. The possible reason
behind the degradation of flexural strength with incorporation of granite particulate
into base matrix may lead to poor strength between the matrix and filler material,
hence decreased the effectiveness of stress transfer between them [24–26].

Effect of Granite Reinforcement on Hardness

Figure 11.4 shows the hardness variation for granite powder reinforced aluminum
alloy composites. From the graph it was observed that hardness is increased with
the incorporation of granite powder into 5083 aluminum alloy. The hardness of
pure 5083 aluminum alloy was found as 68 Hv, and after addition of 2 wt% granite
powder it increased linearly ~12%. On further addition of 2 wt% granite powder it
increased ~14%. On further addition of 2 wt% granite powder increased ~15% and
the hardness was found to be 107 Hv. The reason behind the increment in hardness
after addition of granite powder into base matrix may be that the granite powder
was a mixture of different hard oxides. These hard oxides were dispersed into base
matrix homogeneously and that would impart strength to base matrix. Similar results
were reported by Park et al. [27] and Hunt et al. [28] for particulate-reinforced metal
matrix composites.
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Fig. 11.4 Effect of granite
powder reinforcement on
hardness of composites
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Effect of Granite Reinforcement on Impact Energy

Impact energy variation with reinforcement for 5083 aluminum alloy was presented
in Fig. 11.5. From the graph itwas observed that addition of granite particles improves
the absorption of impact energy for aluminum alloy composites. The amount of
energy absorption improved from 57 to 69 joules by incorporation of granite powder
into base matrix. The percentage increase in impact energy from 2 to 6 wt% granite
powder filled aluminum alloy composites were ~6, ~8, and ~4%, respectively. The
possible reason behind the enhancement in impact energymaybe the presence of hard
abrasive particles in granite particulate which impart energy to soft matrix material.

Fig. 11.5 Effect of granite
powder reinforcement on
impact strength of
composites
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These hard particles were responsible for the increment in the dislocation pile up
and there was a restriction to the plastic flow. These results were in accordance with
those obtained by Seah et al. [29], Sharma et al. [30], Kataih [31], which reported
similar findings for particulate-filled metal matrix composites.

Effect of Granite Reinforcement on Stress Intensity Factor

The values of mode I stress intensity factors (SIFs) are calculated for granite powder
filled aluminum alloy composites shown in Fig. 11.6. Figure 11.6 shows the variation
of stress intensity factor with increment in granite particulate into 5083 aluminum
alloy, as well as with increment in crack length. From the graph it is clearly observed
that the stress intensity factor magnitude enhances with increment of granite particu-
late into 5083 aluminum alloy. The minimum stress intensity magnitude is obtained
for 0 wt% granite-filled aluminum alloy composite and maximum stress intensity
magnitude is obtained for 6 wt% granite-filled alloy composite. This may attribute
to enhancement of interfacial bonding between matrix-particulates. In the literature
it was reported that the magnitude of stress intensity factor is affected by several
factors such as: the mechanical properties of the matrix and reinforcement, crack
length, and loading conditions. The adhesion strength between the matrix and the
reinforcement plays a significant role in determining the stress intensity factor at
different crack lengths [32–36]. From the graph it was clearly depicted that the stress
intensity factor magnitude is directly proportional to crack length. The crack growth
behavior is significantly affected by several factors such as matrix material and rein-
forcement material. The amount of reinforcement material, their size and shape also
affect the crack growth behavior. Hence, it was very difficult to conclude a specific
cause, specifically particulate-filled alloy composites [32–36].

Fig. 11.6 Effect of granite
powder reinforcement on
stress intensity factor
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Effect of Granite Reinforcement on Thermo-Mechanical
Properties

Thermo-mechanical analysis of composites has been carried out to know the visco-
elastic response of composites. To check the visco-elastic response the following
properties were characterized, such as storage modulus (E′), loss modulus (E′′),
and damping factor (tan δ). These properties act as a function of temperature. The
variation of E′, E′′, and tan δ are shown in Fig. 11.7a–c. Storage modulus (E′) is
known as the stiffness of visco-elastic material. Storage modulus (E′) undergoes a
consistent decaywith increasing temperature in the rangeof 29–250 °C irrespective of
the compositions. Figure 11.7a shows the variation of storagemodulus (E′) for granite
particulate-reinforced aluminum alloyed composites. Figure 11.7a reveals that the
storage modulus decays with increment in temperature, and a maximum decay in
storage modulus was observed for 6 wt% granite powder reinforced composites. On
the other hand, minimumdecay in storagemodulus is observed for granite particulate
reinforced aluminum alloyed composites. The decay in storage modulus magnitude
depends on the incorporation of granite powder particle as particle incorporated into
base matrix enhanced stiffness of composites. The increase in E′ in such cases may
be ascribed to thermally induced phase transformations, leading to hardening of the
composites. Similar observations are reported by Patnaik et al. [37] and Zang et al.
[38] for particulate-reinforced metal alloy composites.

The loss modulus for granite particulate powder reinforced aluminum alloyed
composites is shown in Fig. 11.7b. The graph reveals that with the increase in temper-
ature, loss modulus magnitude is enhanced in the order of 6 wt% granite powder >4
wt% granite powder >2 wt% granite powder >0 wt% granite powder, respectively.
Granite filler reinforcement was the main cause for proper flow of stress across the
interface.

The damping factor (tan δ) indicates the amount of energy recovered in terms of
mechanical damping or internal friction in visco-elastic system. The variation in tan
δ of the composites as a function of temperature is shown in Fig. 11.7c for granite
particulate powder reinforced aluminum alloyed composites. It is observed that the
damping factor is directly proportional to temperature. High damping factor was
obtained for granite powder reinforced composites when stiffness starts to decrease.
The decrement in stiffness leads to the debonding between particulate and matrix
material. The maximum damping factor is observed for 6 wt% granite powder and
minimum for 0 wt% granite powder, respectively, for granite powder reinforced
aluminum alloyed composites. Similar results were reported by Cox et al. [39] and
Licitra et al. [40] for damping behavior of metal matrix composites.
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Conclusion

This work shows that the stone industry waste, like granite powder, can be gainfully
used as a potential cost-effective filler material for particulate-filled metal matrix
composites. This work opens up a new avenue for value-added utilization of a solid
industrial waste like granite powder. The following conclusions were drawn on the
basis of fabrication and experimental results:

1. The granite powder filled aluminum metal matrix composites were fabricated
successfully using stir casting technique with different weight fraction of filler
material. Density and void test shows that density and void content of fabri-
cated composites are enhanced with the incorporation of granite filler into 5083
aluminum alloy.

2. The addition of granite filler into 5083 aluminum alloy leads to the degradation
of flexural strength. However, the maximum and minimum flexural strength was
observed for unfilled aluminum alloy and 6 wt% granite powder reinforcement
aluminum alloy composites.

3. Hardness and impact energy enhanced with the incorporation of granite filler into
5083 aluminum alloy. The maximum hardness and impact strength was found
for 6 wt% granite powder aluminum alloy composites.

4. The magnitude of stress intensity factor enhanced with increment of granite filler
into 5083 aluminum alloy as well as increment in crack lengths. However, 6 wt%
granite powder filled composites shows maximum magnitude of stress intensity
factor and unfilled aluminum alloy shows minimum stress intensity factor.

5. The visco-elastic properties of 5083 aluminum alloy were significantly altered
by incorporation of granite filler in base matrix.
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Chapter 12
Performance Improvement of OEM
Brake Caliper by Manufacturing
with Design Changes
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Abbreviations

WT Weight transfer
W Mass
H Height of center of gravity
L Wheel base
g Acceleration due to gravity
µ Coefficient of friction b/w surface and tyre
WFD Front dynamic load
WRD Rear dynamic load
BFF Braking force front
BTF Braking torque front
BFR Braking force rear
BTR Braking torque rear
Fmc Force on master cylinder
Amc Area of piston master cylinder
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PMc Pressure on master cylinder
Fp1 Pedal force
Fcaliper Force on caliper
Fdisc Force on disc

Introduction

The foremost function of a braking system is to slow down a vehicle by conversion
of its kinetic energy into heat through friction. In a hydraulic braking system, brake
fluid generally containing ethylene glycol is used to transmit the pressure from the
actuating mechanism to the brakingmechanism.When the brake pedal in a hydraulic
system is pressed the pushrod connected to it exerts force on the pistons inside the
master cylinder (Fig. 12.1). This causes the fluid inside the reservoir to flow into
the pressure chamber, resulting in an escalation in pressure of the entire hydraulic
system. This forces the fluid to flow through the hydraulic lines or brake hose toward
the caliper, thereby displacing the pistons of the caliper. The pistons of the caliper
then apply force on the brake pads, pushing them against the rotating disc. The
friction generated between the pads and the disc produces a braking torque which
slows down the vehicle. Heat generated due to friction is either dissipated through
vents and channels in the discs via convection or is conducted through the pads.
When the brake pedal is released the springs in the master cylinder assembly return
the piston back into its position. This action relieves the hydraulic pressure on the
caliper and produces suction to the caliper piston causing it to move back into its
casing and allowing the brake pads to release the disc. Brake caliper are of two types,
namely floating and fixed. In a floating caliper (Fig. 12.2) the piston is on the inboard
side of the caliper and the caliper is mounted on a guiding pin acting as a cylindrical

Fig. 12.1 Working of hydraulic disc braking system
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Fig. 12.2 Floating caliper

support. In a fixed caliper (Fig. 12.3) pistons are present on both sides of the disc
and can be directly fixed to the mountings on the uprights.

The different components of a floating caliper are shown in Fig. 12.4 in order
to explain the modifications in the design explicitly. The primary component of a
caliper is the frame of the brake caliper which provides the function of casing all
the components of caliper, viz., the piston, seals, brake pads, and bleeding screw in
their position and enabling relative motion between them for effective working of the
braking system. The banjo bolt is a hollow perforated bolt which transfers the brake
fluid from the brake hose into the brake caliper. The caliper piston seal performs
the dual function of sealing the piston bore and retracting the caliper piston after
brakes are applied. The dust boot prevents the entry of any dust or foreign substance
inside the caliper. The design of the seal groove assembly of a brake caliper highly
influences the braking performance of the caliper. A bleed screw is a component

Fig. 12.3 Fixed caliper
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Fig. 12.4 Components of floating caliper

which is used to create a temporary opening in a closed hydraulic system facilitating
the removal of air or any other substance from the hydraulic system through the
differences in pressure and density.

In order to have high-performance braking system, it is essential to have an effi-
ciently functioning brake caliper. The efficiency of a brake caliper depends upon few
parameters as explained further. The piston diameter should be sufficiently large to
produce the required braking force. The hydraulic pressure generated inside the brake
caliper should be high enough to ensure that adequate amount of force is applied on
the brake pads. The pressure generated should not be lost due to leakages inside
the caliper so that there is no pressure loss leading to inadequate clamping action.
Removal of air from the hydraulic system is necessary because the presence of air
bubbles in the brake system reduces the hydraulic pressure that is developed within
the system due to the compressed air. Also, the bleeding screw hole in the caliper
should open out at the topmost point of the bore to ensure complete removal of air
from the hydraulic system.

The literaturewas studied to identify the presence of above-mentionedwork. Phad
et al. [1] studied the design and conducted optimization of brake caliper for the system
formaximumperformance. Anwana andCai [2] demonstrated the caliper seal groove
design and also established the mechanics behind the deformation of rubber confined
to the prescribed boundaries of the seal groove. The force and friction analysis of
disc brake and rotor was studied by Mishra et al. [3]. It helps to understand the
force and also the amount of friction on the disc brake, and therefore, estimates
the efficiency of the disc brake. Maleque and Rahman [4] explained the automotive
brake mechanism and suggested that the widely used material is cast iron for the
brake rotor. The author emphasized on the substitution of cast iron products by
other lightweight materials. An idea to design a brake caliper which is lightweight
and provides adequate braking torque required for efficient clamping over the brake
disk of the vehicle in hostile racing environments was presented by Bokade and
Jade [5]. Khairnar et al. [6] made predictions regarding the critical performance
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parameters by taking into consideration the geometric design parameters for the seal
groove design. Pishdad [7] focused on the optimization and analysis regarding a
heavy-duty caliper and applications of asymmetric designs. According to Limpert
[8] the braking force is the most important aspect. The clamping force generated
should always be more than the required braking force to slow the vehicle down
completely. The research of Amrish [9] was to analyze the different classifications
of brake rotors. Brake rotor analysis includes the steady-state thermal analysis and
the structural analysis regarding the same. This paper studies the heat dissipation
and clamping force based on material variation for drilled disk rotor type brake disk
(Negi et al. [10]) after initial testing of the braking setup and its implementation on
the vehicle. The overall adjustability of the braking system meets the design goals
of possessing better and responsive braking system. The other design objective of
achieving minimum stopping distance was also achieved through the redesigned
braking system. Doumiat et al. [11] suggested the normal forces and lateral load
transfer estimation for the vehicle’s safety experimental test. This study introduces the
estimatedwheel to ground contact normal forces, and also the load transfer effect. The
method of testing is proposed based on the dynamic behavior of a vehicle. Vasseljen
[12] explained the braking loads developed by a vehicle under sudden deceleration
and related thermal analysis for the brake disk to sustain the high temperatures.
Also, the integration methods between the caliper and uprights assembly are used
for improving in-wheel packing.Grześ [13] aimed to take consideration regarding the
temperature fields of the disc rotor during short and emergency braking conditions.
This study concluded that in the domain of time the rotating speed of disc along
with contact pressure with respect to specific material properties intensely affects
the disc brake temperature fields. Pohane and Choudhari [14] discussed the use of
finite element model to calculate static structural analysis and transient state analysis.
A three-dimensional model of the brake pad and the disc would be required for the
aforementioned analysis. Blumberg andNeto [15] explained themethodology for the
analysis of the caliper in ANSYS software. This study uses the meshing parameters,
regions to be constrained, and the input parameters for the static analysis.

On the basis of literature survey and practical understanding, certain drawbacks
of original equipment manufacturer (OEM) caliper have been identified. The bleed
screw of the caliper positions downward in direction when mounted on the right
side of the vehicle. This increases the difficulty to remove the air bubbles present
inside the hydraulic braking system and some air bubbleswould remain at the top, and
during the bleeding process complete air cannot be removed which causes inefficient
braking. Generally, the automobile companies manufacture brake caliper for the left
side and the right side separately. This adds up to the machining cost and time for the
manufacturing of two separate designs of caliper.Additionally, the fluid entry passage
of a brake caliper from the brake hose consists of an intricately drilled pathwaywhich
is inclined to all X, Y and Z axes which makes the drilling process complicated and
expensive. Further, due to the complicated geometry of the fluid entry passage, there
are high chances of fluid leakage in the caliper leading to failure of the braking
system. Also, in such calipers the fluid has to travel a longer distance to reach the
caliper piston bore which increases the time taken for clamping action. Importantly,
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the OEM calipers have standard piston diameters which does not have the provision
of using varying diameter pistons. Due to these problems the braking efficiency of
a vehicle is reduced and hence desirable performance like lesser stopping distance
and stopping time are not achieved.

The primary objective of this study is to reduce the chances of leakages in the
brake caliper and in the braking system and achieve lesser stopping distance and
stopping time. The designed brake caliper is intended to have reduced weight with
simplified design and geometry in order to decrease the unsprungmass of the vehicle.
Also, the proposed study aims to design a caliper such that it can provide intermediate
piston diameters according to the working pressure of the fluid and the braking force
required to stop the vehicle. The remaining paper is organized as follows: material
selection is discussed in Sect. 2, methodology in Sect. 3 and design in Sect. 4. The
results are presented and analyzed in Sects. 5, and 6 describes the discussion of the
results.

Material Selection

The selection ofmaterial is crucial in order tomeet the objectives. The caliper housing
material must be rigid enough to sustain all the forces that would occur on it. Also,
the material should have a lesser strength to weight ratio to make the caliper lighter.
To maintain the required strength in the component aluminum 7075 T6 was selected
for the housing with properties as provided in Table 12.1.

The caliper piston material selected was aluminum alloys as the thermal conduc-
tivity of aluminum is high ranging between 200 and 250 W/mK. This leads the heat
to be transmitted through the piston which was generated due to the friction between
rotor and friction pads, causing a fall in disc temperature. Pistons can also be made
of titanium or phenol formaldehyde, but are not preferred because of their high cost
compared to aluminum. To have a safe and efficiently functional braking system, it
is necessary to have brake pads or friction materials with high coefficient of friction
which is independent of temperature effects, velocity, pressure, wear, ambient condi-
tions and corrosion. The friction material also has to be environment-friendly and of
low cost. To satisfy these parameters we selected OEM metal composite brake pads
with properties as shown in Table 12.2.

The piston seal is placed inside the bore of the caliper, and the factors like its
compatibility with brake fluid, operating temperature range, fluid pressure sustain-
ability range, hardness, working conditions, tensile strength, compressibility and
failure modes are crucial considerations. Various materials available for seals are

Table 12.1 Properties of
aluminum 7075 T6

Mechanical
properties

Yield strength Modulus of
elasticity

Poisson’s ratio

Values 503 MPa 71.7 GPa 0.33
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Table 12.2 Brake pad
properties

Modulus in compression 830 MN/m2

Ultimate shear strength 11 N/m2

Thermal conductivity 5796 Nm/hkm

Brinell hardness 14

Friction coefficient 0.35

Unit pressure 0.35–5.2 MN/m2

Identification of 
Flaws and drawbacks

Study of Caliper Market Survey

Analysis of the 
caliper in Solid 

works and Ansys

Designing of 
caliper

Material 
Research

Is the 
design 

safe

No Manufacturing 
of Caliper

Yes Redesigning with 
fillets to reduce 

the stress 

Fig. 12.5 Methodology of proposed system

thermoplastic elastomers, rubber, rigid thermoplastics, and so on. Considering the
properties of the brake fluid, rubber is the best suited material for the seals. It can
operate up to 150 bar and can work within the range of −40 to 130 °C having tensile
strength up to 13 MPa.

Methodology

The methodology followed to implement the proposed system is shown in Fig. 12.5.

Design

The 3D model of a caliper as shown in Fig. 12.6 is created using the software
SolidWorks 2016. The fluid entry port of the caliper is introduced directly into the
bore of the caliper piston with a horizontally drilled pathway parallel to X-axis in
order to simplify the geometry of the fluid entry port. The bleeding valve is positioned
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Fig. 12.6 CAD model of
caliper

in the center to ensure that the bleed screwwill not position in the downward direction
irrespective of its mounting position. The caliper is designed in such a way that it
can accommodate a piston bore of diameter ranging from 28 to 38 mm.

Results and Analysis

Calculations

The following calculations are done for designing the brake system. These calcu-
lations validate that the caliper design meets the necessary requirements. While
braking, the generated braking torque on the rotor must be greater than the torque
on the wheel due to weight transfer for efficient braking action.

Calculation of braking torque requirement:

Weight transfer:WT = (H/L) ∗ (W/g) ∗ µ ∗ g

Dynamic load:Front WFD = Front Static load + WT

Rear WRD = Rear Static load−WT

Required braking force and torque:BF = µg ∗ WFD (12.1)

BT = BF ∗ wheel diameter (12.2)

Calculation of generated braking torque:Fmc = Fp1 ∗ pedal ratio
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PMc = Fmc/Amc

Pmc = Pcaliper

Fcaliper = Pcaliper ∗ Acaliper

Generated braking force and torque:Fdisc = µpad ∗ Fcaliper (12.3)

BTF = Fdisc ∗ Radiusdisc (12.4)

The braking torque that we get from Eq. (12.4) must be greater than that of the
braking torque from Eq. (12.2) for effective braking action.

Design calculations were carried out for an ATV vehicle having kerb weight
250 kg. The parameters like static load of vehicle, wheel base, height of center of
gravity are required for designing. Table 12.3 presents the design input variables. The
master cylinder selected is Bosch tandem master cylinder having a bore diameter of
19.07 mm. The comparison of braking torque for above calculations is presented in
Table 12.4.

The caliper designed has a piston diameter of 32 mm which produces sufficient
torque necessary to stop an ATV of kerb weight 150 kg. But the caliper is designed
in such a way that it can have a maximum of 38 mm diameter piston bore. Hence

Table 12.3 Design input
parameters

Parameters Value

Weight of vehicle (including driver’s
weight)

250 kg

Static load Front 103.5 kg

Rear 116.5 kg

Wheel base 54 inch

CG height 19.97 inch

Coefficient of friction between tires and
road surface

1

Pedal ratio 8:1

Master cylinder bore diameter 19.07 mm

Disc diameter Front 165 mm

Rear 180 mm

Coefficient of friction between the pad
and the disc

0.35

Pedal force 300 N

Caliper piston diameter 32 mm
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Table 12.4 Comparison of braking torque for above calculations

Braking torque Required braking torque (Nm) Generated braking torque (Nm)

Front 265.275 343.00

Rear 100.85 413.910

Table 12.5 Braking torque (Nm) of motorcycle

Master cylinder bore diameter (mm) Caliper piston diameter (mm)

30 32 34 38

12.7 535.6811 609.486 688.05258 859.4705

15.87 343.0519 390.3169 440.63117 550.4078

19.07 237.5814 270.3148 305.16005 381.1861

25.4 133.9203 152.3715 172.01314 214.8676

Table 12.6 Braking torque (Nm) of car

Master cylinder bore diameter (mm) Caliper piston diameter (mm)

30 32 34 38

12.7 468.7209 533.3003 602.046 752.0367

15.87 300.1705 341.5273 385.55227 481.6068

19.07 207.8837 236.5254 267.01505 333.5378

25.4 117.1802 133.3251 150.5115 188.0092

it can produce greater torque which is enough to stop a vehicle of maximum kerb
weight of 1000 kg. Tables 12.5 and 12.6 show the required braking torque to stop a
vehicle and the braking torque provided by the designed caliper. Design calculations
for motorcycle of kerb weight of 180 kg and braking torque of 360–400 Nm are
shown in Table 12.5. Whereas calculations for a car of kerb weight of 1000 kg and
a braking torque between 800 and 600 Nm are shown in Table 12.6.

Analysis

In order to do analyze, the following properties of material were given as input to
the software. The analysis of the CAD model of the caliper is done by varying the
values of force and pressure. Software Ansys 18.1 is used to study the static structural
analysis of the CAD model.

Material: Al 7075 T-6
Density: 2700 kg/m3

Young’s modulus: 72 GPa
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Fig. 12.7 Meshing of
caliper

Ultimate tensile strength: 590 MPa.

Figure 12.7 shows the meshing of the caliper, and by using the default settings
mesh quality (i.e., a coarse mesh with element size = 4 mm) 0.619 was obtained.

The body of the caliper is subjected mainly to two loads that are: (a) Force on the
caliper due to the pressure applied at the back of the piston and (b) force on the caliper
body due to clamping. Considering vehicle mass as 250 kg, weight distribution of
45% at front and 55% at rear, pressure force of piston area of 8.4 MPa, clamping
force of 3000 N at the end of opposite pad and having a fixed support at the two
mounting positions.

The design of caliper has FOS 2.1, total deformation is 0.9 mm, minimum equiv-
alent stress is 0.02536 MPa. The results obtained from the analysis with ANSYS
Workbench are as shown in Figs. 12.8 and 12.9.

After designing we machined the caliper with CNC machining. The machined
caliper is then set up in a front/rear split brake system on a BAJA ATV for bleeding.
The other brake components used are:

Master cylinder—Bosch TMC (19.07 mm bore diameter, 30 mm stroke length)
Brake hose—Stainless steel braided Teflon brake hose (5 mm inner diameter)
Brake disc—SS 420 (front diameter 165 mm, rear diameter 180 mm)
Pedal—Al 7075 pedal ratio 8:1.

Iterations

Several iterations were made to overcome the drawbacks faced during the bleeding
of the caliper.
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Fig. 12.8 Deformation

 
Total Deformation is 0.9 mm

Fig. 12.9 Equivalent stress

 
Min Equivalent stress is 0.02536 M Pa 

Iteration 1:
The oil leaked from the piston bore during the bleeding process. This was because

the oil seal rings could not properly accommodate the seal grooves. Hence the oil
seal rings did not perform its function of preventing the oil leakage. Also, another
function of the seal is to retract the piston backwards, which was not performed due
to improper machining of the grooves.

Result: Improper clamping action.
Action Taken: Machining of grooves with proper tolerances.
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Fig. 12.10 Caliper mounted
on gearbox (inboard braking)

Iteration 2:
After designing the grooves with adequate tolerances, there were no leakages in

the caliper. Also, the new caliper is designed such that the movements of brake pads
are guided properly for clamping of the discs. Figure 12.10 shows the final design
of caliper in rear inboard braking system of an ATV.

After bleeding the brake system, the vehicle was tested to run 150 ft on concrete
surface for validating the stopping distance.

Discussion

In the modified vehicle, custom brake caliper mountings can be incorporated based
on upright assembly for different types of vehicle. Compactness of the model can be
achieved so that in-wheel packing is easier and no hindrance to other subsystems is
formed. According to the total curb weight of the vehicle, the modifications for the
piston bore according to standard piston diameter can be adjusted. Just by keeping
the main design as the same on each caliper and just by varying the piston diameter
the caliper can be used for every type of vehicle segment (SUV, Hatchback, etc.).
Taking into consideration the weight transfer of the vehicle, a compact brake disk
having lesser diameter can be employed. By this method the required braking force
can be achieved and excess forces are not developed so that it can lock the wheel
immediately and cause the vehicle to skid. Also, as the system is made compact
the total assembly weight is made less. By this, the unsprung mass of the vehicle at
each individual wheel is reduced and the vehicle performance is not compromised.
Furthermore, the handling characteristics of vehicle is not compromisedwhenvehicle
goes into bumps and droops. The bleed screw positioning is made such that complete
air bubbles trapped in the system can be evacuated easily. And flow of air bubbles out
of the system is faster so that bleedingprocess canbe faster and clampingperformance
of the caliper is improved.
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Material selected is Al-7075 T-6 for the caliper and SS-420 for brake disk. The
specific gravity as well as cost is less and the performance is enhanced as lightweight
assembly is designed. Also, the material chosen has good corrosion resistance and
thus has longer lifespan. The proposed model is thus better than the available OEM
and offers many benefits. The brake caliper bleed screw has been positioned upwards
to facilitate easier for bleeding process. The piston diameter can be varied according
to the required braking force for complete braking. The weight of the redesigned
caliper is lesser than the OEMcaliper of the same piston diameter. Due to the reduced
weight of the caliper, the unsprung mass of the vehicle also reduces. This indirectly
increases the stability of the vehicle. By using this caliper model, the time required
for assembly of caliper is reduced.

Conclusion

The design goal of the caliper model is to improve the braking efficiency of the
system by making design changes in the geometry of the banjo valve and bleed
screw valve. By employing a seal groove which has perfect tolerance the brake fluid
won’t exit the main piston chamber which would reduce the chances of leakage in
the caliper. By using aluminum 7075-T6 as the standard material for manufacturing,
the overall weight of the assembly would reduce, which would make the unsprung
mass of the vehicle to reduce and the vehicle performance would not be restrained.
The lightweight and compact design helps in improving the vehicle performance
and stability. Based on the mounting points for the caliper on the vehicle upright,
the caliper system can be easily modified so that serviceability is made easy and
is less time-consuming. The simplified design of the caliper enables easy assembly
and disassembly of the component. The calculated stopping distance of the vehicle
was validated by testing it on concrete surfaces. The stopping distance achieved was
2.9m. The designed caliper is suitable to be used in anymotorcycle or any lightweight
four-wheeler. This caliper can be easily used in any BAJA SAE vehicle due to its
compliancewith the design of the vehicle. In the proposedmodel the designed caliper
can only be used for a vehicle with maximum kerb weight of 1000 kg. Beyond
this weight, the caliper will be incapable of providing complete braking. With the
designed caliper, a maximum of 38 mm piston diameter can be achieved. The caliper
is manufactured with the process of CNC machining which is a relatively expensive
process. The CNCmachining does not ensure proper grove geometry to be machined
in the caliper frame. This causes improper retraction of the piston by the seal. The
piston seals are available only in diameter as per the OEM caliper diameter. Hence,
there are no seals available for piston diameters other than the standard ones. This
causes a problem in having the desired piston diameters of the caliper. With further
modifications in caliper, like changing the dimensions of the caliper or increasing
the number of pistons, the caliper can be used for heavier vehicles. With further
advent in the manufacturing process due to mass production, the designed brake
caliper can be die-casted. This process provides more strength to the caliper, reduces
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the machining cost and ensures proper seal groove geometry. Further, an electronic
brake distribution (EBD) system can be used to vary the amount of force applied on
each wheel. Hence, providing adequate clamping action in each wheel.
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Chapter 13
Development of Novel Abrasive Media
Using Granite Dust Powder Waste
for Finishing Applications
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Notations and Abbreviations

SiC Silicon carbide
SR Surface roughness
PAG Polymer abrasive gel
MRR Material removal rate
FEM Finite element method
AFM Abrasive flow machine
ANOVA Analysis of variance
AFF Abrasive flow finishing
TGA Thermo gravimetric analysis
R-AFF Rotational abrasive flow finishing
SDAFM Self-deformable abrasive flow media
FTIR Fourier transform infrared spectroscopy
FESEM Field emission scanning electron microscopy
�Ra The average roughness of a surface
�Rp Max profile peak height
�Rq Root mean square deviation of the profile
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�Rz The difference between the tallest “peak” and the deepest “valley” in the
surface

Introduction

Marble is widely used in the construction and building materials since ancient times.
Disposal of this waste either in the form of powder or aggregates is causing envi-
ronmental problems worldwide. It is well known that there are two sources of waste
generation: One, waste generated from quarries, and two, from processing plants
[1]. Further, two more types of wastes are generated through processing plants:
solid waste and semisolid waste or slurry [2]. Frame sawing with diamond blades
is a widely used machining technique especially by small-scale industries, in which
water is widely used as a coolant and the powder generated blends with water form
viscous slurry [3].

The granite dust powder produced by marble and granite industries causes a lot of
environmental pollution and health problems. In the presentwork, the same industrial
waste is used as the base material for the development of abrasive media which is
further used in finishing application. So, abrasive flow machine (AFM) is a finishing
process widely used to finish difficult profiles and passage. AFM generates uniform
profile and accurate results on a remarkable range of finishing operations. The abra-
sive media flow through the workpiece in which a very small amount of material is
removed by abrasivemedia. Abrasivemedia is comprised of a basematerial, abrasive
particles, and rheological additives. Plasticizers are mixed with the base material to
improve the viscous properties of abrasivemedia.Moreover, the abrasives are the key
in abrasive media, used as aluminum oxide, silicon carbide, cubic boron nitride, and
synthetic diamond. Other constitutes of media are seeded oil, Aloe barbadensis Mill,
and Cyamopsis tetragonoloba powder. The media is tested on rheological properties
like critical strain, viscosity, shear stress, critical temperature, and yield stress. The
nomenclature of developed media is shown in Fig. 13.1.

The desirable properties of AFM media are as follows:

Porosity: It is the proportion of the void volume of void spaces to the mass volume
of the material.

Low adhesion to the workpiece: It is an important property of the abrasive media.
The abrasive media should not stick to the workpiece surface.

Permeability: Themedia should have greater permeability to absorb abrasive and
capability to hold it for longer duration as possible. These properties of the base can
be improved by adding additives.
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Fig. 13.1 Nomenclature of self-deformable abrasive flow media (SDAFM)

Literature Review

In the current decade, hybriding of AFF process with other non-conventional
processes has opened up new vistas for finishing complicated and difficult shapes,
which would have been otherwise impossible with another machining process. In
the same context, Jain et al. [4] analyzed the variables of the abrasive flow machine
process using the finite element method (FEM) for finishing external surfaces. Kar
et al. [5] developed a new AFM media and characterized for fine finishing and are
used in the abrasive flow machine process. Shankar et al. [6] provided the rotary
motion to the workpiece to enhance the performance of AFF and compared the abra-
sive flow finishing (AFF) and rotational abrasive flow finishing (R-AFF) processes
to evaluate their performance in terms of change in MRR and surface roughness.
Gorana et al. [7] analyzed the cutting forces during the finishing process and predict
the surface roughness produced during the AFM process. Singh et al. [8] improved
MRR and surface roughness by applying a magnetic field around the workpiece in
abrasive flow machine. Sambharia et al. [9] characterized an alternatively developed
polymer abrasive gel (PAG) and characterized using TGA, FTIR, and FE-SEM.
Davies et al. [10] conducted experiments using high viscosity, medium viscosity,
and low viscosity poly borosiloxane-based media, with SiC abrasive mesh size (60
and 100) for finishing mild steel dies. Mali et al. [11] used fabricated abrasive flow
machine to the finished machined cylindrical surface of the aluminum-based metal
matrix composite workpiece. Cheema et al. [12] developed efficient, cost-effective,
and environment-friendly media. Magnetically assisted AFM process had improved
the surface finish on non-ferrous material, and less number of cycles was used for the
same MRR when compared with simple AFM. Agrawal et al. [13] synthesized abra-
sive media at varying temperatures and concentrations from experimental results;
they found that the viscosity of the abrasive media decreases with increases in the
percentage of abrasive concentration. From the literature, it is found that very less
studies have been reported for synthesization and characterization of the environ-
mentally friendly media. Also, few studies have been reported for internal polishing
of complex surfaces using friendly and sustainable media. So, the environmental
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footprint of any commercial activity can’t be neglected. Efforts are to be done to
make the AFM process environmentally friendly for the cost factor. These industries
are still following the manual finishing methods for their parts and are unsuitable
for complicated surfaces. Today, the primary challenge in industries is availability
of low cost and environmentally friendly media. Many researchers worked on the
development of fixture and tooling for the part which varies in geometrical size and
shape. But still research work on the development of tooling and fixture for complex
part shape is required so that the mass production can be increased and the cost of
surface finish can be reduced.

Materials and Method

Experimental Equipment

The vacuumized abrasive flow setup (VAFS) is used, which consists of hopper, media
pressurizing equipment, motor, tooling, and workpiece. High-precision weighing
machine is used to measure the quantity of material for media synthesization. FTIR
spectrum 2 (Perkin Elmer) is used for estimations of bonding of media particles in
the range of 4100–400 cm−1 for liquid and solid samples. This instrument is used for
identifying functional groups and characterizing covalent bonding information. The
operational functional groups are identified as IR charts at different wave numbers.
FESEM with EDS Nova Nano FE-SEM 450 is used that gives ultra-high-resolution
characterization and provides precise, true nanometer-scale data. It gives a resolution
of 1.6 nm at 1 kV and <1 nm at 15 nm. FESEM is a scientific instrument that uses
a beam of a dynamic electron to observe objects on a fine scale. The SURFTEST
SJ-210 is a user-friendly surface roughness measurement instrument used for surface
roughness test. It is used to view surface roughness waveforms. Rheology test is used
to measure a rheological parameter of a fluid variation of viscosity of the fluid by
varying temperature as well as varying the shear rate and shear stress given the effect
on viscosity of the fluid. Rheolab QC of Anton Paar make equipment is used for
rheological study of developed media.

Material

The granite dust powder, gel (Aloe barbadensis Mill and Cyamopsis tetragonoloba
powder), SiC abrasives, and high flash point oil are used for the preparation of self-
deformable abrasive flow media (SDAFM). The gel has low flow property and does
not stick on the workpiece surface during polishing.
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The constitutes of media are: as a base material—granite dust powder; plas-
ticizer—high flash point oil; abrasive—silicon carbide (120, 220, 320), carrier—
gel (Aloe barbadensis Mill and Cyamopsis tetragonoloba powder). The following
combinations for SDAFM samples are prepared -

1. Granite dust powder + gel + high flash point oil + SiC (120)
2. Granite dust powder + gel + high flash point oil + SiC (220)
3. Granite dust powder + gel + high flash point oil + SiC (320).

Synthesization Procedure

The media composition is varied by adding the percentage of all contents that affects
themedia property, abrasive concentration, and the viscosity ofmedia. Initially, as per
the required amount of abrasive, granite dust powder is mixed with gel using a mixer
machine. In the next step, plasticizer is mixed as per the procedure as mentioned in
Fig. 13.2.

The self-deformable abrasive flow media (SDAFM) used granite dust powder,
high flash point oil, Aloe barbadensis Mill, and Cyamopsis tetragonoloba powder
with silicon carbide particles as abrasives. The SDAFM is synthesized by blending
abrasive of various mesh sizes (120, 220, 320) semisolid media with various weight
percentages whose viscosity could be changed by the amount of liquid synthesizer.
Three different sample images of different mesh sizes are shown in Fig. 13.3. The
percentage of ingredients of media has been calculated by the formula

% of the particle ingredients = weight of particular ingredients

total weight of the compound
∗ 100 (13.1)

The components of media with their quantity are listed in Table 13.1.
The gudgeon pin shown in Fig. 13.4 is used as a workpiece for experimentation,

which is normally a forged short hollow bar made of a steel alloy of high quality
and hardness that found usefull for connecting the connecting bar and piston.

Step 1
•Measure required amount of granite dust powder.
•Put measured quantity into bowl

Step 2
•Measure gel
•Mix With granite dust powder.

Step 3
•Measure required amount of high flash point oil.
•Mix with step 2 mixture.

Step 4
•Measured abrasive (silicon carbide 120).
•Mix with step 3 mixture.

Fig. 13.2 Synthesis method of media
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Fig. 13.3 Self-deformable abrasive flow media image

Table 13.1 VAFS parameter with variables

S. No. Parameters Variables

1. Base material Granite dust powder (50 g)

2. Carrier Gel (Aloe barbadensis Mill and Cyamopsis
tetragonoloba powder) (6 g)

3. Abrasive Silicon carbide

4. Abrasive mesh size 120, 220, 320

5. Abrasive concentration (wt%) 30, 50, 70%

6. Plasticizer High flash point oil (20, 24, 28%)

7. Workpiece Gudgeon pin

Fig. 13.4 Workpiece images
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Fig. 13.5 Fixture image

Fixture for holding the workpiece is fabricated using lathe machine and designed
ergonomically to reduce the time of workpiece mounting the design, as shown in
Fig. 13.5. Fixture material used is nylon which is easy to machine and non-corrosive
in nature.

Characterization of SDAFM

Fourier Transform Infrared Spectroscopy (FTIR)

The FTIR study shows the presence of amines, amides, alkanes, and aromatics that
produce the elastic nature to the SDAFM. The peaks in Fig. 13.6 show various
compounds present in the abrasivemedia andmore present are alkanes in this sample.
The more presence of alkanes is dominated, which produces the flexible nature of
the carrier.

Field Emission Scanning Electron Microscopy (FESEM)

FESEMstudy for sample in Fig. 13.7 shows that the high-resolution image is captured
by using a FESEM instrument with 500× magnification and 5 µs dwell with field-
free lens mode. The image is showing how the abrasive media ingredient is mixed
together and bonding between plasticizer and abrasive is observed.
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Fig. 13.6 FTIR analyses for media (mesh size 320, 30% abrasive concentration)

Fig. 13.7 SEM image of SDAFM with 220 mesh size and 70% abrasive concentration at 500×
mag. with 5 µs Dwell

Fig. 13.8 Graph of elements for Sample 1 media
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Figure 13.8 shows the graph generated by the data obtained fromFESEM-EDS. In
the graph, the x-axis represents kilo electron voltage (Kev) and the y-axis represents
the count per second per electron voltage (cps/eV). From FESEM-EDS study the
result shows the data on atomic number, atomic mass, and distribution of electrons
in K, L, and M shells for the elements C, Ca, O, Si, Fe, Mg, Al.

Rheological Evaluation of the SDAFM

The rheological property of the media is a significant criterion for optimum surface
finishing results in the AFM process. The viscosity of the media has considerable
impacts on the AFM process performance. Hence, experimentations were performed
to determine the impacts of mesh size, plasticizer %, percentage of the abrasive
concentration, and temperature as mentioned in Table 13.2 on the media viscosity
and the impacts of viscosity on surface roughness. Rheological studies were carried
out for steady shear at various shear rates and the temperature is 20, 32, and 44 °C.

The abrasive (silicon carbide) is mixed with the base material and liquid synthe-
sizer to gain a homogeneous mixture of different abrasive concentration. During the
experimentations, the viscosity of abrasive media is additionally assessed by setting
the temperature at 32 °C and shear rate at 100 s−1 so that the impact of abrasive mesh
size, abrasive concentration, and liquid synthesizer on the abrasive media viscosity
is determined. The study of the impacts of temperature on the viscosity of SDAFM
samples is performed at various temperatures. After the study of the impacts of the
media on its viscosity, samples of various grades of viscosity are used to study the
viscosity effect onAFMperformance. Table 13.3 presents the experimental outcomes
for viscosity measurement for 27 set of different samples selected on the basis of
design of experiments.

ANOVA Analysis
ANOVA and regression analysis was performed with the help of MINITAB 17 soft-
ware. The study helps to know about the most significant parameter chosen as an
input parameter. In Table 13.4, P-value indicates the significance of predictor term,
which means if the P-value of any predictor term or factor is greater than 0.005 then
the factor is insignificant and the effect of this factor on response parameter is less

Table 13.2 Process
parameters and levels

Control factor Level

I II III

A. Abrasive mesh size 120 220 320

B. % Abrasive concentration 30 50 70

C. % Liquid synthesizer 20 24 28

D. Temperature (°C) 20 32 44
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Table 13.3 Viscosity measurement data for 27 set of different samples

S. No. Abrasive mesh
size

% Abrasive
concentration

% Liquid
synthesizer

Temperature
(°C)

Viscosity (Pa s)

1 220 70 28 32 0.051500

2 220 30 20 32 0.037120

3 120 50 24 20 0.067543

4 220 50 28 20 0.107000

5 220 50 20 20 0.074300

6 320 30 24 32 0.121390

7 220 30 24 20 0.322400

8 120 70 24 32 0.231600

9 220 50 20 44 0.154800

10 220 30 24 44 0.041330

11 220 70 20 32 0.035239

12 120 50 20 32 0.070146

13 320 50 24 20 0.214200

14 120 50 28 32 0.087100

15 220 50 24 32 0.078725

16 120 50 24 44 0.388450

17 120 30 24 32 0.049600

18 320 50 24 44 0.125500

19 220 50 28 44 0.172000

20 220 70 24 44 0.430000

21 320 50 20 32 0.021673

22 220 50 24 32 0.094400

23 320 50 28 32 0.021326

24 220 30 28 32 0.050220

25 220 70 24 20 0.002370

26 220 50 24 32 0.102075

27 320 70 24 32 0.031790

than other parameters. Highest F-value with predictor term has the most remarkable
input factor.

Table 13.5 shows that the designed model for viscosity fits about 98.74% of data
points with an average distance of 0.0154100 from the fitted line and can be able to
predict the response of new observations with accuracy of 96.51%.

Regression Analysis
Regression analysis is performed to estimate the relationship between independent
and dependent variables. The main reason for creating a regression equation is to
minimize the sum of squared error.
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Table 13.4 Analysis of variance for viscosity

Source DF Adj SS Adj MS F-value P-value

Regression 9 0.317293 0.035255 148.46 0.004

Mesh size 1 0.010714 0.010714 45.12 0.008

% Abrasive con. 1 0.002145 0.002145 9.03 0.009

% LS 1 0.000766 0.000766 3.23 0.005

Temp. (°C) 1 0.022905 0.022905 96.45 0.003

% LS * mesh size 1 0.024456 0.024456 102.98 0.007

Temp. (°C) * LS 1 0.052264 0.052264 220.09 0.006

Mesh size * %Abrasive con. 1 0.018442 0.018442 77.66 0.002

Mesh size * Temp. (°C) 1 0.041945 0.041945 176.63 0.008

%Abrasive con. * Temp. (°C) 1 0.125564 0.125564 528.76 0.006

Error 17 0.004037 0.000237

Total 26 0.321330

Table 13.5 Predicted
summary for viscosity

S R-sq R-sq (adj) R-sq (pred)

0.0154100 98.74% 98.08% 96.51%

The regression equation for viscosity is = −1.403 + 0.004129 Mesh Size—
0.03097%Abrasive concentration+ 0.3749%LS—0.05466Temp. (°C)—0.01545%
LS * % LS + 0.000628 Temp. (°C) * Temp. (°C)—0.000068 Mesh Size * %
Abrasive concentration—0.000085 Mesh Size * Temp. (°C) + 0.001476% Abrasive
concentration * Temp.

Relationship of Viscosity with Different Input Factors
The viscosity ofmedia during finishing process has a significant impact on the surface
roughness. The effect of liquid synthesizer, temperature, abrasive concentration, and
mesh size on viscosity is discussed in below section.

Effect of Mesh Sizes on Viscosity
Figure 13.9 shows the effect of the decrease in viscosity with abrasive mesh sizes.
This is due to the increase in the quantity of extruded material that affect the abrasive
media flow rate and pressure gradient and results in decrease in viscosity.

Effect of Percentage of Liquid Synthesizers on Viscosity
Figure 13.10 shows the effect of percentage of liquid synthesizer on viscosity. The
viscosity will decrease due to the increase in percentage liquid in gel which results
in flow ability and viscosity will decrease.
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Fig. 13.9 Effect of abrasive mesh size on viscosity
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Fig. 13.10 Effect of percentage of liquid synthesizer on viscosity

Effect of Percentage Abrasive Concentration on Viscosity
Figure 13.11 shows the effect of abrasive concentration on viscosity. The viscosity
will increase due to the decrease in the mobility of particles in the abrasive media.
So with increase in abrasive concentration the viscosity decreases.
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Fig. 13.11 Effect of percentage abrasive concentration on viscosity

Performance Study of SDAFM

Design of Experiment (DOE)

In this experiment, four process parameters, liquid synthesizer, finishing time, mesh
size, and abrasive concentration, are considered as control factors. Each parameter
has three-levels: low, medium, and high level. Four parameters with three levels
are used in response surface design. L27 orthogonal array approach is used for the
experiment. Table 13.6 shows the results of experiment performed as per the design
of experiment.

Effect of Mesh Sizes on Average Surface Roughness (ΔRa)

Figure 13.12 shows the decrease in surface roughness value with increase in the
abrasive mesh sizes due to finer abrasive particles to create smaller indent on the
finishing surface. This action provides a highly surface quality but unable to indent
deeper.
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Table 13.6 Results of experiment performed

S. No. Abrasive
mesh size

%Abrasive
concentration

%Liquid
synthesizer

Finishing
time
(minutes)

Improved surface roughness
(µin)

�Rp �Ra �Rq �Rz

1 220 75 45 9 240 55 68 8

2 220 60 30 9 208 68 145 101

3 220 90 60 9 216 21 67 397

4 220 90 30 9 32 50 13 80

5 120 75 30 9 28 3 5 44

6 220 75 30 11 25 32 14 64

7 220 60 45 11 59 33 28 103

8 220 90 45 11 261 104 141 590

9 320 60 45 9 12 13 5 18

10 320 75 45 7 107 43 51 158

11 120 75 45 11 6 11 2 9

12 120 60 45 9 119 32 24 140

13 220 75 30 7 28 16 22 95

14 120 75 45 7 37 17 29 261

15 220 75 45 9 150 21 40 212

16 220 75 45 9 270 73 96 466

17 220 75 60 11 22 4 6 61

18 320 75 45 11 166 36 76 431

19 220 75 60 7 53 14 22 77

20 220 60 60 9 47 10 14 85

21 120 75 60 9 632 130 303 59

22 220 60 45 7 4 54 2 10

23 320 90 45 9 204 21 53 301

24 320 75 30 9 517 74 187 919

25 320 75 60 9 248 25 83 423

26 220 90 45 7 28 9 3 44

27 120 90 45 9 250 58 80 542

Effect of Abrasive Concentration on Average Surface
Roughness (ΔRa)

Figure 13.13 shows increase in average surface roughness with increase in the abra-
sive concentration. This is due to more number of abrasive particles taking part in
machining process and continues to remove fresh material from the work surface
contributing to the increase in average surface roughness.
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Fig. 13.12 Effect of mesh sizes on average surface roughness
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Fig. 13.13 Effect of abrasive concentration on average surface roughness

Effect of Liquid Synthesizer on Average Surface Roughness
(ΔRa)

Figure 13.14 shows decrease in surface roughness with increase in the liquid synthe-
sizer due to weak bonding between the abrasive particles and polymer chains at low
values of plasticizer and no effective transfer of radial force and axial force from
polymers chains to abrasive particles.
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Fig. 13.14 Effect of liquid synthesizer on average surface roughness

Effect of Finishing Time on Average Surface Roughness (ΔRa)

Figure 13.15 shows increase in average surface roughness with the finishing time. In
the initial finishing time, the average surface roughness increases and then decrease
in Ra value due to initial peak removed in initial cycles.
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Fig. 13.15 Effect of finishing time on average surface roughness
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Conclusion

In the current study the abrasive media (self-deformable abrasive flow media) is
synthesized using industry waste, which is further used in abrasive flow machine for
finishing application. Abrasive media have the property of no-adhesiveness, perme-
ability, porosity, and thermal stable. During synthesization granite dust powder, gel,
high flash point oil, and silicon carbide (abrasive mesh sizes 120, 220, 320) were
used in SDAFM. Summary of conclusion is listed in the following:

1. Media developed is environmentally sustainable and less costly as comparedwith
commercially available media.

2. Significant effect of abrasive concentration, abrasive mesh sizes, percentage
of liquid synthesizer, temperature on viscosity of media was observed during
experimentation.

3. There is significant effect of abrasive concentration, liquid synthesizer, and
finishing time on average surface roughness.
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Chapter 14
Enhancement of Electric Hybrid Vehicle

Dhyey R. Savaliya , Vaibhav M. Dholariya , Uttam B. Khunt ,
Abhishek Singh , Monik M. Dholariya , and Jenish H. Patel

Introduction

An electric bicycle is a system of different components that improve the ride comfort
with less effort, hence gives a smooth ride to the driver. Light electric vehicles are
reducing urban vehicle overcrowding and local pollutant emissions [1]. Every electric
vehicle has three goals: Increase the top speed of vehicle, increase the timespan of
battery in a single charge and decrease the driver’s effort. Solutions to the above
problems are: Top speed is increased by the implementation of electric motor. The
timespan of battery in a single charge is increased by using smart charging system in
vehicle. By the use of electric motor, the pedaling time is decreased, so the driver’s
effort is also decreased. The bicycle has been an old-fashioned recreational product to
a less polluting means of transportation and a compact, ultra-light personal mobility
appliance [2].

For humans traveling has become essential. In order to stay with this fast-forward
world, we need to travel from one place to another. It is very important that traveling
time is very less with less efforts. Also it should be economical and easily available.
With the fast-consuming resources of petrol and diesel, there is a need to find other
different choice. Taking all this into account, a shift away from conventional-based
fuels to using renewable sources of energy is necessary. Electric bike, which will
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be driven by battery thus provides the required voltage to the motor by using some
motor controller [3].

With the advancement in the bicycle industry, significant challenges are posed on
the bicycle electric system. It involves a complex recharging system, which is used
to replace the regenerative braking system, which results in improvement of fuel
economy. The regeneration is better for single, three-switch method and stopping
time is better for two switch and plugging [4]. E-bike helps in smooth and safe drive
at a cost-effective price and it is a user-friendly vehicle [5]. E-bikes has less pollution,
low maintenance cost, reduces noise as compared to conventional IC engine bikes.
These bikes use chemical energy stored in the rechargeable battery packs [6].

Modern world demands high technology that gives solutions to the current and
future problems. Fossil fuel shortage is the main problem nowadays. Considering thr
current ratio of usage of fossil fuels will let its life up to only next few decades. Unde-
sirable climate changes are the red indication for not to usemore fossil fuel anymore.
Best alternative for the automobile fuels to provide the mobility and transportation
of peoples is by sustainable electrical bike. Future e-bike is the premier technical
application as a visionary solution for the better world and the next generation. E-
bike comprises the features like highmobility efficiency, compact in size, electrically
powered, comfortable riding experience, lightweight vehicle [7]. An e-bike offers a
cleaner travel, normally short to medium distance instead of fossil-fueled automo-
tive. From conventional automobile for transportation, we experience problems like
traffic congestion, parking difficulties, and pollution from fossil-fueled vehicles [8].

E-bike

An electric bicycle is also known as e-bike, e-motor bike. It is a bicycle with an
electric motor and different arrangement used to run the bike. Power diagram of
an e-bike is given in Fig. 14.1. Low-power e-bikes use small motor that is used to
assist the rider’s pedal-power. More powerful e-bikes are very closer to moped-style
functionality: if the rider pedals during the ride then it is not an electric motorcycle.

E-bikes use rechargeable batteries, which provide electricity backup up to 25–
35 km/h, depending on different laws, while more high-powered e-bike can run up
to 45 km/h (28 mph).

E-bikes are the electric motor-powered version of motorcycle, which have been
in use since the late nineteenth century.

E-bikes are the mechanical connection between the pedal and the wheel, as the
power transmission is purely electric. This principle allows the cyclist to always
pedal in optimal conditions and provides more freedom to the designer to effect the
pedal feel and the cyclist’s effort [1].
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Fig. 14.1 Power diagram

Classes of E-bike

The classification of e-bikes is mainly decided on its power train. Themotor of e-bike
assists the rider using a pedal assist system or by a power on demand one. These
can be defined as follows: In pedal assist system motor is regulated by pedaling. The
pedal assist increases the effort of rider when he is pedaling. These e-bikes are known
as pedelecs. These kinds of e-bikes have a sensor to detect the speed of pedalling,
force of pedalling or both. If they sense the brake activation then they disable motor
also.

In power on demand: Throttle is used to active the motor and this throttle is placed
on the handlebar like in motorcycles or mopeds or scooters.

Thus, e-bikes can be classified as: Pedelecs or S-Pedelecs.
Pedelecs: It has pedal assist or motorassist. This type of bike has maximum speed

of 25 km/h and mainly its motor power is less than or equal to 250 W, so it is legally
placed in bicycles.

S-Pedelecs: It has only pedal assist system. This kind of bikes uses more than
250Wmotor power, so itsmaximum speed is also higher than pedelecs. Itsmaximum
speed is around 45 km/h. So it is legally classed as a moped because of its speed.

Motors and Drive Train

There are many types or motor used in e-bikes, like hub motor, brushed or brushless
motor, geared motor and so on. There are many arrangements available in different
complexities as per different cost. The electric power assists system used with chain
drive or belt drive. The power of motor is transmitted through the chain and sprocket
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arrangement. The power of motor is changed between 250 and 750 W to protect fast
wear in drive train.

Battery

Normally e-bikes use rechargeable batteries. There are different types of battery
available in the market. for example: lead-acid (SLA), nickel metal hydride (NiMH),
nickel cadmium (NiCd) and lithium-ion (Li- ion). There are also different varieties
of battery as per the voltage, weight, total charge capacity (Ah), ability to handle
overcharging condition, number of cycles before losses in performance. The running
cost of e-bike is very less but the battery replacement cost is high. The lifespan
of battery depends on the type of use. Schematic charge/discharge cycles can help
to increase the overall battery life. Transport vehicles are considered as one of the
biggest contributors for global warming and air pollution. With the main focus on
environment protection, many researches have been done to the development of
electric vehicles (EVs). It has already been widely accepted that EV is a promising
transportation alternative due to its high reduction in greenhouse gas emission and
air pollution. Battery energy storage system is very important to energy storage and
plays amajor role inEVs.Amongdifferent kinds of batteries lithium-ion battery is the
fastest developed and proved to be the most promising component for energy storage
[9]. Battery is the most sensitive part in the powertrain of full e-bike or e-vehicle
because of its cost and weight. The full electric vehicle range and price are mainly
dependent on the battery performances [10]. Battery is the most sensitive element
in hybrid powertrain, so a large recover current can cause damage to the battery
and reduce its life. Nevertheless, the damage to be usually ignored in regenerative
braking [11].

Battery Comparison

1. LEAD-ACID BATTERY (SEALED)
Normally these kinds of batteries are simple to manufacture and cheap in
cost. This technology is well-known and reliable. This battery has lowest self-
discharge rate in all rechargeable batteries. But we are not able to store these
batteries in discharged condition. Lead acid battery has low energy density.

2. LITHIUM-ION BATTERY
This battery has the highest energy density to weight ratio and no memory effect.
Li-ion-cobalt is themost developedLi-ion technologywithflexible shapeoptions.
These batteries need periodic care for long life. However, these kinds of batteries
can easily damage by discharge or over charge. All the lithium-ion technologies
require a protection circuit to prohibit the overheating.
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3. NICKEL CADMIUM BATTERY
Mostly these kinds of batteries have long shelf life in any state of charge and
are available in wide range of sizes and performance options. These batteries
have high discharge capacity. We are able to do fast and simple charging even
after prolonged storage. On the other hand these kinds of batteries have rela-
tively low energy density when compared with newer system and also high self-
discharge rate. These batteries are environmentally unfriendly because of some
toxic contained in NICD batteries.

System Parts with Specification

We used a simple bicycle with V type brakes having a tire size of 26 in. and frame
size around 19.7 mm (Fig. 14.2). Another main part is a PMDC type motor attached
to the bicycle, which runs on a 24-V power and gives power output of 250 W. The
RPM after reduction is 300 on full load current of 13.4 A and no load current 2.2
A (Fig. 14.3). We can achieve 8 Nm constant torque and stall torque up to 40 Nm.
In order to control the motion of the motor a PMDC motor controller is used which
runs on 13.2 mA current and 24 V. It runs upon 250 W power. The throttle required
for the acceleration of bicycle is a twist-type throttle with inner diameter 23 mm,
weight 210 g and a wire length around 1.56 m. We need a DC–DC booster to charge
our battery. The XL6009 boost module costs less and delivers superior performance.
The best working voltage range is 5–32 V with the super-wide boost output voltage
of 5–35 V. It also has circuit protection, overheating protection and short-circuiting
protection. The motor is run by two batteries of 12 V with ampere rating 26 Ah. The
battery comes with sealed maintenance free up to 24 months warranty and weighs

Fig. 14.2 Pedal system
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Fig. 14.3 Motor system

up to 9 kg and occupies 167 × 126 × 175 mm (l × b × h). For this work, we used
lead acid battery just because of cost.

Methods of Producing Regenerative Energy

By Using Arduino and L293d

All Arduino circuits works on 5 V and our motor uses 9 or more than 9 V, so we
cannot directly run the motor threw Arduino; hence we need a device that can run on
both voltage and operate our system. In addition, L293D is one of the best suitable IC
which can easily operate motor and Arduino (Fig. 14.4). In L293D V ss: continuous
5 V input on V ss is necessary to operate the circuit. Enable 1/2: here enable 1 and
enable 2 both are in opposite direction. To operate any one side of this circuit we
need to supply 5 V high pulse on that side enable pin. Output 1/2/3/4: Output 1 and
2 both are on the same side and output 3 and 4 are on the opposite side. All these
output pins are designed to connect with motor. Vs: this pin is connected to our
external power supply like battery but battery has two terminals so we need two pins
to connect battery with circuit. This Vs pin is used to connect to positive terminal of
battery. GND: GND 1 and GND 2 are on the same side of the circuit and GND 3 and
4 are on the opposite side of the circuit. Here, full form of GND is GROUND. We
can directly connect negative terminal of the battery on any of this one. In addition,
Arduino ground pin is connected to any of this one. Input 1/2/3/4: these are connected
with motor so that we can easily operate the motor. For example: when we give high
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Fig. 14.4 L293D circuit diagram

pulse on input 1 and low pulse on input 2 at that time our left-hand side motor is run
in forward direction and the same is applicable for vice versa (Fig. 14.5).

Fig. 14.5 Circuit diagram of L293d with switching
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Arduino Coding

By Using Switching Method

Rider with the help of pedals runs conventional bicycles (Fig. 14.6) and the power-
train of electric bicycle is simpler than the bicycle with energy regenerative system
(Fig. 14.7). As shown in Fig. 14.8 energy regenerative system can be operating by
some steps which are shown as below (Fig. 14.8) Start the e-Bike.When we press the
accelerator pedal at that time current flows from battery to motor through controller,
then wheel is rotated and bike is propelled. When we need to decelerate the vehicle
without braking at that time press the switch so that current from the battery is cutoff
and the motor works as a generator. At that same time our generator generates nearly
about 3–15 V so that we are not able to charge 24 V battery system. We can use

Fig. 14.6 Power train of a
Bicycle

Fig. 14.7 Power train of
e-bike
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Fig. 14.8 Power train of
e-bike with energy
regenerative

DC–DC booster to boost the voltage so that we can charge the battery. When we use
only one booster at that time, the booster is not able to boost the voltage and current
levels to charge the battery sufficiently; hence we can use two booster circuits. To
charge the battery with 6 A and 30 V, this current and voltage level is able to charge
the battery rapidly. All the above conditions are applicable for braking application,
but in braking, the charging of the system is very less. Therefore braking charging
time is not much more efficient. When this energy regenerative system is on then at
that time we are not able to accelerate the vehicle. Switch off the energy regenerative
system to again accelerate or run the vehicle.

Calculation

Vehicle Speed Calculation

T2/T1 = N1/N2

18/14 = 300/N2

N2 = 256.66 R.P.M. (14.1)

where,

T2 = Driven Gear Teeth
T1 = Driving Gear Teeth
N2 = Driven Gear Speed
N1 = Driving Gear Speed
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V1 = r ∗ ω

= 0.33 ∗ 2 N2/60

= 0.33 ∗ 2200/60

= 8.8652m/s

= 31.91496 km/h (14.2)

where,

V1 = Minimum Speed (km/h)

Charging Time Calculation

Battery : 24 v 35Ah Charger : 24 v 7Ah

For Battery : Current(I) = 35Ah

For Charger : Current(I) = 7A

Charging Time = battery current rating ÷ charger current rating

= 35/7

= 5 : 00 h (14.3)

Experimental Result

In the current time there are number of e-vehicles available in the market. They
do not have regenerative system. So we developed this regenerative system. In the
traditional electric cycles BLDC motors are used but in our system we used PMDC
motor because it has no input power consumed for excitation, which improves the
efficiency of DC motor. No field coil hence space for field coil is saved which
reduces the overall size of the motor. Cheaper and economical for fractional kW
rated applications as compared with BLDCmotor. In our system, we have innovated
two methods which are cheaper, simple in construction, less maintenance and easy
to operate. In the operation, we have achieved the highest speed up to 35 km/h by
changing the gear ratio of motor driving gear and wheel sprocket gear. We need this
change because this only enables the motor to give max. speed of 15 km/h with the
available traditional gear set. Under the condition that the motor and wheel gear ratio
is 1:1. When we apply the 1:1.28 gear ratio (in other words motor has 14-teeth gear
and wheel sprocket has 18-teeth gear set) (Eq. 14.1) we get nearly about 27 km/h
speed with around 110 kg weight, which is better than the currently available gear
set in the market (Eq. 14.2). The changes made are in our favor as our main goal is to
regenerate the electricity when vehicle is in deceleration mode. When we attach the
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motor at the wheel gear set in 1:1 ratio and if vehicle starts to decelerate, then at that
time huge amount of load is transmitted to motor through wheel, so the problem of
slipping of chain arises. Electricity regeneration can be done by many conventional
methods, like by using different conventional ICs but we did the same thing in a
different way for reduction in cost. Therefore, we need to fix clearance between
both gears. We have used regenerative braking system using electrical switches and
connected the electrical wires so that it is easy to operate and control. After the
testing of recharging system, the charging voltage obtained is of the range 25–32 V
and the current rating is 1.5–4.7 A, which is sufficient to charge the 24 V battery.
Using this method, we can easily reduce the cost of the system largely and increase
the efficiency because of a smaller number of components used in this system. If we
use 24 V, 35 Ah battery and 24 V 7 A charger, then it take around 5 h to charge the
full battery (Eq. 14.3).

Conclusion

From the above theoretical calculation and practical experimentation, we conclude
that by changing the gear ratio the speed of vehicle is increased. By using the regen-
erative system we are able to generate the energy and with this energy we are able
to charge the battery up to 30%.

If one vehicle can save about an average of 30% of energy, then an average of
about 30–40% of charging electricity is conserved by using this type of vehicle. In
addition, electric bill can also be reduced, as the battery can last long per charge.

The durability and convenience to consumer can be improved by using this type
of vehicle. Charging of lead acid batteries can be done when vehicle is in motion and
accelerator in rest condition. Thus, a number of different aspectswith the use of e-bike
in different situations emerge. These include lower energy cost per distance traveled
for a single rider, savings in other costs such as insurance, license, registration,
parking, and improvement of traffic flow, environmental friendliness, and the health
benefits of the rider.

We can conclude that this e-bike is efficient and can reduce energy losses. It is
economical for human being. E-bike has zero-pollution emission. Therefore, less
pollution reduces the traffic visibility problem in city. E-bikes do not affect the
environment and does not contribute to global warming effect. By using this kind of
electric vehiclewe can save our environment. In future, we can reduce the undesirable
climate change by less use of conventional IC engines and more use of e-vehicles.
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Chapter 15
Extraction of Phenolic Compounds
from the Waste of Borassus flabellifer:
A Step Toward Waste Valorization

Akshay Y. Bageshwar and Meghal A. Desai

Introduction

Consumption of fruits and vegetables by humans has been observed from ancient
times. Scientific studies have shown the positive effect of increased consumption of
such fruits and vegetables toward preventing disease-causing conditions because of
the presence of phytochemicals [1–3]. Polyphenols, vitamins, minerals, proteins,
flavonoids and phenolic acids are the examples of phytochemicals that provide
numerous immunity benefits due to antioxidant, antifungal, antibacterial activities
and soon.Chemicals like polyphenols act as antioxidant andhelp in scavenging active
oxygen species [4]. Reactive oxygen species (ROS) and various oxygen-centered free
radicals keep on developing in human body which resulted in the death of cell and
damage to the tissue. Cancer, cardiovascular problems and so on are implicated due
to such oxygen species and radicals [5]. Oxidation is a process which is naturally
occurring in the human body; hence, there is a need to balance the functioning of
bodyby introducing antioxidants tomaintain goodhealth.Butylated hydroxyl anisole
(BHA) and butylated hydroxy toluene (BHT) are the majorly used synthetic antiox-
idants which are effective but with some side effects [6]. Hence, there is a growing
interest in searching antioxidants from natural resources. Further, promotion of the
national health care programs by Government of India encourages the use of tradi-
tional herbal medicine since such drugs are easily available, show less or no side
effects and have earned trust [7]. It has, therefore, become important to classify and
estimate the required components in fruits and vegetables so as to obtain the benefits
for health. One such natural source of phenolic contents is Borassus flabellifer Linn,
commonly known as palmyra palm or doub palm. It is cultivated around the tropical
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regions of India. Some countries like Thailand, Malaysia, Indonesia, Myanmar and
Sri Lanka also cultivate palmyra palm on a large scale due to favorable climatic
conditions [8].

B. flabellifer is known to be used formultiple purposes, viz., anti-laprotic, diuretic,
analgesic, antipyretic, antiarthritic antiphlogistic and anti-inflammatory actions. The
different parts of the tree have been used in curing various diseases, like fruit is
useful in curing hyperdipsia, dyspepsia, skin diseases and fever [9–13]. The extract
of the roots of this tree contained various phenolic compounds, that is, tannins,
alkaloids, glycosides, terpenoids, flavonoids and saponins [14]. The phytochemical
analysis of fruit of B. flabellifer has shown the presence of carbohydrates, amino
acids, saponins, tannins, flavonoids and phenolic compounds in the extract [15]. All
the parts of the tree like roots, leaves, fruits and seeds possess antioxidant activity due
to the presence of phenolic compounds [14–18]. Various articles have reported on
the useful activities and phytochemical analysis of various parts of B. flabellifer [10–
18]. The fruit contains majorly two parts: a hard cover known as shell and gelatinous
eatable endosperm, often called a tender fruit. However, there is no work reported
on the shell of the fruit and it is the major waste generated after obtaining the fruits.

The objective of the present work was to extract the phenolic compounds from
the shell of the fruits of B. flabellifer. The effect of various parameters like type of
solvent (methanol, ethanol, acetone and water), solid loading (5–20 g), volume of
solvent (50–200 mL), concentration of solvent (0–100%), temperature (25–65 °C)
and extraction time (2–10 h) on extracting the phenolic compounds has been studied
using solvent extraction technique. Based on parametric study, a combination of
optimum conditions has been obtained. The process was then further improved by
incorporating sonication in the system since ultrasound-assisted extraction has the
ability to achieve a faster rate of extraction with comparable yield.

Experiments

Materials

The shells of the fruit ofB. flabellifer were obtained from the local cultivator in Surat,
India. The shells were dried under sunlight for about 4–5 days and then chopped into
small pieces. Those pieces were ground in the laboratory grinder and screened to
have size of the powdered material around 500 µm. The size reduction would help
to improve the mass transfer rate during extraction. Methanol (Rankem Laboratory),
ethanol (Advent Chembio Pvt. Ltd.), acetone (Loba Chemie Laboratory Reagents),
sodium carbonate (Finar Chem), Folin-Ciocalteu phenol reagent (Sisco Research
Laboratories), gallic acid (Finar Chem), tannic acid (S. D. Fine Chem Ltd.) were
used for extraction as well as for analysis purposes along with distilled water.
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Method

Extraction of Phenolic Compounds. The powderedmaterial having an average size
of 500 µm was subjected to extraction using conventional extraction technique. In
this process, a fixed amount of powdered material was subjected to extraction along
with the solvent. The mixture was kept in a round-bottom flask and a condenser was
connected to it to prevent the loss of volatile solvents. The phenomenon of transfer
of solute from solid material to solvent is termed as leaching. The leaching operation
focuses on extracting valuable compounds, known as solute, from the solid feed
using a suitable solvent. In case of natural product extraction, the solvent from the
bulk volumes moves toward liquid film surrounding the solid material after which
it diffuses through the film toward the solid surface. Once the solvent reaches the
surface, it permeates through the cell wall toward the inner part of the cell, wherein
the solute resides. The solvent upon reaching the cell dissolves the solute and when it
becomes saturated moves outward through cell well and then back diffusion. Finally,
it reaches back to the bulk solution. The phenomenon continues till thewhole solution
becomes saturated and the driving force becomes zero.

Based on the solubility of the phenolic compounds in the solvent and its satu-
ration, temperature, and extraction time, recovery of phenolic compounds changes.
Therefore, the effect of various parameters, like type of solvent, solid loading, volume
of solvent, concentration of solvent, temperature and extraction time on extracting
the phenolic compounds has been studied while power was kept constant. Agitation
was kept in the range of 350–400 rpm to ensure uniformity in temperature and mass
transfer. The procedure along with the processing variables is presented in Fig. 15.1.
Upon completion of the extraction, the solution was filtered to remove solid material
and the filtrate was then stored for determining the total phenolic compounds (TPC).
In the present work, TPC was measured in terms of gallic acid and tannic acid. Each
experiment was conducted twice to ensure repeatability.

Ultrasound-Assisted Extraction. The sonicator bath from Aqua Scientific Instru-
ments (Surat, India) was used for performing extraction in the presence of sonication.
Since sonication has the ability to improve the process performance primarily by
reducing the extraction time, the aim of this study was to estimate the time required
for extracting the phenolic compounds using sonication process. All the parameters
except time were kept constant and the extraction was carried out for time period in
the range of 2–10 min.

Determination of Total Phenolic Compounds. The filtered extract was analyzed
for TPC in terms of gallic acid (as mg of gallic acid equivalent weight (mgGAE)/g of
feed material). The sample after dilution if required was assessed using UV-visible
spectrophotometer (DR600, HACH). The method for determining TPC using UV-
visible spectrophotometer was developed based on Folin-Ciocalteumethod [19]. The
standard solution of gallic acid was used to prepare the calibration curve (Fig. 15.2).
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Fig. 15.1 Extraction of phenolic compounds using solvent extraction
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Fig. 15.2 Calibration curve for gallic acid using methanol as a solvent

In addition, TPC was determined in terms of tannic acid (mg of tannic acid equiv-
alent weight (TAE)/g of feed material). The method used UV-visible spectropho-
tometer (DR600, HACH) for determining the concentration of TAE [20]. Using
standard solution of tannic acid, the calibration curve was prepared having R2 =
0.992.
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Results and Discussion

Parametric Study

Effect of Nature of Solvent. It is always preferable to select a solvent which has
a higher affinity toward the targeted compound, hence different solvents have been
used to extract phenolic compounds from the shell and other parameters were kept
constant at 5 g of solid loading, 50 mL pure solvent, 25 °C temperature and 6 h of
extraction time (Fig. 15.3).As seen from thefigure,methanol has provided the highest
recovery of phenolic compounds (29.46mgGAE/g) compared to other solventswhile
acetone has exhibited the lowest recovery. The solubility of phenolic compounds was
more in methanol due to its polarity, and also the methanol was able to penetrate
through the solid material easily compared to other solvents. Hence, a higher extrac-
tion of phenolic compounds was observed in case of methanol and was used for
further studies. Similar results were obtained while extracting rosmarinic acid using
methanol [21, 22].

Effect of Solid Loading. Solid loading assists in determining the capacity of the
process and it is always desirable to operate the process at its maximum capacity.
In order to observe the effect of solid loading, it was varied from 5 to 20 g while
volume of the solvent, solvent concentration, temperature and extraction time were
maintained at 100 mL, 100% methanol, 25 °C and 6 h, respectively. The influence
was observed by determining the phenolic contents in terms of gallic acid and tannic
acid (Fig. 15.4). A recovery of phenolic compounds has experienced a decreasing
trend with a higher solid loading due to decrease in solvent to solid loading ratio. A
higher amount of solid material in a fixed volume of solvent increases the solution
viscosity which may impart resistance in mass transfer leading to reduced recovery
of the solute [23]. TPC in terms of gallic acid equivalent was higher compared to TPC
in terms of tannic acid equivalent. However, both have shown similar behavior upon
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Fig. 15.4 Effect of solid loading on phenolic compounds

increasing the solid amount. The highest recovery was observed at 5 g (52.33 mg
GAE/g and 14.04 mg TAE/g), and therefore, it was used for rest of the experiments.
Similar observations have been made while isolating geraniol from the leaves of
palmarosa [24].

Effect of Solvent Volume. In order to observe the influence of solvent volume
on extraction of phenolic compounds, it was varied in the range of 50–200 mL
while maintaining other parameters constant, that is, solid loading: 5 g, solvent
concentration: 100%methanol, temperature: 25 °C and extraction time: 6 h. A higher
solvent volume provides a higher solubilization capacity as well as improved driving
force for mass transfer. It is based on the principle of mass transfer between solid
and liquid medium, which provides increased concentration gradient [25]. As seen
from Fig. 15.5, the highest extraction (67.29 mg GAE/g and 17.3 mg TAE/g) was
observed for 200 mL.

0

5

10

15

20

25

30

20

40

60

80

100

120

0 50 100 150 200 250

TP
C

 (m
g 

TA
E/

g)

T
PC

 (m
g 

G
A

E
/g

)

Solvent volume (mL)

mg GAE/g mg TAE/g

Fig. 15.5 Effect of solvent volume on phenolic compounds



15 Extraction of Phenolic Compounds from the Waste … 175

0

5

10

15

20

25

30

20

40

60

80

100

120

20 30 40 50 60 70

TP
C

 (m
g 

TA
E/

g)

T
PC

 (m
g 

G
A

E
/g

)

Temperature (°C)

mg GAE/g mg TAE/g

Fig. 15.6 Effect of temperature on phenolic compounds

Effect of Temperature. Diffusivity of solute toward solvent from solid and solubility
of solute in solvent increase when temperature is increased [25, 26]. Hence, leaching
is always preferred at an elevated temperature. Also, a higher temperature reduces the
viscosity and surface tension of solvent which further enhances the rate of extraction
[27]. However, one needs to ensure that there is no degradation of the solute in case of
heat-sensitive compounds [25, 28]. In the present study, the temperature was varied
from 25 to 65 °C and the other parameters were kept constant at 5 g of solid loading,
200 mL pure methanol and 6 h of extraction time (Fig. 15.6). At 65 °C, boiling of the
solvent was observed; hence, the highest recovery might be expected. The phenolic
compounds have exhibited a higher extraction upon increasing the temperature and
the highest extractionwas observed at 65 °C (94.42mgGAE/g and 24.06mgTAE/g).

Effect of Solvent Concentration. A change in the concentration of the solvent may
lead to a change in the recovery of phenolic compounds due to the presence of
two solvents (methanol and water) at the same time. The concentration of methanol
was varied from 0 to 100% (v/v) while keeping other parameters constant, viz.,
solid loading: 5 g, solvent volume: 200 mL, temperature: 65 °C and extraction time:
6 h (Fig. 15.7). There was an increase in the TPC as the purity of solvent was
changed from 0 (pure water) to 100 (pure methanol) % (v/v) which might be due
to the higher affinity of the phenolic compounds toward methanol. However, at
75% (v/v) concentration the extraction efficiency was similar to that with the pure
methanol, that is, 93.53 mg GAE/g and 23.67 mg TAE/g against 94.42 mg GAE/g
and 24.06 mg TAE/g, respectively. Since the solubility of phenolic compounds was
improved because of methanol, desorption of solute has become easier due to the
presence of water [29], and such extraction efficiency could be expected. Hence,
75% (v/v) methanol was used for next experiments.

Effect of Extraction Time. A process should be provided with sufficient time so
that the completion of the extraction can be achieved. A lesser time may lead to
incomplete extraction, while a higher time may result in degradation of the solute
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due to its exposure to the elevated temperature for a longer period. In the presentwork,
the extraction time was varied in the range of 2–10 h, while keeping other parameters
constant (5 g of solid loading, 200 mL methanol with 75% (v/v) concentration and
65 °C temperature). The highest recovery of phenolic compounds was achieved at
8 h that is, 110.3 mg GAE/g and 25.6 mg TAE/g, as shown in Fig. 15.8. As the
time of extraction was further increased, a decrease in the extraction efficiency was
observed. Since the compounds were exposed to elevated temperature for a longer
time as well as they were prone to oxidation, a degradation of the compounds has
been observed [30].
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Ultrasound-Assisted Extraction

In conventional extraction (CE), solvent has to penetrate through the cell wall to
solubilize the solute and then transfer back to the bulk solution. This step is regarded
as the slowest step in the extraction process and leads to extended time of extraction
[23, 24, 27]. Ultrasound-assisted extraction (UAE) has the ability improve the mass
transfer by damaging the cells. In sonication, the propagation of sonic waves leads
to the formation of bubbles, which in turn gets ruptured after attaining the maximum
size. This rupture results in release of tremendous amount of energy at a molecular
level. The energy has the sufficient intensity to damage the cell wall either by creating
cracks, pores, or by breaking the cell walls. Also, a micro-jet phenomenon may
assist in erosion of the cell wall or detexturation. These phenomena allow easy
access of solute, better interaction between solute and solvent, and finally accelerate
the dissolution of the solutes which are either residing in the cell or able to come
out from the cell [27, 31]. Thus, the rate-limiting step observed in the convention
extraction can be eliminated using sonication and the extraction time can be reduced
which may further help in improving the production capacity [31].

In the present study, extraction of phenolic compounds was carried out in sonica-
tion bath at different time intervals (Fig. 15.9) with the combination of parameters
which have provided a better extraction in conventional method except temperature,
that is, solid loading: 5 g; solvent volume: 200 mL, concentration of solvent: 75%
(v/v) methanol and temperature: 30 °C. As seen from the figure, the extraction time
was greatly reduced from 8 h to 8 min when sonication was employed in the process
and TPC was obtained as 92.08 mg GAE/g and 25.35 mg TAE/g.

Apart from the benefit of reduction in extraction time, other advantages are also
obtained upon employing UAE like reduced power consumption, shrunken carbon
footprint and almost negligible utility requirement in terms of cooling water. The
comparison of both the techniques is shown in Fig. 15.10,where conventionalmethod
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has been considered as a reference (100%). Further improvement in the sonica-
tion process can be achieved by varying the sonication parameters, like frequency,
amplitude and pulse ratio.

Conclusion

Borassus flabellifer is the natural source of phenolic compounds that can be used as
an antioxidant for different medicinal purposes. The waste material, that is, shell left
after using the fruit of this plant was evaluated for its possible utilization as the source
of phenolic compounds. Among various solvents like methanol, ethanol, acetone and
water, extraction of phenolic compounds was efficiently carried out using methanol.
Various parameters like solid loading, volume of solvent, temperature, concentration
of solvent and extraction time have been assessed to understand their impact on
the recovery of phenolic compounds. The phenolic contents have been estimated in
terms of gallic acid equivalent and tannic acid equivalent. From the one factor at a
time study, a combination of optimum parameters was obtained as solid loading: 5 g,
solvent volume: 200 mL, temperature: 65 °C, concentration of solvent: 75.5 (v/v)
methanol and extraction time: 8 h. Under the set of optimized conditions, TPC was
obtained as 110.3 mgGAE/g and 25.6 mg TAE/g. In order to overcome the limitation
of the conventional technique, ultrasound-assisted extraction was employed which
has reduced the extraction time from 8 h to 8 min, thereby providing sustainable
alternative to the conventional technique. A detailed study on the process parameters
of ultrasound-assisted extraction will further add value to the process.
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Chapter 16
Use of Sustainable Practices in Cement
Production Industry: A Case Study

Vishal Naranje, T. V. S. Chidambaram, Rajeev Bhushan Garg,
and B. D. Bachchhav

Introduction

Thewell-being of ourworld continued social growth and human development depend
on sustainable development.Cement is oneof themostwidely usedbuildingmaterials
worldwide and is growing in production. Cement, more specifically in the developing
world, is considered as a barometer of the economy’s activities. Dust, carbon dioxide
(CO2), nitrogen oxides (NOx), and sulfur dioxide (SO2) are the most important emis-
sions from cement plants and must be eliminated. Portland cement clinker produces
approximately 800–900 kg of CO2 per one ton. In addition to the issues of natural
resources, the environmental problems associated with Green House Gases (GHGs)
are to be a key factor in the future sustainable development of the cement industry.
Therefore, it is necessary to assess the environmental impact of cement production
process and to check the sustainability of that, for the improvement and contribution
to the environment and ecosystem, especially in the twenty-first century.

The increase in market pressure makes sustainable manufacturing essential for
industries. Many researchers presented a framework for measuring the sustainability
of cement production unit [1–3]. Most of the researchers considered the three pillars
to measure the sustainability namely, (i) Reducing other environmental impacts, (ii)
Occupational health and safety (iii) Social responsibility.
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Various cement manufacturing industries evaluate their sustainability by finding
the importance of each of these parameters [4–6].

In this study, various environmental cost-effective novel methodologies are
discussed that are used by the STAR Cement Co.LLC, RasAl Khaimah, UAE to
improve the sustainability of cement manufacturing industry. The major objective is
to elaborate the integrated, sustainable cement producing practices followed by the
industry consider in this study. These initiatives can be useful to other similar cement
manufacturing industry to improve the sustainability of the cement manufacturing
plant. The next sections briefly described about the cement manufacturing process
and sustainability practices and its benefits to the Cement industry.

Cement Manufacturing Process

The first step in the manufacture of cement is to blend various components of locally
available raw material and fuel additives in such a manner that the resulting cement
has the required chemical composition. The rawmaterials are ground into the powder
form to make them more reactive and blended. The resultant raw mixture that is
called as raw meal is then fed into a rotary cement furnace known as Kiln through a
multistage preheating system called preheater. The rawmeal having a temperature of
65–80 °C is heated up in multiple stages and finally in the kiln at 1300–1450 °C the
clinker is formed. At a temperature range of between 800 and 900 °C, a process called
calcination takes place, wherein the CO2 from the rawmeal is expel forming reactive
CaO from CaCO3. It is then reacted with other components such as SiO2, Al2O3 and
Fe2O3 as a result of solid-state reactions and formsAlite (C3S), Belite (C2S), Calcium
Aluminum (C3A) and Calcium Aluminum Ferrite (C4AF) compounds. The clinking
process is completed when all the oxide components such as Silica, Alumina and
Iron are combined with reactive CaO to form C3S, C2S, C3A, and C4AF crystals
and eventually the amount of free lime (CaO) is reduced to a minimum level (less
than 1.5%). The “clinker” is then ground into a powder form with a small amount
of gypsum to produce “Ordinary Portland Cement,” the type of cement most widely
used [7, 8]. Figure 16.1 shows the cement manufacturing process [9].

This research analyzes the sustainability practices implemented by the Star
Cement on the basis of environmental impacts, occupational health and safety and
social responsibility. The detail strategy is represented in Fig. 16.2. The Star Cement
produces over 2.80MTPA premium-grade clinker to satisfy customers with the ultra-
modern Clinkeriztion unit is located in Ras-al-Khaimah and Fujairah, UAE. The
temperature at the ambient air varies from 10 °C in winter to 50 °C in summer.
Star Cement thrives on five group values namely “Integrity, Commitment, Passion,
Seamlessness, and Speed” to produce and market high-quality clinker and cement
that meets both BS EN and ASTM standards throughout the middle east region. Star
Cement has received multiple MOCCAE, EPDA, and WMA-RAK awards. In oper-
ation Star Cement, Ras Al Khaimah, has an Integrated Management System (IMS)
with ISO 9001:2015, ISO 140001:2015, ISO 18001:2007 and ISO 50001:2011. Star
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Fig. 16.1 Flow diagram of the cement manufacturing process

Fig. 16.2 Sustainable practices in cement industry
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Cement is committed to value creation for its partners in environmental, health and
safety and social terms, with its dream of becoming “The Champion” in Building
Solutions.

Details of Sustainable Initiatives

Initiatives to Control the Environmental Impacts

Taking care of sustainable environment is the continual practice at Star Cement.
Star Cement is supporting government bodies by using many wastes from different
industries and burning these wastes as a fuel in its cement kiln, thereby aiding them
in the safe and efficient disposal of non-biodegradable waste. Star Cement has taken
many initiatives for the benefit of environment on sustained basis. Few of these
initiatives are as listed below.

Completion of three numbers Environment Impact Assessment (EIA) studies
approved by Environment Protection and Development Authority, Government of
Ras Al Khaimah (EPDA-RAK) for the whole plant before the plant inception in
2005 and in the areas of using various Alternate Fuels(AF) and Alternate RawMate-
rials (ARM), respectively. Star Cement is using on regular basis different type of
wastes like Paint waste from paint industries, oil waste from oil filtration plants,
sludge from effluent treatment plants, waste ink from printing industries, waste and
used tyres, waste wood from carpentry and construction business as alternative fuels
for replacing the natural fossil fuel coal. The preferred wastes are having the high
percentage of Lime (CaO), Silica (SiO2), Alumina (Al2O3), Iron (Fe2O3), Alkalies
(Na2O & K2O), Heat values (>3000 kcal/Kg) and less percentage of moisture H2O,
Less Chloride (Cl) and Sulfur (S or SO3). The not preferred waste as an alternate
fuel which are having bad odor, Oversized wastes, high chloride, high sulfur, heavy
metals, highmoisture andmore logistics cost. Figure 16.3 shows the different types of
preferred waste used as alternating fuel. Table 16.1 shows the year-wise distribution
of usage of AF.

While using these wastes, it is mandatory to comply the rules and regulations set
by local authority such as municipality, environment agency etc. A valid NOC from

Fig. 16.3 Various alternating fuel
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Table 16.1 Year-wise usage
of alternate fuel

FY Alternate fuel
consumption (MT)

Thermal substitution rate
(TSR), %

2010–11 150.50 0.20

2011–12 15,477.30 4.60

2012–13 28,886.97 4.72

2013–14 26,728.24 4.34

2014–15 28,687.39 5.21

2015–16 16,160.29 2.68

2016–17 14,893.319 4.36

2017–18 24,965.468 7.67

2018–19 40,569.932 13.35

concerned Govt. authorities like Environment Protection Development Authority,
Waste Management Agency, etc. is required before using these wastes.

Star Cement is the user of the highest alternate raw materials in the region. Star
Cement is using the wastes, which are having silica, lime, alumina and iron contents
like spent pot liner and pot skimming from aluminum industries, copper slag from
ship companies, paint waste from paint industries These alternate raw materials help
in conservation of natural resources of limestone and other corrective materials like
iron ore, shale, etc. as shown in Fig. 16.4.

Table 2 shows the Year-wise Usage of Alternate Raw Materials.
Star Cement initiatives of usingAF to reduce the environmental impact. Company

installed AF feeding system to maximize the use of AF in the country with a cost of
AED 3.53 million in 2010–11 from Europe. This facility is capable to handle solid
wastes 5–75 mm and use the walking floor concept for precise dosing quick action,
safety flaps to avoid any backfire during the system stoppages. Figure 16.5 shows
the solid AF feeding system.

Beside above measures to reduce the environmental impact of cement produc-
tion, company initiated few more measures to control the air pollution, which are
mentioned below.

1. Online continuous ambient air quality monitoring system for measurement of
NO2, SO2, CO, TSP, PM10, PM2.5, O3 and H2S with its direct access to EPDA-
RAK, on 24 × 7 basis.

2. An online continuous stack monitoring system for NOx, SOx, CO and SPM
measurement with its direct access to EPDA-RAK, on 24 × 7 basis.

3. Well-designed, high-efficiency bag dust collectors at all the materials transfer
points and handling the process’s dust-laden gases to avoid fugitive dust
emissions (Fig. 16.6).

4. Installation of radar type level indicators in all materials hoppers to prevent the
materials spillages in case of hopper full conditions.

5. System for handling and usage of alternate fuels available in liquid form in
controlled manner.
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Fig. 16.4 Various alternating raw materials

Table 16.2 Year-wise usage
of alternate raw materials

FY ARM consumption

Tons %

2013–14 2870.96 0.07

2014–15 11,350.03 0.297

2015–16 31,515.33 0.756

2016–17 35,758.241 0.850

2017–18 89,391.715 2.12

2018–19 65,632.018 1.4939
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Fig. 16.5 Automatic solid wastes usage system

Fig. 16.6 Dust collector

6. A road sweeping machine is deployed on regular basis to clean the plant internal
roads.

7. Well-concretefloor parking areas for 54numbers (22wheels) trailers are available
inside the plant premises.



188 V. Naranje et al.

8. Fig. 16.7a–c shows the various types of closed storages for storing and handling
all raw materials and fuels to prevent the fugitive dust emission.

9. Measurement and identification of metals and their compounds, total organic
carbon, hydrogen chloride, hydrogen fluoride, ammonia, dioxins/furans,
benzene, toluene, xylene, polyaromatic hydrocarbons, chlorobenzenes, PCBs,
chloro-naphthalenes, etc. with their reporting to the Ministry of Climate Change
and Water, UAE.

Star Cement is promoting the locally available raw materials specially limestone
in more cost-effective and sustainable way to reaching global standards on emission

(a) Limestone storage (b) Corrective materials storage

(c) Alternate fuel storage

Fig. 16.7 Various types of closed storages
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through a balance of Portland Limestone Cement (PLC), Portland Slag Cement
(PSC) and Portland Pozolana Cement (PPC) production rather than importing
slag/fly ash. This initiative helps to reduce the carbon footprint and promote region’s
economic growth. Star Cement has received and honored with many awards from
the Government for its best environment sustainability practices.

Sustainability Measures for Employee Health and Safety

Health is considered as important in Star Cement for development and efficiency,
maintaining a healthy life and fostering well-being for everybody, at all ages. Health
and Safety at Star Cement is of the utmost importance for all those working for and
on behalf of the Company with “Zero Damage, Zero Injuries and Zero Excuses.”
Safety Goals drive the company to set a world-class safety culture. Safety is just
not a necessity but a value for the company. To face emergency situations, if any,
a well-prepared on-site Emergency Preparedness and Response Plan is in place.
Fire extinguishers and fire hydrants are available with periodic inspection at all the
respective locations as per the Civil Defence guidelines.

Few of the major health and safety practices in role are:

1. On a regular basis, Audiometric and silicosis tests of the employees working in
sound porn areas of power plant.

2. Medical coverage to all employees and their family members.
3. Usage of all relevant PPEs in all the respective working areas of the plant

premises.
4. Implementation of speed limit 15 km/h inside the plant premises as per the

ministerial guidelines.
5. Installation of 73 no. CCTV cameras in and around the plant area for ensuring

the safety practices.
6. Periodic First Aid training to the employees through a certified agency.
7. Periodic safety trainings to the employees from Civil Defence, Government of

Ras Al Khaimah.
8. Emergency evacuation Mock drill program on regular basis to ensure the

emergency safety practices.
9. Availability of Assembly Points at different locations of the plant for safe-

guarding the employees in case of emergency.
10. All safety policies and guidelines are in place with time to time trainings

conducted by the specialists.

The details of safety and health key performance indicators are summarized in
Table 16.3.
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Table 16.3 Safety data of STAR Cement

Sr Description 2015–16 2016–17 2017–18 2018–19 2019–20

1 Number of equipment/property
damage incidents reported

11 9 6 6 9

2 Number of near miss cases reported 164 260 295 292 302

3 Number of first aid cases reported 8 6 5 4 1

4 Number of lost time work case
reported

0 0 0 0 1

5 LTIFR number of LTI * 106/total
yearly man-hours

0 0 0 0 1.36

6 Fatality rate (number of fatalities in a
year/(number of directly employed) ×
10,000

0 0 0 0 0

Social Initiatives

While part of the Aditya Birla Group (ABG), STAR Cement embraced the three key
pillars of ABG Sustainable Business Framework (SBF)—responsible management,
strategic stakeholder engagement and proofing of the future. The framework, in
turn, is in line with international standards. Star Cement is well aligned with all
Government Authorities such as MOCCAE, EPDA, Waste Management, etc. for the
Protection of the Environment by the proper use of waste generated and by avoiding
it for landfill.

Around 2145 numbers, tree plantation along with a lot of landscaping is being
developed in the factory premises. Star Cement is organizing Industry Connect
Program and Tree Plantation events as a part of Environmental and Sustain-
ability initiatives in Collaboration with local institutions like Amity University,
Dubai, Manipal University, Dubai with an involvement of Government authorities
MOCCAE and EPDA. A total of 90 numbers, tree saplings have been planted during
these events. We are working for equitable development in areas like safe drinking
water, sanitation, healthcare, sustainable living and social change in line with global
sustainability goals (SDGs). StarCement has takenup several interventions to support
local Government authorities by providing industrial trainings to many school chil-
dren, community development, etc. and internship program and expert talk to various
local university students.

As a social responsibility, Star Cement initiated the disposal of Waste oily water
from Food industries in collaboration with Waste Management Authority, Ras Al
Khaimah since 2018.Waste oil available after extraction <5% being used as alternate
fuel and waste water after extraction being used for dust suppression in raw mill by
in house installation with water pumps. An arrangement is developed to collect the
waste water in a PVC water tank from dining hall, ware house’s pantry and coal yard
pantry which is approximately 3500 Lit per day and the same is being used with
present sprinkler system for irrigation of lawn in front of dining hall and saplings
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behind CCR car parking area. This initiative saves approximately 3500 L water
per day. Star Cement is committed to incorporating sustainability into its business
activities and seeks to adopt new ways to operate and innovative solutions that can
offer a strategic stimulus to the business model for low carbon growth Ultratech has
voluntarily joined the Cement Sustainability Initiative (CSI) in 2006 as part of the
World Business Council for Sustainable Development, and Star Cement is an integral
part of it. This helped to gain access to the best practices in the cement industry and
benchmarks the company’s own sustainability practices with global players.

Conclusion

The numerous sustainability initiatives the STAR Cement has adopted have been
addressed at length. These initiatives have shown that in the last 10 years, consump-
tion of alternative fuels has increased from 0.20 to 13.35% and, the percentage usage
of ARM rises from 0.07 to 2.12%, reduction in Energy consumption (Electrical and
Thermal). The specific power consumption (kWh/t Clinker) is reduced from 72.86 to
51.62 kWh/t Clinker and the specific heat consumption (Kcal/kg Clinker) is reduced
751–695 kcal/kg Clinker during the last 10 years. These initiatives help in significant
savings of fuel and input raw materials cost. Beside this, the wastes from different
industries are going to landfill and occupying area and polluting the environment.
STARCement provides best incineration process to most of these wastes. This initia-
tive helps to provide economic benefits to local communities, governments and to
industry. The initiatives in the areas of employee health and safety reduced produc-
tion loss time, equipment damage, etc. Therefore, similar kind of initiatives can be
implemented in other cement manufacturing plant to reduce the cement production
cost and improve the profitability of the company without compromising the final
quality of cement.
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Chapter 17
Analysis, Modeling and Experimental
Study of Stretching Stress in the Design
of Pressure Sensor

Shrinkhla Ghildiyal, R. Balasubramaniam, and Joseph John

Introduction

Pressure is a critical parameter to be measured across the fields such as thermody-
namic, aerodynamics, acoustic, fluid mechanics, soil mechanics and biophysics [1].
There are three types of pressure sensors, absolute, gauge and differential, to cover
all these applications. A pressure-sensitive diaphragm is a critical part of a pressure
sensor, and its proper design is important in order to have a pressure sensor, which
is accurate as well as sensitive. Diaphragm is viewed as a spring element, which
deflects by the application of pressure. A general definition of diaphragm is that it is
a prestressed elastic element with firmly clamped edge, which responds to pressure
in terms of deflection and stress [2–4]. The resistance to pressure loading is due
to bending, tensile force and prestress in the diaphragm. The deflection of circular
diaphragm is as follows [3, 5].

Pa4

Et4
= 16

3
(
1 − ν2

)
( y

t

)
+ 7 − ν

3
(
1 − ν2

)
( y

t

)3
(17.1)

Here y is the deflection of the diaphragm at its center, ν is the Poisson’s ratio, a
is the diaphragm radius, P is the applied pressure, E is the Young’s modulus and
t the diaphragm thickness. If diaphragm deflection is small as compared with the
diaphragm thickness,

( y
t

)
the first term on the right side of Eq. (17.1) is only the

significant one and the second term can be neglected without much error. In this
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case, only bending moments are taken into account and tensile stress is neglected.
Equation (17.1) is governed by bending and tensile forces on the diaphragm due
to applied pressure only and is widely reported for the design of pressure sensors
[2–4, 6–10]. However, prestress in the diaphragm is not taken into the consideration
in Eq. (17.1) as well as in the above mentioned works. As explained in this paper,
considering prestress of the diaphragm would improve the analytical model and give
better agreement with experiments.

In the present study, we have mathematically analyzed the prestressed diaphragm,
which provides the radial variation of stress due to the stretching stress at periphery
(SSaP). This radial variation of stress is used further in COMSOL for obtaining the
deflection characteristic of the pressure sensor. Finally, four gauges are tested and
compared with the simulation results to predict the SSaP in them.

Mathematical Analysis of Prestretched Sensitive Element

A diaphragm of diameter 2a and thickness t is shown in (r, θ, z) plane (Fig. 17.1a),
where t is much less than a. An infinitesimal size arc, of inner diameter r , thickness
dr and angular size 2dθ is considered for analysis (see Fig. 17.1b). σ is the stress
on diaphragm and subscript indicate the direction of stress. dr , 2rdθ , 2(r + dr)dθ

are sides and t (along z axis) thickness of arc (Fig. 17.1c). Stress multiplied by area
of a side gives the force in that plane. Stretching is radially symmetric along z axis,
hence θ = 0° is considered further for ease of analysis. Stretching stress at periphery
is referred as SSaP in further study.

As SSaP is applied before clamping on the edge, there would not be any tensile
or bending force due to pressure. Force (due to SSaP) balance on an infinitesimal
element is as follows

2.σθ .dr.t. sin dθ + σr .2rdθ.t = σr+�r .2(r + dr)dθ.t (17.2.1)

As dθ is very small, sin dθ = dθ , Eq. 17.2.1 modifies as follows

2.σθ .dr.dθ.t + σr .2rdθ.t = σr+�r .2(r + dr)dθ.t (17.2.2)

Rearrangement of Eq. 17.2.2 gives

2σθdr + 2σr r = 2

(
σr + ∂σr

∂r
dr

)
.(r + dr) (17.2.3a)

σθdr + σr r = σr r + σr dr + ∂σr

∂r
rdr + ∂σr

∂r
(dr)2 (17.2.3b)

Ignoring the last term of right-hand side,
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Fig. 17.1 a Diaphragm of diameter 2a and thickness t in (r, θ, z) coordinate system, b an infinites-
imal element of dimension dr and 2dθ, c dimensions and forces acting infinitesimal element,
d stresses on diaphragm due to SSaP and applied pressure

σθdr = σr dr + ∂σr

∂r
rdr

σθdr = σr dr + rdσr

σθdr = d(rσr )

σθ = d(rσr )

dr
(17.3)

We assume that stresses perpendicular to (r, θ ) plane such as σz = σzx = σzy = 0.
This assumption is valid here as there is no bending force on the diaphragm. The
strain in diaphragm is as follows

εr = ∇r/
r = 1

E
(σr − σθν) (17.4.1)
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εz = ∇t/
t = − ν

E
(σr + σθ ) (17.4.2)

The volume of diaphragm is given by

V = πr2t

The volumetric change in diaphragm is zero.

∇V

V
= 2 εr + εz = 0 (17.4.3)

From Eqs. 17.4.1–17.4.3

σθ = σr
2 − ν

3ν
(17.5)

From Eqs. (17.3) and (17.5)

σr
2 − ν

3ν
= d(rσr )

dr
(17.6.1)

Let 2−ν
3ν = k

kσr = d(rσr )

dr
(17.6.2)

kσr = σr + r
d(σr )

dr
(17.6.3)

Equation 17.6.3 can be as follows

(k − 1)
dr

r
= d(σr )

σr
(17.6.4)

Integrating both sides,

(k − 1) ln r = ln σr + c1

Mathematical rearrangement

σr = c0r
k−1

Apply the boundary condition that SSaP is σo at the diaphragm periphery of
diameter 2 a:

c0 = σ0a
1−k
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Hence the stress distribution in radial direction due to stretching is given by

σr = σ0

( r
a

)k−1
(17.7)

Simulation of Sensor’s Behavior

Aprestressed diaphragm, clamped at periphery, is taken further for design simulation
in COMSOL Multiphysics 4.3a. It is implemented in simulation using Eq. (17.7) as
the initial condition. Following Eqs. (17.8.1–17.8.4) were used in FEM;

−∇.σ = FV (17.8.1)

σ − σi = C(ε) (17.8.2)

ε = 1

2

[
(∇u)T + ∇u

]
(17.8.3)

C = C(E, ν) (17.8.4)

FV is the internal force per unit volume and it is negligible in the present case.
σ is the stress on each node, σi is the initial stress. In the analysis, Eq. (17.7) is
incorporated as initial stress σi in the body. ε is the strain due to the deformation of
material, E is the elastic constant and ν the Poisson ratio of the material.

The range of SSaP and applied pressure considered in this study is 0–400 MPa
and 0–100 mbar, respectively. Other than that, mechanical property of SS316L and
diaphragm dimensions of 40.0 mm diameter and 0.20 mm thickness are used. Pres-
sure is applied on the diaphragm along the z direction, while the stretching stress
is along radial direction (see Fig. 17.1d). The deflection behavior of the diaphragm
is studied here. The condition of SSaP = 0 MPa means diaphragm is clamped, but
with no stretching. Deflection at the center of the diaphragm with varying SSaP and
given applied pressure is shown in Fig. 17.2a. Three graphs, each corresponding to
a given pressures of 10, 50 and 100 mbar, show that at a constant applied pressure
maximum diaphragm deflection decreases with increasing SSaP.

The behavior of pressure-sensitive diaphragm, for range 0–100 mbar, at various
SSaP is shown in Fig. 17.2b. The deflection at the center reduces with increasing
SSaP, which consequently reduces sensitivity from 1.22 µm/mbar (at no SSaP) to
0.18 µm/mbar (at 400 MPa SSaP), respectively.

Another observation is that the behavior of sensor changes fromnonlinear to linear
as SSaP increases. It is due to the fact that diaphragm deflection y is a significant
fraction of t at low SSaP, thus the (y/t)3 term of Eq. (17.1) cannot be neglected,
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Fig. 17.2 Diaphragm deflection at center versus a Stretching stress at given applied pressure,
b applied pressure at given SSaP

Table 17.1 Diaphragm
deflection at two end points of
SSaP and applied Pressure

SSaP (MPa) Applied pressure
(mbar)

Diaphragm deflection at
center (µm)

0 10 17.20

100 122.47

200 10 3.25

100 32.31

400 10 1.82

100 18.21

which introduces nonlinearity in behavior of the sensor. As SSaP increases, same
term become quite small hence can be ignored without much error. In that case,
sensor behaves linearly as per (y/t) term of Eq. (17.1). The diaphragm deflection at
two extremes of the SSaP and applied pressure range is given in Table 17.1.

Experimental Study

To verify the above-discussed simulation, four pressure gauges of the same range,
same material and same diaphragm dimensions are tested in same condition.
The pressure-sensitive diaphragm in all the gauges is stretched by conventional
mechanical method.

The test gauges are based on the principle of fiber optic Fabry Perot interferometer
(FPI). FPI consists of two partially reflective plane surfaces, which are placed in
proximity and parallel to each other. A normally incident optical beam undergoes
multiple back and forth reflections between them. Because of partial transmission,
there will also be multiple transmitted rays from each surface with a progressive
and fixed phase difference, i.e., 
, 2
, 3
, . . . ,m
; therefore, it is a multibeam
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interferometer. In an FPI, with separation L between its two surfaces, a transmitted
beam (with m round trip travels) will travel length 2 mL, thus introducing phase
m
 = 2π

λ
2mL.When this interferometer is interrogated with broadband light, some

wavelengths havemaximum intensity due to constructive interference and someother
wavelengths have minimum intensity due to destructive interference. Rest of the
wavelengths have intensity in between them. Hence the reflective and transmissive
signal of FPI have modulation, which is unique for an FPI gap L and spectral region
of input light.

The test sensor has an FPI with sapphire as the first reflecting surface and stainless
steel (SS) sheet (SS316L of diameter 40.0 mm and thickness 0.20 mm) as the second
one. In order to achieve high reflectivity, an FPI surface of sapphire is coated with
a broad band thin film reflective coating, while the SS316L sheet is surface finished
with Chemo Mechanical Magneto Rheological finishing process.

The above-mentioned SS sheet, which is one of the two reflective surfaces of
FPI, also works as the pressure-sensitive diaphragm of the gauge. It deflects with
the applied pressure which changes the FPI gap and consequently corresponding
reflective signal. An absolute FPI gap decreases with increasing applied pressure
and each gap is calculated from the reflected spectrum by white light interferometric
technique.

An optical setup based on white light interferometry scheme is employed to
measure the above-discussed gap and subsequently to test the sensor (see Fig. 17.3).
It consists of a Tungsten-Halogen lamp (THL) light source, a 3 dB fiber optic power
splitter and optical spectrum analyzer. THL is a light source of visible and near
infrared spectrum mostly. It launches optical signal into the FPI through the optical
fiber splitter; the reflected signal from FPI goes into the analyzer by the same splitter.
An optical signal from source to FPI is shown by dashed orange line and reflected
signal from FPI to analyzer by blue dotted line. A diffraction grating and linear
CCD array detector (3648 pixels) based optical spectrometer (Avantes make Model
Avaspec3648ULS) is used as demodulation system of the sensor. It is used in the
spectral range of 600–1000 nm with ≈0.20 nm resolution. The FPI gap ranges from
10 to 120 µm can be conveniently measured by this technique. The lower limit

Fig. 17.3 Experimental setup a) Schematic, b) actual photograph of an optical setup
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is governed by the range of spectrometer and the upper limit by the resolution of
spectrometer.

The detailed description of design and manufacturing of these sensors and an
algorithm to calculate the FPI gap from the reflected signal is given thoroughly in
Ref. [11]. This algorithm is based on the fact that all wavelengths corresponding to
intensity maxima or minima are in harmonic relation.

λm = 2l/m (17.9)

It indicates thatmth order of interferencewill be atλm wavelength,whenFPI gap is
l. Uncertainty in the measurement of gap depends on the uncertainty in λm measure-
ment, which is the resolution of optical analyzer. Hence change in gap �l which
corresponds to the movement of mth interference fringe within 0.20 nm (resolution
of the spectrometer) cannot be measured. For example, FPI gap of 47.50 µm have
an interference peak of index 130th at 730.769 nm (as per Eq. 17.9). The detectable
change in FP gap will be when this peak moves by 0.20 nm; it corresponds to an FPI
gap of 47.513 µm. Hence, theoretical uncertainty lies within 0.013 µm = 13 nm.

Four sensors are tested in the range of 0–100 mbar in steps of 10 mbar. All of
them have SS316L diaphragm of 40.0 mm diameter, 0.2 mm thickness and stretched
by conventional mechanical method. The total deflection at the center of diaphragm
for 100 mbar applied pressure is 39.85 µm, 38.47 µm, 36.73 µm and 33.85 µm for
sensor 1, 2, 3 and 4, respectively. Test results of all the sensors are given in Fig. 17.4.
Manufacturing, assembly and testing method of all four are also same.

Simulation results of the diaphragm deflection with applied pressure at various
SSaP are compared with the above discussed experimental results. It is observed that
the experimental characteristic of all four sensors lies within theoretical limits of
150–200 MPa range of SSaP (shown in Fig. 17.4).

As four pressure sensors were tested experimentally and all of them lies within
fixed range of SSaP. Thus it is concluded that SSaP with the conventional method
of stretching would be in the range of 150–200 MPa for the diaphragm of 40.0 mm

Fig. 17.4 Four sensors with
diaphragm of same
dimension show slightly
different deflections at same
applied pressure range and
lies within 150–200 MPa
range of SSaP
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diameter and 0.2 mm thickness. The linear behavior for all the cases is also evident
from the test results, which matches with simulation results also.

Conclusion

In this study, the radial variation of stretching stress due to given SSaP is mathemat-
ically analyzed. It is used further in COMSOL simulation to design the sensor and
observe the effect the SSaP on the behavior of pressure-sensitive diaphragm. The
simulation results showed that diaphragm deflection at 100 mbar applied pressure
is 122.47 µm and 18.21 µm with 0 and 400 MPa SSaP, respectively. The sensor
behavior is nonlinear in first case and becomes linear at higher SSaP. Hence it was
observed that stretching on diaphragm improved linearity, but with reduced sensi-
tivity. Four FPI-based pressure sensors of same type are tested in same pressure range.
Their sensitivity decreases from 398.5 to 338.5 nm/mbar and linearity matches with
simulation results. As four sensors lie in same range of SSaP, it is concluded that the
conventional method of mechanical stretching on the diaphragm of 40 mm diameter
and 0.2 mm thickness provides the SSaP in the range of 150–200 MPa.
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Chapter 18
On Numerical Modeling and Flow
Analysis of Piston Bowl Geometry
of a Compression Ignition Engine

Bridjesh Pappula , Geetha Narayanan Kannaiyan ,
and Seshaiah Turaka

Introduction

Advances in the field of computational fluid dynamics and inmathematical modeling
along with high performance of computer systems have made it possible the compre-
hensive modeling of the in-cylinder flow. Modeling helps to gain insights and under-
stand the swirl, radial velocity and turbulence intensities in the internal combustion
engine cylinder. The longer the time it takes for fuel and air to mix, the performance
of the engine worsens. In air–fuel mixing and combustion, swirl, squish and turbu-
lence havemajor impact on a compression ignition engine. The design of good intake
manifold greatly influences the swirl motion of the air to enhance the combustion [1].
Swirl motion also helps in higher soot oxidation [2]. The swirl motion also depends
on the piston bowl geometry [3] and the cycle efficiency can be improved along with
flexible injection timing [4]. On the other hand, the higher levels of swirl increase the
angular velocity and angular momentum, which hinders the proper mixing of fuel
and air and in-turn combustion [5]. Squish is the rapid acceleration of the air caused
by compression to achieve the ignition temperature. The swirl and squish produces
the turbulent flow at the end of compression [6] and the great intensity of turbulence
which is needed during the compression stroke is generated with intense swirl during
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the suction stroke. The stability of these swirlingmovements allows tomaintain large
turbulence during the fuel injection phase results in increased dispersion of fuel and
the micro mixing of fuel and air. This induces optimal condition for the initiation
and the development of combustion process [7]. The turbulence can be enhanced
with modifications on piston bowl geometries as they have significant impact on the
combustion quality [8–10]. Above all, re-entrant combustion chamber geometries
have more intense turbulence [11, 12]. Some earlier numerical studies [13–15] state
that both NOx and soot can be controlled by proper design of re-entrancy and fuel
injection timing. The key for better fuel economy and to reduce exhaust gas emissions
is the optimization of combustion chamber geometry [16–19].

The present study focuses on the chemical kinetics, combustion and emission
characteristics of a compression ignition engine fuelled with waste plastic oil mixed
with chemical composite additive (WPOCA) which is a mixture of 0.2 vol.% of
soy lecithin and 2 vol.% of Di-tertiary butyl peroxide. The standard hemispherical
piston bowl (HCC) was modified to toroidal spherical grooves piston bowl (TSG).
The combustion process in engine in-cylinder was simulated using KIVA-4 code
coupled with CHEMKIN. Validation of HCC at 80 and 100% loads was performed.
Subsequently, numerical analysis was performed with TSG and compared.

Experimental Setup

The test rig for this study consists of a 5.2 kW compression ignition engine of model
TV1, Kirloskar make. This engine is coupled with an eddy current dynamometer.
Instruments needed to measure combustion performance and emanation character-
istics such as AVL H12D pressure transducer, AVL 364 angle encoder, AVL Digas
444 gas analyzer, AVL make smoke meter are installed onto the test rig. AVL INDI
MICRA-602-T10602A version V2.5 interfaces for online analysis. The detailed
description of setup is presented in [20] and alongside, specifications of engine
are appeared in Table 18.1. The physiochemical properties of test fuels are given
in Table 18.2. Standard operating procedure has been followed in conducting the
experiments.

Computational Tools

Reaction Mechanism of WPO and Sub Models

Simulation was carried using KIVA-4 code, which is coupled with CHEMKIN II
for in-depth chemical calculation. Parameters such as species concentrations, initial
pressure and temperature were given to CHEMKIN II from KIVA-4. Fuel chem-
istry of WPO was established by a multicomponent chemical reaction mechanism
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Table 18.1 Engine
specifications

Make and model Kirloskar, TV1

Number of cylinders 1

Bore, mm 87.5

Stroke, mm 110

Piston bowl Standard: Hemispherical

Modified: Toroidal spherical
groove

Compression ratio 17.5:1

Rated power, kW 5.2

Rated speed, rpm 1500

Fuel injection type Direct injection

Number of nozzle holes 3

Fuel injection pressure, MPa 22

Fuel injection timing, °CA
bTDC

23

Table 18.2 Properties of test fuels

Property Diesel WPO WPOCA ASTM method

Density @15°C (kg m−3) 0.835 0.893 0.862 D4052

Calorific value (MJ kg−1) 45.4 34.2 41.8 D240

Kinematic viscosity (cSt) 2.15 3.12 2.78 D445

Flash point (°C) 49 58 56 D93

Boiling point (°C) 180–330 120–375 – D7169-16

Self-ignition temperature (°C) 210 261 252 D1929-16

Cetane number 45 31 42 D4737

Oxygen content (wt%) 0.03 0.31 0.4 –

wherein, 69 species and 204 reactions are present [21]. The physical properties of
vital components of WPO were added into KIVA-4 fuel library. The KIVA-4 code
is based on finite volume scheme which solves the conservation equations of mass,
momentum and energy. It enables to generate unrestricted grids more easily than
structured grids for very complicated geometries. The unique feature of KIVA-4 is
the multicomponent fuel evaporation algorithm and it also features combustion and
emission formation mechanism along with fuel injection and ignition. In the present
study, Kelvin-Helmholtz and Rayleigh-Taylor hybrid model has been used instead
of Taylor Analog Breakup model for better simulation of fuel breakup process. RNG
k-ε model was used to model turbulence.
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Fig. 18.1 Piston bowl a standard HCC, b modified TSG, c animated HCC, d animated TSG

Piston Bowl

The shape of combustion chamber is one of the decisive factors for creating air
turbulence that determines the quantity and quality of combustion. To enhance the
turbulence effect in combustion chamber, the HCC is modified to TSG. Piston bowl
volume was kept consistent for both configurations with the goal that compression
ratio should be same. It is understood that TSG geometry of piston bowl helps to
allow more fuel and air with high velocity over the grooves. Some part of charge
remains on piston land is forced into the bowl directly that helps to create whirl
flow to get more atomization. The increase fuel air motion may affect to develop
high turbulence. Conventional and animated HCC and TSG profiles are presented in
Fig. 18.1a–d respectively.

Mesh Generation and CFD Methodology

Mesh independence was verified by generating cylinder pressure variations as a
function of crank angle at 50% load and presented in Fig. 18.2. As can be seen from
Fig. 18.2, there is no much deviation in cylinder pressure between fine mesh and
medium mesh the computational study was executed considering the medium mesh.

The number of elements forHCCandTSGwas 301,347 and 475,708, respectively.
Likewise, the number of nodes forHCCandTSGwas 53,355 and 84,851 respectively.
Simulations are carried from 180 °CA (Crank Angle) to 390 °CA, i.e., start of the
compression to 23 °CA after injection. This simplifies the cylinder geometry without
intake and exhaust valve.Unstructuredmesh consists of tetrahedral elements (volume
or 3D) and triangular elements (surface or 2D) elements. Number of nodes increased
with the complexity of the piston bowl shape. In order to reduce the time taken
for CFD simulations, optimal element size (3D) is chosen for meshing to minimize
the total number of nodes. Transient simulations are conducted from 180 °CA to
390 °CA, total duration of 210 °CA. “Dynamic mesh with in-cylinder option is
chosen for the analysis to consider the piston motion. Dynamic mesh methods opted
are smoothing and re-meshing. Spring base smoothing is opted with default settings
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Fig. 18.2 Comparison of cylinder pressure for medium and fine mesh at 50% load

available. Re-meshing sizing function for local cells and local face with refinement
interval of 5 is selected. Deforming dynamic mesh zone is created for cylinder walls.
Rigid dynamic mesh zone is created for piston parts.”

Results and Discussion

Combustion

In design and optimization of combustion chamber, the basic phenomenon of spray
formation, combustion, activation energy and vaporization rate is vital [22]. The
spray of fuel impregnating onto the hot air typically undergoes boiling vaporization
and attains combustion in no time. For the said fuel, WPOCA, the heat release rate
and cylinder pressure curves for TSG and HCC piston profiles at 100% load are
presented based on CFD and experimental values for comparison as Figs. 18.3 and
18.4, respectively.

The heat release rate values for piston profiles based on CFD, i.e., for CFD TSG,
CFD HCC are 58.94 and 53.13 kJ/m3deg, respectively. Likewise based on experi-
mental results, the heat release rates for piston profiles, i.e., for Exp TSG and Exp
HCC are 51.33 and 49.51 kJ/m3deg, respectively. The cylinder pressure values for
piston profiles based on CFD, i.e., for CFD TSG, CFD HCC are 5.86, 5.61 MPa and
experimental results, the cylinder pressure values for piston profiles, i.e., for Exp
TSG and Exp HCC are 5.47 and 4.78 MPa, respectively. The amount of oxygen in
WPOCA being higher and the turbulence induced by toroidal profile contributes to
the propagation of flame kernel and accelerate the combustion [23]. The theoretical
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Fig. 18.3 Heat release plot for HCC and TSG profiles of pistons

Fig. 18.4 Cylinder pressure plot for HCC and TSG profiles of pistons

computation of cylinder pressure provides the qualitative information on the combus-
tion phenomenon. With increase in the surface temperature of air in the combustion
chamber, the heat generation rate increases with decrease in rate of evaporation this
results in decreased ignition delay period.
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Turbulence Kinetic Energy (TKE) Distribution

Piston bowls produce swirl by forcing the air toward center of the cylinder and causes
an increase in turbulence. The TKE distribution for TSG and HCC is presented in
Fig. 18.5. TKE for TSG is higher than HCC, which is seen as spread across in greater
area and is shifted toward the walls of the combustion chamber. TKE distribution is
significant in TSG at a crank angle of 10° bTDC as compared at other crank angles
and also with HCC. This may be due to the enhanced air entrainment in TSG profile
resulting in better fuel air mixing. It is also understood that high TKEwith high swirl
results in high speed flame propagation.

Conclusion

The numerical investigation on the effect of piston bowl geometry on combus-
tion characteristics of a compression ignition engine was performed. Two piston
profiles namely HCC and TSG were considered for the study. The obtained numer-
ical computation results were compared with the experimental results. The following
conclusions were drawn:

• Turbulence effect is increased with TSG piston profile than the standard HCC
piston profile.

• There was an increase in cylinder pressure by 3.24% in TSG as compared with
HCC

• The heat release rate in TSG was higher than HCC by 9.85%.
• The ignition delay period is low in TSG resulting in increased heat release rate.
• To improve the combustion phenomenon, higher swirl with higher TKE is desired

and a trade-off between swirl and TKE are as well desirable.

With decrease in bowl diameter inTSG, theTKEdistribution increase as the piston
travels toward top dead center position. To conclude, toroidal spherical grooves piston
profile is preferred for the specified constant speed engine running at different loads.
Further, emission characteristics should also be analyzed to optimize the combustion
chamber geometry.
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Fig. 18.5 Turbulence kinetic energy distribution plot for HCC and TSG profiles of pistons
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Chapter 19
FEM-Based Thermal Modeling
for Analyzing ECDM Process

Manoj Kumar , R. O. Vaishya , and N. M. Suri

Introduction

Quartz glass is an important engineering material widely used in aerospace, defense,
and electronic components. The quartz material offers superior characteristics over
conventional material such as high strength to weight ratio, transparent, thermal, and
chemical stability. Although there are other forms of glass-like borosilicate, soda-
lime glass but quartz glass is preferred because of its high hardness and melting
point. These properties make processing and machining difficult at the microlevel
with precision when used in biomedical applications such as microfluidic devices
[1, 2].

The conventional machining of quartz glass is nearly impossible under normal
conditions due to its brittle nature. However, some sophisticated processes like CNC
machining, diamond turning, and nontraditional machining can machine this mate-
rial but have some limitations. The machining with advanced machining techniques
like EDM and ECM is not possible due to the nonconducting nature of quartz mate-
rial. The 3D structure can be fabricated using selective laser-induced etching, but
the process is complex in comparison to selective laser melting in terms of post-
treatment due to in-line capability [3]. Additive manufacturing has replaced manual
glass production [4] but fine and deep microfeatures not possible. Lin and Chen [5]
studied the effect of assistingmachining techniques duringmachining of quartz glass
depicts the cutting marks represents a brittle-ductile transition in biaxial ultrasonic-
assistedmachining. The glass polishing can be donewith ultrasonic-assisted abrasive
water jet machining through the plastic deformation material removal process [6].
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ECDM is a hybrid process combining the features of the ECM and EDM process,
which can machine almost any type of materials including fiber-reinforced polymer,
metal matrix composite, ceramics, glass, and superalloys, etc. ECDM has the poten-
tial to machine nonconducting quartz glass material, which otherwise not possible
with EDM and ECM process. ECDM is considered to be five times faster than
its parent processes [7]. Kurafuji and Suda developed the ECDM process while
machining glass and termed as electric discharge drilling [8]. Since then, a signifi-
cant amount of development has been done to understand the process but still, the
process has not been commercialized yet. Basak and Ghosh [9, 10] considered the
process as an electric circuit and validated the model through experiments. Singh
and Goud [11] claimed the developed 3D spark model has better results than earlier
available 2D models. Wei et al. [12] simulated the model for a single spark through
the finite element method for the discharge regime. Panda and Yadava [13] predicted
the material removal through Gaussian heat flux input energy for traveling wire
electrochemical discharge machining, for mild steel and glass workpiece material
reported that with an increase in spark radius the material removal decreases. Paul
and Korah [14] suggested that pulse DC has higher MRR compared with DC with
a lower temperature range for borosilicate glass. Goud and Sharma [15] estimated
the material removal rate using FEM, reported the enhancement in material removal
rate for alumina and soda-lime glass by an increase in electrolyte concentration. The
ECDM produces toxic fumes that raise health problems for the operator [16, 17].
The literature review on process FEM study is shown in Table 19.1.

The ECDM process is an evolving technique to machine difficult to process espe-
cially insulating materials. The process has tremendous potential to replace earlier
existed expensive processes but very limited studies have been presented. The process
parameters control and in-depth knowledge of the process are still to be explored.
The literature shows that most of the work is experimental and very few theoret-
ical models have been proposed. In this study, the 2D FEM model developed with
Gaussian heat flow input to predict the thermal plots, and based on that, the material
removal rate is calculated.

Methodology

Assumptions

The discharge energy produced due to electrochemical discharge phenomena is
mainly responsible for material erosion, leaves craters at the machined surface. As
the process is complex, therefore certain assumptions were made while developing
and analyzing the model [15, 18, 19]

1. The shape, size, and nature of all sparks are the same.
2. The sample material is homogeneous and isotropic.
3. Each spark has a constant duty cycle.
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Table 19.1 Summary of FEM study on the ECDM process

Sr. No. Authors Workpiece material Inference

1 Rajput et al. 2020 [21] Soda-lime glass The CTAB surfactants added
electrolyte at critical micelle
concentration improves the
material removal rate by
40%

2 Singh and Goud 2019
[11]

Soda-lime glass and quartz
glass

The developed model was
compared with already
published data and found a
maximum error of
1.95 mg/min for the material
removal rate. The study
shows 3D spark model has a
closer agreement with
published experimental data

3 Goud and Sharma 2017
[15]

Soda-lime glass and
alumina

The 2D and 3D models have
a similar trend for the
material removal rate. The
material removal rate
increases from 10 to 45%
electrolyte concentration

4 Paul and Korah 2016
[14]

Borosilicate glass The comparison between DC
and pulsed DC power source
has been made using a curve
fitting method. The MRR is
increased by 1.675 times for
pulse to normal DC power
source

5 Panda and Yadava 2009
[13]

Mild steel and glass For both the workpiece
material, the MRR increases
with an increase in the duty
factor and ejection efficiency.
The predicted material has a
slightly higher value due to
assumptions made

6 Wei et al. 2011 [12] Soda-lime glass The model was developed
for a discharge regime for a
single spark. The model
found the drilling depth less
than 0.3 mm and thermal
power transfer 29.1%

(continued)
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Table 19.1 (continued)

Sr. No. Authors Workpiece material Inference

7 Bhondwe et al. 2006
[18]

Soda-lime glass and
alumina

The easy material removal
was observed for soda-lime
glass compared with the
alumina material. For
soda-lime glass, the material
removal rate holds a
saturation value beyond 30%
electrolyte concentration

4. The electrolyte level and tool wear are independent of the thermal spark.
5. The thermal melting of the workpiece is mainly responsible for the material.
6. The hemispherical is considered of thermal craters on the workpiece sample.
7. The Gaussian heat flux distribution is assumed for analysis.
8. The discharge efficiency during machining is taken as 100%.

Governing/Model Equation

For the above assumptions, the transient thermal diffusion equation governing the
heat in the workpiece is given by Eq. (19.1).

∂T

∂t
=∝

(
∂2T

∂x2
+ ∂2T

∂y2
+ ∂2T

∂z2

)
(19.1)

where ∝
(
= k

ρc

)
. is the thermal diffusive coefficient. K, ρ, and c, are the thermal

conductivity, density, and specific heat of the workpiece material, respectively.
Further, x, y is the geometric coordinate points, while t and T are the time parameter
and temperature during analysis. In the proposed study, Gaussian heat distribution
is assumed during analysis is represented by Eq. (19.2) [18].

q(r) = 4.45RwVc Ic
πr2

exp

(
−4.5

r2

R2

)
(19.2)

where Rw is the energy partition of the workpiece, V c and Ic are the critical voltage
and current. Further, r and R are a radial distance from the KN plane along the y-axis
and maximum spark radius, respectively, depicted in Fig. 19.1.
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Fig. 19.1 Boundary
condition of the study

Boundary Conditions

In the ECDM process, a spark occurs at one point over the large surface for a very
small interval of time. The KLMN rectangular plot is shown in Fig. 19.1 that demon-
strates the effect of a single spark. The effect of heat in the LM and MN plane is
negligible and considered to be perfectly insulated. For the KN plane, when viewing
in 3D, the heat generated would be symmetrical. However, along the KL plane, the
heat dissipated in two modes. First, with the conduction mode, until the zone reaches
the maximum value of radius R, beyond this point, the convective mode of heat
transfer occurs [19]. The workpiece is assumed to be in infinite large comparing to
that of spark. From the above discussion, the following representation can be made
by Eqs. (19.3) and (19.4).

K
∂T

∂y
=

{
q(r), if r ≤ R
h(T − T∞), if r > R.

(19.3)

∂T

∂n
= 0 (19.4)
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Spark Radius and Fraction of Energy Partition

It is challenging to measure the spark radius for small pulse duration (mainly of
order 10−4 s). In this study, spark radius is assumed to be constant, i.e., 150 µm,
resulted from experimentation reported [20]. The current duringmachining is mainly
governed by electrolyte concentration. A mathematical equation is derived for crit-
ical current as a function of electrolyte concentration using a curve fitti method
represented by Eq. (19.5). For energy distribution, detailed and specific research was
conducted by Kulkarni et al. [9, 10, 18, 20]. As per assumption, the only section
of overall energy utilized to increase the temperature of quartz material, and the
remaining energy used for a generation the electrolyte temperature surrounding the
machining zone [9, 10, 12].

I = 0.71429 + 0.091378 × C − 0.002.7056 × C2 + 3.2323 × 10−5C3 (19.5)

where I is the machining current, and C is the electrolyte concentration.
Thematerial is removed from theworkpiece once the temperature in theworkpiece

becomes higher than the melting point. The profile of material removal is shown
in Fig. 19.2, assuming that curve follows the polynomial equation. Therefore, the
volume of material removal and material removal rate is represented by Eqs. (19.7–
19.8).

Fig. 19.2 Profile of material removal
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Fig. 19.3 Mechanism of the ECDM process

Mechanism and Calculation of the Material Removal Rate

From Fig. 19.3, two conductive electrodes namely cathode (mainly act as a tool) and
anode (auxiliary electrode) is dipped in the conductive electrolyte such as KOH and
NaOH.The ends of electrodes are connectedwith appliedDCvoltage power supply in
which negative and positive end linked to tool and auxiliary electrode respectively.
Under the action of the applied DC voltage source, the electrochemical reactions
occur. The H2 bubbles start forming across the tool and O2 bubbles at the auxiliary
electrode. With an increase in the applied voltage, the rate of the electrochemical
reaction is increased, the H2 gas bubbles grow in size, that shields the tool and
forms a gas film, which leads to large electrical resistance through which thermal
spark occurs. The intensity of spark varies with input energy available, assumed as
Gaussian heat input by adjusting the quartz material in the close locality of electric
discharge. The intensity of thermal spark is so high that it melts the workpiece,
and ultimately material is removed through evaporation. The process is also called
high-temperature chemical etching as the thermal spark is responsible for material
removal in the form of a crater. The total material removal rate is calculated as
material removal in one discharge and a total number of discharge per unit time [22].

Materials and Experimental Setup

The readily available quartz glass is used as the workpiece, procured from
Hitech Ceramics, Chennai, India. The detailed working characteristics are listed
in Table 19.2. The material having dimensions of 75 × 25 × 3 mm. The modeling
and analysis of the workpiece are done using ANSYS 2016 software package.
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Table 19.2 Properties of quartz glass

SiO2 content Melting
point

Electrical
resistivity

Tensile
strength

Moh’s
hardness

Density Color

99.995% 1853 K 2 × 1019

(� cm) at
20 °C

70 × 103

KN/m2
6 2200 kg/m3 Transparent

The in-house built hybrid ECDMprocess setup is utilized to conduct experiments.
The NaOH electrolyte is used as an electrolyte due to its better specific conductance.
The cylindrical shaped stainless steel and graphite are used asmicrotool and auxiliary
electrode. The setup is fabricated by putting together the subparts like the machining
tank, power supply, tool, anode, wiring system, and workpiece fixtures. The Pyrex
glass having dimension 300 × 300 × 100 mm is used as a machining chamber.
The DC power supply is used as an input power supply having an output range of
voltage and current 0–120 V and 0–10 Amp, respectively. The negative and positive
terminal of DC power is connected to the tool and auxiliary electrode, respectively.
The machining conditions affect the performance of any manufacturing process. The
details of the experimental conditions are shown in Table 19.3. The material removal
is estimated from the change in weight of quartz material before and after machining
[23, 24].

MRR = m i − mf

t
(19.6)

The material is removed from the workpiece when the work material temperature
(T ) becomes greater than the melting point temperature (Tm), i.e., T > Tm. The
isothermal planes of temperature distributions are processed to evaluate volume (V 1)
of material removed. From Fig. 19.2, the material erosion from the quartz glass in
the form of a hemisphere and expressed as

Table 19.3 Fixed and variable parameters of the ECDM process

Fixed parameters Variable parameters Simulation
study

Experimental
study

Machine In-house built
ECDM setup

Concentration
(wt%)

15 0.0514 0.0606

Electrolyte Sodium
hydroxide

20 0.0809 0.0993

Sample
material

Quartz glass 25 0.0954 0.1145

Anode Graphite
(L-80 mm)

Voltage (V) 45 0.0514 0.0606

Cathode Stainless steel 50 0.1963 0.2393

Current 0–10 Amp 55 0.2789 0.3438
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V1 =
˚

r zθdrdzdθ = 2

3
πr2z p (19.7)

V2 = V1 × n × ρ (19.8)

where,

MRR = material removal rate (mg/min)
V 1 = Volume of material removed due to one spark
V 2 = Final volume (mg/min)
mi = weight of the sample before the machining (mg)
mf = weight of the sample after machining (mg)
t = time taken during machining (min)
n = number of sparks per unit time
ρ = density of workpiece (mg/mm3).

Results and Discussion

FEMModel

The FEM-based thermal model is established to estimate the material removal rate of
quartz work material by acquiring the isothermal plots of temperature distributions.
The development of the thermal model comprises applying the boundary conditions
(Fig. 19.1) followed bymeshing andANSYS solver. The solver gives the temperature
values at each of the element nodes. The model is meshed into small elements using
a tetrahedron method with a patch algorithm. It enhances model solving accuracy.
The profile preserving method is used for manual mapping and having volumetric
transfer type. A total of 183,543 nodes are obtained during the model meshing with
100,793 elements. The heat input boundary is further refined for improving mesh
accuracy.

Validations

The developed model is validated by comparing the simulated MRR of quartz with
the previously reported experimental MRR [25] and the present experimental study.
Figure 19.4 shows the comparison of simulated MRR with the experimental MRR
[25] and the present study. It is found that the inclination of simulated MRR is
similar when compared with the experimental study [25]. However, a difference in
the MRR values is also seen due to the assumptions made in the present model.
Moreover, experiments are also performed to assess the model validity and good
agreement is observed between the two. Few differences are also observed which
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Fig. 19.4 MRR comparison
with previous and present
study at different electrolyte
concentrations
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may be accounted for the assumptions made in the model, i.e., spark radius, energy
transference, etc.

Parametric Study on MRR

Effect of Electrolyte Concentration on MRR

Figure 19.4 illustrates that the MRR of quartz improves successfully, the enhance-
ment in electrolyte concentration from 15 to 30 wt%, an increase of 1.54 times in
material removal rate is observed with the 100% increase in electrolyte on centration
because it enhances the development rate of hydrogen bubbles inside the electrolyte.
Subsequently, the quick formation of the gas film is seen at the tool vicinity. As a
result, the high frequency of sparks observed over the work material that causes an
increase in thermal energy input [26]. FEM simulation depicted that the quantity of
thermal energy transmitted to the quartz glass increases with the increase in elec-
trolyte concentration due to the increase in heat flux as seen in Fig. 19.5a. It increases
the peak temperature of the work material as shown in Fig. 19.5b. The simulation
results of the increase in work material are illustrated in Fig. 19.6. Thus, high MRR
is observed at higher electrolyte concentration for quartz material.

Effect of Applied Voltage on MRR

Figure 19.7 shows theMRRvariation of simulated and experimentalMRRat different
applied voltage. It is seen that MRR improves with the increment in applied voltage
due to the increased thermal energy in the machining zone. An increase in applied
voltage accelerates the electrolysis process that enables the quick formation of gas
film and as a result, high spark intensity occurs over the work material. As a result,
high MRR is obtained at high levels of the applied voltage.
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Fig. 19.5 Influence of electrolyte concentration on a heat flux (N/mm2), b temperature (K)

Fig. 19.6 Isothermal plots at electrolyte concentration a 15%, b 20%, c 25%, d 30%

Fig. 19.7 Influence of DC
voltage on MRR
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Conclusion

In the proposed study, the 2D Gaussian heat distribution model has been devel-
oped by a finite element analysis for quartz glass while machining using a micro
electrochemical discharge machining process. The thermal plots were used to find
the material removal from the workpiece. The effect of applied DC voltage and
electrolyte concentration was studied on material removal and compared with the
previously conducted study. The conclusion is summarized as follows.

The simulated model has a close agreement with the previous study and confir-
mation experimental study with a slight variation due to the assumption made
while developing the model. The material removal rate is found to increase with
an increase in the electrolyte concentration and applied voltage. The ECDM is a
complex, random, and hybrid machining technique therefore, the model can be
further developed to include the 3Dspark region andothermodes ofmaterial removal.
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Chapter 20
Designing and Analyzing the Different
Parameters of Pulp Removal Machine

Chiraya Hans Wilson and Boby K. George

Introduction

Gelatin has got inevitable usages in the pharmaceutical and food industries. Many
of the gelatin manufacturing industries use ossein as the raw material for production
of gelatin. Ossein is bone material of animals generally chipped to size of about
0.5 cm. The raw material ossein contains large amount of impurities. Therefore, it
is necessary to filter out the impurities during the production of gelatin as in [1].
For filtration process, paper pulp cake placed over the filtration plate acts as the
permissible membrane. By filtering the ossein using paper pulp, we could attain
microfiltration of ossein. During filtration process, the impurities present in ossein
such as insoluble mineral salts would get filtered at the paper pulp membrane. So
it is required to replace the impure paper pulp membrane with new membrane as
well as clean the filtration plate after each filtration process. In Gelatin industries,
the removing of contaminated paper pulp and cleaning of filtration plate is done
manually. This process of cleaning of filtration plate has got many industrial issues.
First, the cleaning of filtration plate is done using high pressure water jet nozzle and
it is also done in an open space. While doing this, the paper pulp splashes to nearby
machine parts and surroundings and even it can cause accidents to the workers in
filtration area. Second, theworkers take large amount of time in cleaning the filtration
plate, this is because the paper pulp gets more sticky with time, therefore it sticks
to filtration plate and with mere spraying of water the pulp does not go off from
the filtration plate. So for cleaning, the filtration plate it would take an average time
period of 1 h. Third, large amount of water is utilized for cleaning of a filtration
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plate. Finally, the pulp making area seems to be very untidy and unsafe working
environment. In this thesis, we resolve these issues by developing an automated pulp
removal machine for cleaning up the filtration plate.

Related Works

Abdalbasit Mariod [2] discusses the different sources, extraction methods and indus-
trial applications of gelatin. It is done by conducting a study in gelatin manufacturing
industries. Rohit Singh Solanki [3] a hand-operated axial-flow neem depulper was
designed, developed and evaluated to meet the demand of neem seeds and its prod-
ucts. Using standard mechanical design procedures, an axial-f low hand-operated
neem depulper was developed.

Pratima Bajpai [4] has done a research in the field cleanliness requirement for
pulp is high. Large and hard particles in the pulp suspension can damage or cause
erosion in the machinery. Presses and some parts of a paper machine can be particu-
larly sensitive. Centrifugal cleaning is usually used for the bleached pulp, except for
cleaning for sand removal, which is also used in unbleached screening systems.

Methodology and Objectives

In this thesis, quantitative research methodology is chosen for designing the pulp
removal machines. In this approach, we take the data, values according to the real
scenario and study related to those data are done. So it can be said that the result
obtained from the study is much related to the current or practical events happening
in industry. To conduct study regarding gelatin, a gelatin manufacturing is selected
and live data are taken quantitatively from it. Designing a machine component, there
is no rigid rule. The problem may be attempted in several ways. Following this
methodology, the main objectives of this paper are framed:

1. Identification of problems at paper pulp making plant.
2. Development and designing the pulp removal machines 3D models in Solid-

works.
3. Analyzing the different parameters such as cost of themachine, energy consumes

and space utilized.

Problem Definition

In Gelatin plant, the removing of contaminated paper pulp and cleaning of filtration
plate is done manually. This process of cleaning of filtration plate has got many
industrial issues. First, the cleaning of filtration plate is done using high pressure
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water jet nozzle and it is also done in an open space. While doing this, the paper pulp
splashes to nearby machine parts and surroundings and even it can cause accidents
to the workers in filtration area. Second, the workers take large amount of time in
cleaning the filtration plate, this is because the paper pulp gets more sticky with time,
therefore it sticks to filtration plate and with mere spraying of water the pulp does
not go off from the filtration plate. So for cleaning, the filtration plate it would take
an average time period of 1 h. Third, large amount of water is utilized for cleaning
of a filtration plate. Finally, the pulp making area seems to be very untidy and unsafe
working environment.

In this thesis, we resolve these issues by developing an automated pulp removal
machine for cleaning up the filtration plate.

Paper Pulp Filtration Plate

The pulp is placed in form of cake over this filtration plate. Design of automated pulp
removal machine is developed for cleaning the contaminated pulp over this filtration
plate. The filtration plate is made of stainless steel. It has got a circular cross-section.
The pulp is placed over the filtration plate. With the thickness of 60 + 5 mm

Inner diameter of filtration plate = 120 mm
Outer diameter of filtration plate = 600 mm.

Thickness of paper pulp = 60 + 5 mm (see Fig. 20.1).

Fig. 20.1 Circular mesh
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Average Time—Screen Immersed in Hot Water Tank

The following are the duration in which screen is immersed in hot water tank.
Average number of plate employed in screen washing tank in single tank is about

28 screens. Average time, the screen is been immersed in hot water is about 64 min
(1 h 04 min).

Average Time—for Washing the Screen

The following is the time taken for washing the screen manually.
Average time for washing the filtration screen using pump = 2.32 min. Average

total time for washing (per screen) = Average time immersed + Average time for
washing screen using pump= 64+ 2.3min= 66.32min+queueing time+ carrying
time.

Results

The software used for designing is SOLIDWORKS 2016.

Pulp Removal Machine I

The main components of pulp removal machine I are belt conveyor, pulp removal
vibrator, pulp removal blade case, high speed nozzle, pulp removal brush, air blower
holder, pulp filtering mesh, motors, water collecting tank, machine cover guard and
pulp removal machine holding frame.

Working of pulp removal machine I:
The circular screen is loaded on the pulp removal vibrator, due to the reciprocating

motion—the pulp gets separated from plate and falls underneath. Then it moves over
the conveyor belt as in [5]. Conveyer belt carries the screen to the pulp removal blade,
it clear off any further remaining of the pulp over screen. Thereafter conveyor carries
to the brushing and nozzle area, the brushing is done by the slidingmotion performed
by motor, here water splashing and cleaning using water are done simultaneously.
Then air blower comes to the action, it pumps air over circular screen, which removes
after droplets and pulp drops present over the mesh and makes the circular mesh dry.
Then the mesh moves to circular mesh end collector. The splashed water or water
used for cleaning is guided to the filtering mesh/screen for reusing, the filtering mesh
prevents pulp in going to the water collection tank (see Fig. 20.2). Water pumped
back using motor to water collection tank to the nozzle head.
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Fig. 20.2 Pulp removal machine I

Fig. 20.3 Belt conveyor

Belt Conveyor

Belt width:

The diameter of the circular screen = 600 mm
The standard belt width available= 650 mm [6] Belt width is selected as 650 mm
(see Fig. 20.3).

Pulp Removal Vibrator

Length of the vibrator = 1200 mm, breadth = 900 mm
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Fig. 20.4 Pulp removal vibrator

A guider path is given to keep the circular screen in position during vibration.
Guider path width is given as 630 mm (5% tolerance to circular screen width)
Guider path height = 70 mm (see Fig. 20.4).

Pulp Removal Blade Case

Breadth of the blade case = 900 mm.
It has got housing to hold pulp removal blade.
Blade is placed with a height just above the circular screen thickness.
Blade peel off the pulp remains present on the circular mesh, which comes about

from vibrator.
Stainless steel blades could be selected due to its long-lasting life, resist corrosion

and easy to maintain.

Pulp Removal Brush and Nozzle

Width of the pulp removal brush and nozzle holder = 900 mm Length of the pulp
removal brush and nozzle holder = 1200 mm.

Length is taken as twice the diameter of circular screen, this to facilitate more
brush and nozzle time over the screen.

Nozzle is placed along the brushes, which facilitates both washing and brushing
simultaneously.
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Fig. 20.5 Machine cover guard

Water Collecting Tank

Length of the water collecting tank= 1000 mm, breadth of the water collecting tank
= 200 mm, height of the water collecting tank = 230 mm.

Thewater is collected and is pumped back to the nozzle head, this ensures efficient
use of water. Pump carries water back to the nozzle.

Machine Cover Guard

It is a covering given to the machine parts. It focuses on human safety, prevents
splashing of water and pulp during cleaning. Machine cover guard directs water and
pulp to filtering mesh and after collecting tank.

Length of machine cover guard = 5250 mm, breadth of the machine cover guard
= 945 mm (see Fig. 20.5).

Air Blower Holder

Air blower holder is housing for air blower. After washing with water, the circular
mesh contains water droplets on its surface. The air blower pumps air at high velocity,
which splashes out the water droplets and makes the circular screen dry.

Length of the air blower holder = 350 mm, breadth of the air blower holder =
900 mm.

Pulp Removal Machine Holding Frame

Length of the frame = 5100 mm, breadth of the frame = 900 mm (see Fig. 20.6).
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Fig. 20.6 Pulp removal machine holding frame

Pulp Removal Machine II

The main components of pulp removal machine II are lead screw, machine outer
cover, nozzle and brushes, machine stand, filtering mesh, water collecting tank,
sensors and other accessories and motor

Working of Pulp removal machine II:
The circular screen/mesh for pulp removal is placed on the screen holder on the

lead screw as in ref. [7]. The lead screw translates the turningmotion to linearmotion.
When the lead screw turns in clock-wise direction, the circular screen travels down.
During the motion, water from nozzle at high velocity splashes the pulp remains on
the circular screen. The brush gets rubbed over the circular screen, which removes the
pulp residuals. When the circular mesh reaches the bottom end of the pulp removal
machine, the sensor senses it, gives a command to reverse the direction of rotation.
This result in anticlock-wise rotation of lead screw, which makes circular screen to
travel back through lead screw. During its return journey, screen again rubbed with
brushes and also washed with high speed nozzle (see Fig. 20.7).

Lead Screw

Length of the lead screw= 1200 mm, diameter of the lead screw= 50 mm, pitch=
50 mm (clockwise), number of revolution = 25.

Lead= number of start× pitch= 50 mm× 2= 100 mm, total length of the lead
screw shaft = 1350 mm (see Fig. 20.8).
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Fig. 20.7 Pulp removal
machine II

Fig. 20.8 Lead screw

Nozzles and Brushes

Brushes andnozzles are used for cleaningpulp fromcircularmesh.These are installed
on the circular frame of the machine. Nozzle splashes water at high velocity (for this
standard nozzle with proper pressured need to be selected). Brushes rubs over the
circular screen and cleans up the pulp (see the Fig. 20.9).
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Fig. 20.9 Nozzles and brushes

Machine Outer Cover

Diameter of the outer cover = 800 mm (designed 25% more than the circular
screen diameter)
Length of the outer cover = 1200 mm
It is housings of brushes, nozzle, lead screw, filtration mesh and water collecting
tank.

Cost Estimation of Automated Pulp Removal Machine

In this section, we estimate the approximate cost of the two automated pulp removal
machine. The cost includes the raw material cost, cost of the motor, nozzle and
other accessories. Then comparison of both products with regards to approximate
estimated cost is also done.

Estimated Cost of Automated Pulp Removal Machine I

1. Raw material cost
This includes rawmaterial cost of all parts of the automatedpulp removalmachine
I such as pulp removal vibrator, belt conveyor, pulp removal blade case, pulp
removal brush and nozzle, pulp filtering mesh, water collecting tank and pulp
removal machine frame as in [8].
Aluminium alloy is chosen as the buildingmaterial for the machine. Thematerial
aluminium is chosen tomake the automated pulp removalmachine light inweight
and also materials hold properties such as excellent corrosion resistance and are
easy to work with heavy machinery due to its thermal and electrical conductivity
as in [9]. Because of its lightweight and general availability, aluminium is fairly
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Fig. 20.10 Approximate
weight of component parts of
pulp removal machine I

inexpensive compared to other metals. The density of the aluminium alloy is
0.002 g/mm3.
Proposed raw material weight of the Pulp removal machine I = 517.83 kg (see
Fig. 20.10). Cost of the aluminium alloy = 140/kg
Therefore, raw material cost of the pulp removal machine I= Cost per kilogram
× Total weight = 140 × 517.83 = 72,496.2 rupees

2. Accessories Cost
Here the cost of other accessories such as nozzle, motor, cutting blade and air
blower.
The total accessories cost of automated pulp removal machine I= 19,280 rupees.

3. Total Cost
Total cost = raw material cost + other accessories cost = 72,496.2 + 19,280 =
91,776.2 rupees (excluding labour charges + government tax)

Estimated Cost of Automated Pulp Removal Machine II

1. Raw Material Cost
This includes rawmaterial cost of all parts of the automatedpulp removalmachine
II such as lead screw, machine outer case and frame, bottom cover and water
collecting tank.
Proposed raw material weight of the pulp removal machine II = 211.66 kg (see
Fig. 20.11). Cost of the aluminium alloy = 140/kg.
Therefore, raw material cost of the pulp removal machine I= Cost per kilogram
× Total weight = 140 × 211.66 = 29,632.4 rupees.

2. Accessories Cost
Here the cost of other accessories includes nozzle and motors. The total
accessories cost of automated pulp removal machine II = 8480 rupees.

3. Total Cost
Total cost = raw material cost + other accessories cost = 29,632.4 + 8480 =
38,112.4 rupees (excluding labour charges + government tax).
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Fig. 20.11 Approximate weight of component parts of pulp removal machine II

Space Consumed by Automated Pulp Removal Machines

Space utilization is a strategically important space management measure. For the
efficient operation of each production process, individual machines and equipment
must be used in the maximal possible measure.

Space Consumed by Automated Pulp Removal Machine I

Length of the machine = 7256 mm = 7.256 m
Width of the machine= 1246 mm= 1.245 m Height of the machine= 1560 mm
= 1.560 m
Therefore, total floor space consumed= length of machine× with of machine=
7.256 × 1.245 = 9.0337 m2

Total volume space consumed = Total floor space × height of the machine =
9.0337 × 1.560 = 14.092 m2.

Space Consumed by Automated Pulp Removal Machine II

This machine is a vertical type machine, which consumes vertical space more
compare with horizontal.

The following calculation shows the space utilized by the machine. Length of the
machine = 1139 mm.

Width of the machine = 1139 mm, Height of the machine = 2131mm.
Therefore total floor space consumed = length of machine × width of machine

= 1.139 × 1.139 = 1.2973 m2.
Total volume space consumed = total floor space × height of the machine =

1.2973 × 2.131 = 2.7645 m2.
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Energy Consumed by Automated Pulp Removal Machines

Energy efficiency has become key driver of sustainable development of a firm.Higher
energy consumed equipment bring down the profitmargin of the organization. There-
fore, energy efficient machines play great role with profit of firm. Here we are calcu-
lating the energy consumed by the machines. For this, we consider a duration period
of one hour. Following shows the energy consumption rate of individual machines.

Energy Consumed by Automated Pulp Removal Machine I

The following are the motor usage and its energy consumption for duration of an
hour.

(1) The power consumed by the motor (used in conveyor system) = 1.49 KW
(2) The power consumed by the motor (used in pulp removal vibrator)= 1.49 KW
(3) The power consumed by the motor (used in high pressure nozzle)= 0.372 KW
(4) The power consumed by the motor (used in brushing an cleaning system) =

0.746 KW.

Therefore, the total power consumed by the automated pulp removal machine I
for 1 h = total of power consumed by individual motor = 4.096 KW.

Energy Consumed by Automated Pulp Removal Machine II

The following are the motor usage and its energy consumption for duration of an
hour.

(1) The power consumed by the motor (used in lead screw mechanism)= 1.49 KW
(2) The power consumed by the motor (used in high pressure nozzle)= 0.372 KW.

Therefore, the total power consumed by the automated pulp removal machine.

II for 1 h = total of power consumed by individual motor = 1.862 KW.

Conclusions

The studies show that industrial and environmental issues caused by manual filtra-
tion plate cleaning process could be resolved by using the automated pulp cleaning
machine. Both the pulp removal machine that is designed could solve the issues
caused by manual cleaning. On further study of each individual machine, it shows
that the pulp removal machine II has got more advantage than the pulp removal
machine I.

In account of cost incurred, energy consumed, space utilized the pulp removal
machine II stood at higher end than pulp removal machine I. On the other hand,
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when coming to the setting time, the pulp removal machine I seems to have upper
hand than pulp removal machine II, it is because the pulp removal machine I works
with a conveyor system. Although the time taken for the cleaning is almost same,
but looking towards future aspect, pulp removal machine I has more advantage than
machine II. It is because machine I has higher throughput with less setting time and
also its can easily bridge with pre- and post-filtration.
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Chapter 21
Fabrication and Analysis of Apparatus
for Measuring Stored Renewable
Hydrogen Energy in Metal Hydrides

Rohan Kalamkar , Vivek Yakkundi, and Aneesh Gangal

Introduction

Hydrogen is considered as futuristic fuel for next-generation vehicles based on
Polymer ElectrolyteMembrane Fuel Cell (PEMFC) [1]. PEMFC translates the chem-
ical energy of hydrogen directly into electrical energy [2, 3]. Hydrogen has a high
average heating value, i.e., 120 MJ/kg of H2 [4]. It is necessary to have a hydrogen
storage mode and mechanism to deliver this energy in a usable form. For sourcing
electrical power to the applications, a fuel cell is used as a battery [5]. The average
gravimetric energy density of hydrogen is 120 MJ/Kg, compared with the energy
density of petrol, which is 44 MJ/Kg. The volumetric density of hydrogen is sparse
with 0.01 MJ/L [6] compared with 32 MJ/L of petrol. The energy required to ignite
a hydrogen–air mixture is very low only 0.02 MJ, which is about one-fourteenth
of the energy needed to ignite natural gas [7]. For establishing realistic hydrogen
storage technologies, a 9 wt% gravimetric storage objective has been proposed for
hydrogen-powered vehicles by the US Department of Energy for attaining a 500 km
driving range [8]. However, the materials tested so far did not even reach close to the
DOE set targets. Figure 21.1 shows a block diagram of the working of PEMFC.
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Fig. 21.1 Block diagram of working of PEMFC

The storage of hydrogen is possible as compressed gas, liquid at cryogenic temper-
ature, or solid-state hydride phase. Pressure vessels commercially available are either
of 5000 and 10,000 psi compressed hydrogen [9]. The energy density of hydrogen
can be doubled as compared to the 10,000 psi compressed hydrogen to 70 g/L by
liquefaction to the temperature of 20 K [10]. Thus the high pressure compressed
hydrogen storage has issues concerning the strength of the material, the safety of
the tank, and finally, the tank weight, while the issues with liquid hydrogen storage
are the boil-off loss and the energy requirements for liquefaction. However, both
these issues are addressed in solid-state hydrogen storage where hydrogen combines
either physically or chemically with some of the materials to give hydrides and
hydrogen can be obtained whenever required by either thermal stimulation or some
other technique like hydrolysis [11].

This work consists of the fabrication of experimental setup to measure stored
renewable hydrogen energy in solid metal hydrides. This experimental setup eval-
uates the absorption/desorption kinetics of sample materials based on a volumetric
approach. The working range of this fabricated of the experimental setup is 0.05–
50 bar pressure and 300–723 K temperature. It comprises of a reactor for the interac-
tivity of hydrogen gas with the solid sample material and measuring cell to examine
the weight% capacity of hydrogen storage [12]. The fabricated system has a volume
of 150 cm3 having 100bar internal pressure capacity. The setup ismade upof stainless
steel material with a high-resolution pressure transducer. The wt% capacity of stored
hydrogen is determined using van der Waals equation for a real gas. The effect of
ball-milled sample materials on the magnification of hydrogen wt% reported in this
work. This research study also describes the outcome of additive Zeolite on enhance-
ment in hydrogen capacity with a reduction in reaction temperature. Characteriza-
tion is done using Fourier-transform infrared spectroscopy (FTIR) and Transmission
electron microscopy (TEM) spectroscopy methods for validation.

Experimental

Sievert’s type apparatus fabricated to measure hydrogen stored in solid-state powder
materials. The instrument uses a volumetric method to determine wt% of stored
hydrogen. The device works within a range of 0.05–50 bar pressure and 300–723 K
temperature. The pressure sensor takes an input of 9–30 V DC and provides an
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outcome of 4–20 mA. The K type thermocouples are used with two-wire legs
welded together at for temperature measurement at a junction. This experimental
setup comprises a vacuum system of 10−5 mbar range to remove gas molecules from
a system. The pressure change in the system corresponds to the hydrogen concen-
tration of the sample material [13]. The temperature of a gas, system volume and
pressure change in the system used as data for the van der Waals equation for finding
out wt% H2 stored [14, 15]. For the estimation of concealed volumes in the system,
the gas expansion method was used. Figure 21.2 represents (a) conceptual apparatus
schematic diagram and (b) shows the photograph of the fabricated experimental
setup.

The outcome of this measurement is pressure composition (PC) isotherms graphs,
which designate the characteristics of the sample material. The graph consists of
α—region corresponds to the starting of hydride formation, β—region specifies an
increase in the concentration of hydrogen, and the third region is the saturation phase.
The constant pressure, i.e., plateau region in the graph, represents the equilibrium
pressure of hydrogen [16]. Figure 21.3 illustrates an ideal PC isotherm.

The tubing and the reactor volume estimated using the calibration of the experi-
mental setup before performing the experiments. In an indirect method of gas expan-
sion, the standard cell of size 350 cc was used. Equation 21.1 represents van der
Waals equation for a real gas.

(
P + n2a

V2

)
(V − nb) = nRT (21.1)

The a is the correction for intermolecular forces, which is 0.0248 J m3/mol2, b is
the correction for finite molecular size, which is 2.66 × 10–5 m3/mol2 [5]. For P1
= 7.9 bar, volume = 350 cc (0.00035 m3) and temperature T = 298 K number of

Fig. 21.2 a Apparatus schematic diagram. b Photograph of fabricated experimental setup
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Fig. 21.3 Ideal pressure
composition (PC) isotherm

Fig. 21.4 Calibration curve

moles are calculated as N= 0.11066 from Eq. 21.1. For P2= 7.6 bar, P3= 6.08 bar
and keeping all other parameters the same, tubing volume as 14 cc and the reactor
volume as 90 cc calculated. Figure 21.4 specifies the calibration curve.

Result and Discussions

In a closed material hydrogen system, the sequences of changes are observed in
hydrogen pressure at the isothermal condition. Wt% of hydrogen estimated using
system pressure and sample temperature. The total number of moles evaluated using
van der Waals equation for a real gas. Magnesium and Aluminum crystalline powder
(Sigma-Aldrich) is ballmilled for 12 h. The transmission electronmicroscopy (TEM)
technique is used for the characterization. The electron diffraction patterns of Mg
and Al nanoparticles are shown in Fig. 21.5. Particle size calculated from images
was approximately 60–80 nm. The images stipulate ringed pattern and differently
oriented lattice fringes.

Magnesium powder is a nontoxic grey crystalline solid used for the hydrogenation
test. Magnesium hydride (MgH2) has 9 MJ/kg of energy density [17]. With low-cost
available magnesium, MgH2 has about 7.7 wt% hydrogen storage capacity [18]. Mg
crystalline powder and ball-milled Mg particles were allowed to react separately
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(a) (b)

Fig. 21.5 a Electron diffraction pattern of Mg. b Electron diffraction pattern of Al

with the hydrogen gas, filled in the 350 cc cylinder at 14.5 bar pressure with constant
temperature 573 K. The results plotted in the graph were average of three tests.
Results show hydrogen storage of 4.38 wt% in the case of Mg crystalline powder
and 5.10 wt% in the case of ball-milled Mg. Aluminum is a silvery white, soft,
nonmagnetic, and ductile metal. Aluminum hydride (AlH3) contains 10.1 wt% of
hydrogen [19]. Al crystalline powder and ball-milled Al nanoparticle were allowed
to react separately with the hydrogen, keeping pressure and temperature the same
as in the case of Mg. Results specify hydrogen storage of 2.8 wt% in the case of Al
crystalline powder and 3.7–4.0 wt% in the case of ball-milled Al nanoparticles. The
outcomeof the experiment stipulates that optimum time for themilling process boosts
the sample’s hydrogen storage capability. The peak hydrogen absorption temperature
decreases slowly with decreasing the average particle size of the sample material.
Figure 21.6 indicates the effect of particle size on hydrogen storage.

Zeolites are also the microporous solids widely used for adsorbents and catalysts.
Zeolite is used as hydrogen storage materials, but the amount of hydrogen taken up
by both these materials was not sufficient from the application point of view [20].

Fig. 21.6 Effect of particle size on hydrogen storage
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Fig. 21.7 Hydrogenation test results of Magnesium and Aluminum

This observation led to the thought that if both materials physisorbed hydrogen,
it may assist hydrogenation by accelerating the reaction rate. Therefore the use of
Zeolite as catalysts for hydrogenation experiments was proposed. The Zeolite (Ag84
Na2 [(AlO2)86 (SiO2)106] × H2O—N.H. Chemicals) nanoparticles are mixed with
Mg and Al nanoparticle in 1:10 mass ratio. Both the materials were milled for 1 h
to obtain a homogenous mixture. The consequences of the addition of the catalysts
were observed. The coverage and surface temperature are influencing the reactivity
of Zeolite [21]. The mean test results’ footprint revealed optimum hydrogen storage
of 7.38 wt% at the temperature of 453 K and 14.5 bar pressure using Zeolite as
a catalyst in the test. Further, the hydrogenation tests of Al nanoparticles with the
hydrogen gas in the presence of Zeolite catalyst were conducted. Mean outcome
indicates hydrogen storage of 6.18 wt% in Aluminum using Zeolite as a catalyst
keeping all other conditions the same as in case of Mg-Zeolite hydrogenation test.
Each sample test repeated thrice, and average results are represented graphically in
Fig. 21.7.

Validation by Spectroscopy

Infrared radiations traveled through the samples in Fourier transform infrared spec-
troscopy. The characterization represents themolecular absorption/transmission, and
this spectrum was unique for the molecular structure of the respective sample [22].
In this work, the FTIR transmittance spectrum [23] recorded using a Jasco FT/IR-
6100A system [SAIF, IITB]. In Transmission ElectronMicroscopy, an electron beam
focused on the samples using the condenser lens system.Magnified image and the X-
ray produced through interaction were analyzed for evaluating the elemental compo-
sition [24]. Philips CM200 TEM used with voltage range 20–200 kV and the reso-
lution of 2.8 Å [SAIF, IITB] for this work. FTIR and TEM tests conducted at IIT
Bombay, SAIF laboratory facility. Figures 21.8, 21.9, 21.10 and 21.11 represent the
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Fig. 21.8 FTIR of Mg crystalline powder

Fig. 21.9 FTIR of ball-milled Mg with Zeolite catalyst

FTIR transmittance spectra of Mg crystalline powder, ball-milled Mg with Zeolite
catalyst, Al crystalline powder, ball-milled Al with Zeolite catalyst respectively.

Transmittance spectra of Mg of solid residue after hydrogenation tests with addi-
tive Zeolite depicted that the frequencies are greatly affected, i.e., stretching and
wagging was observed, 1639 cm−1, 1421 cm−1 in Mg-Zeolite and 1605 cm−1,
659 cm−1 in Al-Zeolite solid residue. Storage of hydrogen reflects in terms of
broadening of the transmittance peaks, 3449 cm−1, 2921 cm−1 in Mg-Zeolite and
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Fig. 21.10 FTIR of Al crystalline powder

Fig. 21.11 FTIR of ball-milled Al with Zeolite catalyst

3443 cm−1, 2923 cm−1 in Al-Zeolite solid residue when compared with the spec-
trum of crystalline powder. The increase in sharpness of the spectrum peak implies
hydrogen absorption kinetics [25]. FTIR spectra of solid residue after tests do not
show any bands corresponding to Zeolite-H which designate Zeolite additive do
not take part in reactions. Figure 21.12 shows TEM images of Mg and Al sample
materials. TEM images before and after hydrogenation indicate the reduction in the
pores with enhancement in the intensity of dark spots/ patches. It signifies hydride
formation in Mg compared with BCC-structured catalyst imbedded in the MgH2

matrix images [26]. HRTEM images of Mg and Al with additives reflecting hydride
formation [27, 28].
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(a) (b) (c) (d)

Fig. 21.12 a TEM image of Mg crystalline powder. b TEM image of milled Mg with Zeolite.
c TEM image of Al crystalline powder. d TEM image of milled Al with Zeolite

Conclusion

The analysis of the fabricated apparatus noticed experimental errors within 10% in
correlation with accuracy. The lightweight metals Mg and Al suggested encouraging
materials for H2 storage, but having an issue of the slow kinetics. The hydrogenation
of Mg and Al with and without Zeolite additives was made to refine the behavior.
The additives enhance the net H2 storage around 2.23 wt% in Mg and 2.10 wt% in
Al using Zeolite as a catalyst during isothermal reactions. The passiveness during
hydrogenation in the surface of additives increases sorption, which reflects in edges
in the transmittance spectra. Additives accelerate the rate of reaction as well as
decreasing the reaction temperature by 120K inMg and 150K inAl. No foamingwas
observed with additives. Hence, the catalyst improves the reaction kinetics behavior
of Magnesium. Validations of the experimental outcomes using FTIR and TEM
characterization found to be similar when correlated with the previously published
research articles to authenticate the experimental system.
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Chapter 22
Investigation of Wind Loads
on Utility-Scale Seasonal Tilt Solar PV
Power Plants

Syed Abdul Mateen and Kiran S. Bhole

Introduction

As all, we know now a day’s climate change is a real issue, which is mainly because
of environmental pollution. One of the measures to address this issue is the use of
renewable energy [1]. The use of a thermoelectric module is one of the renewable
sources [2, 3]. The solar system is most adaptable in all other forms of renewable
energy systems. The solar industry is growing rapidly in the last 3 years in India.
India’s solar installed capacity reached 37.62 GW as of 31 May 2020; also India is
at fifth position for generating solar energy in the world. Solar energy has various
advantages, as it has zero raw fuel costs. It will give you unlimited supply and there
are no environmental issues [4]. The substitute to use the fossil fuel is the power
generated from the photovoltaic system. Photovoltaic panels are usually mounted on
the rooftops of residential or commercial buildings but these systems are generally
smaller than ground-mounted PV systems.

Mainly there are three different types of solarmodulemount structures (MMS). (1)
Fixed tilt modulemount structure. (2) Single or double axis solar tracker. (3) Seasonal
tilt module mounts structure. One of the commonly used is a fixed tilt module mount
structure. In fixed tilt MMS, the tilt angle is always fixed. But it produces less energy
than other solar module mount structure [5]. Another type is a single or double axis
solar tracker. This system is continuously tracking the position of the sun in order
to get the maximum energy. These systems have maximum energy output compared
with the other solar MMS, but it is very costly system because of the motor driven
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Photovoltaic panel 

Chord length 

Tilt Link 

Bracing

Column
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Fig. 22.1 Seasonal tilt module mount structure

tracker unit [6]. Nowwewill discuss seasonal tilt modulemount structure. It provides
flexibility in changing the tilt angle of MMS. Depend upon the different seasons and
weather conditions, we can change the tilt angle in order to get the maximum energy.
Overall PV output can be increased by 5–6% by adjusting the tilt angle twice or
thrice a year [7]. The tilt angle ranging from 5 to 40 degrees, and we can simply
change the angle using screw jack. Seasonal tilt MMS has many advantages as it
is economical, simpler, and durable. It has lower maintenance requirements than a
tracking system and stable under extreme weather conditions. That is why we have
chosen the seasonal tilt MMS for our analysis.

Seasonal Tilt Module Mount Structure

Solar panels are also called a module, although module is electrical term. Seasonal
tilt MMS have series of purlin, tilt link and columns. Modules are rested on the series
of purlin and purlin is fixed on rafter as you can see in Fig. 22.1. Tilting links are
provided to support rafter and column and used to change the angle of tilt, allowing
the rotation of elevation of the PV grid at as 5°, 10°, 15°, 20°, 25°. The Purlins are
supported over the rafter. Seasonal tilt MMS is supporting 22 modules. The size
of each panel is 1 × 2 m2. Modules are placed in portrait position over the Purlin
(C-type). Rafters are cold-formed light gauged steel sections and supporting Purlin.
Rafters are hinged to the column and braced by bracing member.

CFD Analysis

As we are performing analysis on a utility scale above is our layout for flow simu-
lation. We have leftover one structure in the middle row just to check the effects of
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Fig. 22.2 Layout for flow simulation

loads on the surrounding structure. The overall size of the layout is 11× 32 m2. The
horizontal distance between the two structures is 300 mm and the vertical center to
center distance is 7 m. For our analysis purpose, we have chosen five different tilt
angles as 5°, 10°, 15°, 20°, 25°. For CFD analysis, we are using Solidworks flow
simulation software (Fig. 22.2).

Flow Simulation from Front Side

We are using six different free stream velocities as 33, 39, 44, 47, 50, 55 m/s, these
are the Indian standards IS: 875 wind speed, which is used in different regions [8].
In flow simulation for each tilt angle, we have used all six different wind speeds and
for each tilt angle at a specific speed, we have calculated normal force acting on the
panel. First of all, we have flowed air from the front side and obtain the value of
normal forces.

As you can see in Fig. 22.3, a 3D wind tunnel is created in simulation software.
The distance between the inlet wall and the first row of the panel is 60 m, and from
side walls and back wall it has given a distance of 10 m, also the distance between the

Fig. 22.3 Wind Tunnel under axial load from front side
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top and bottom wall is 10 ms. We have fixed all the rows of panels in a fixed plane.
We have used global mesh, and the mesh element size is 100 mm. Arrow indicates
the air direction.

Results of Flow Simulation

When air flow from the front side, it is found that the maximum normal force is
acting on the first row of solar panels as you can see in Fig. 22.4. In Fig. 22.4a, we
can see the flow trajectory is of red color on the very first row which means only the
first row of panels are experiencing a very large amount of wind loads compared with
the remaining rows of panels. Figure 22.4b shows the pressure distribution across
the whole panel’s layout.

From the graph, we have found that as the tilt angle increase with the increasing
wind speed normal force acting on a panel is also going to increase. When air flow
from the front side, it is found that the maximum normal force is 1760 N at 25° tilt
angle and wind speed of 55 m/s. and minimum normal force is 110 N at 5° tilt angle
and wind speed of 33 m/s. It is concluded that wind uplift increases when there is an
increase in tilt angle for solar panel.

Fig. 22.4 a Flow trajectory over panels; b Pressure distribution on panel
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Flow Simulation from Back Side

When air flow from the backside for each five different tilt angles at six different
wind speeds. From this simulation, we have obtained the value of maximum normal
force acting on the panels from the backside.

The 3D wind tunnel is created in simulation software as you can see in Fig. 22.5.
Arrow indicates the air direction. In the above-created wind tunnel, we have consid-
ered clearance of 50 m from both front side and backside and 10 m clearance from
the left and right side. The distance between the top and bottom wall is 10 m. We
have used global mesh, and the mesh element size is 100 mm (Fig. 22.6).

Fig. 22.5 Normal force against tilt angle

Fig. 22.6 Wind tunnel model under axial wind load
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Results of Flow Simulation

When air flow from the back side, it is found that the maximum normal force is
acting on the backside of the first row of solar panels as you can see in Fig. 22.7.
Figure 22.7a represents the flow trajectory over the panels.Only the first rowof panels
from the backside is experiencing a very large amount of wind loads compared with
the remaining rows of panels. In Fig. 22.7b, red color indicates themaximumpressure
acting on the very first row of panels from the backside.

From the graph, we have found that as the tilt angle goes on increasing with the
increasing wind speed normal force acting on a panel is also going to increase. When
air flow from the backside, it is found that the maximum normal force is 2115 N at
25° tilt angle and wind speed of 55 m/s. and minimum normal force is 103 N at 5°
tilt angle and wind speed of 33 m/s.

Flow Simulation at 45° Angle of Attack

When air flow at a 45-degree angle of attack for each five different tilt angles at six
differentwind speeds.Wehave chosen a 45-degree angle of attack because panelswill
face maximum wind load at 45° compared with any other angle of attack ranging
from 10° to 80° [9]. From this simulation, we will obtain the value of maximum
normal force acting on the panels (Fig. 22.8).

Similarly in this case also 3D wind tunnel is created in simulation software as you
can see in Fig. 22.9 and the arrow indicates the air direction. The distance between
the top and bottom wall is 10 m. We have used global mesh, and mesh element size
is 100 mm.

Fig. 22.7 a Flow trajectory over panel; b Pressure distribution on panel
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Fig. 22.8 Normal force against tilt angle

Fig. 22.9 Wind tunnel model for analysis

Result of Flow Simulation

When air flow at 45-degree angle of attack, it is found that maximum wind loads are
acting on the first row of panels as well as some side panels of the other rows also
which you can see clearly in Fig. 22.10. In Fig. 22.10a, flow trajectory showing the
red color are the panels that are experiencing maximum wind loads. Figure 22.10b
representing the pressure distribution over the panels. In this case, some panels of
each row are experiencing the maximum amount of wind loads (Fig. 22.11).
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Fig. 22.10 a Flow trajectory; b Pressure distribution on panel

Fig. 22.11 Normal force against tilt angle
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From the above graph, we have found that as the tilt angle goes on increasing with
the increasing wind speed normal force acting on a panel is also going to increase.
When air flow at 45-degree angle of attack, it is found that maximum normal force
obtained is 1550 N at 25° tilt angle and wind speed of 55 m/s, and minimum normal
force is 95 N at 5° tilt angle and wind speed of 33 m/s.

Static Analysis

Thiswork specifically addresses theSeasonal tiltModuleMountingStructure (MMS)
subjected to wind load. The analysis aims to provide the verification of structural
stability considering wind for the solar MMS by means of the structural FE analysis.
This FE analysis we have done in software called ANSYS. Structural members are
considered as homogenous and assumed that they do not contain defects. Rafter to
Purlin and Purlin toModule connections are assumed Bonded and Other connections
are assumed no-separation. Panel density is 1850 kg m−3 and stiffness is 2.1e +
07 N/m2 [10]. Density and stiffness such that the panel can be considered as a rigid
body with mass behavior. Dynamic and static forces exerted on the panel will be
directly transferred to purlinwithout deforming it [11].Analysis approach usingfinite
element methods has been necessary because of the need to carefully investigate the
magnitude of stresses arising frommaximumwind loads obtain fromflowsimulation.

Boundary Conditions and Loads

The analysis aims to provide the verification of structural stability considering wind
loads for the solar MMS by means of the structural FE analysis. We have chosen
material as a structural steel for analysis. Fromflowsimulation,weobtain amaximum
downward force of 1760 N, and the size of each panel is 1× 2 m2. Column’s bottom
end is constrained in all three directions. Pressure on the panel due to wind loading
is applied on the Panel face as normal pressure of 880 Pa. We have considered mesh
element size of 25 mm (Fig. 22.12).

Results

We have calculated the von-Mises equivalent stress and total deformation. The static
analysis of anymodulemount structure is done for only supporting structure [12, 13].
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Fig. 22.12 Boundary conditions and loads

Equivalent Stresses Plot

Analysis approach using finite element methods has been necessary because of the
need to carefully investigate the magnitude of stresses arising from various wind
loads. After applying the maximum downward normal force, we have got the values
of equivalent stress. It is seen thatwhenwe apply normal force, it will try to downward
the structure. From Fig. 22.13, it is found that maximum stress is acting at the joint
between purlin and rafter.

Maximum stress = 202 Mpa
Minimum stress = 10559 pa.

Deformation Plot

When we apply maximum normal force obtain from simulation, it is found that
maximum deformation is coming at the edge of rafter and minimum deformation is
at the bottom of purlin as you can see clearly in the Fig. 22.14.

Maximum deformation = 3 mm.

Conclusion

We have obtained all the values of maximum normal forces at the entire five different
tilt angles for six different Indian standard wind speeds. This work carried out to



22 Investigation of Wind Loads on Utility-Scale … 261

Fig. 22.13 Equivalent stresses plots

Fig. 22.14 Deformation plot
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substantiate assembly of the seasonal tilt PV module mounting structure, which is
influenced by wind load obtains from the flow simulation. The work demonstrates
that stresses arising in the specified areas are within allowable limits and that the
PV module mounting structure is therefore satisfactory for the intended service.
Furthermore, we can do an investigation of the dynamic effect on the same seasonal
tilt solar PV power plants.
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Chapter 23
Application of Neural Network to Predict
Printability of Polycaprolactone Using
FDM

Rahul Narkhede , Ravi Teja Karumuri , Ashish R. Prajapati ,
and Harshit K. Dave

Introduction

Additive manufacturing (AM) has been emerging in recent years, enabling the fabri-
cation of complex 3D structures from a variety of materials. AM allows fabrication
of 3D structures in a layer-wise fashion, allowing control on the internal and external
geometry, using three-dimensional computer-aided design (CAD) models. Fused
Deposition Modelling (FDM), also referred by Fused Filament Fabrication (FFF), is
a widely used AM process because of its low cost and ease in operation. In FDM,
a polymer filament is passed through a heated nozzle, which causes the filament to
be extruded in a semiliquid state and deposited on a heated bed to manufacture a 3D
object in a layer-wise fashion according to CAD data [1]. A wide range of materials
such as Polylactic acid (PLA), Polyester, Polyamide, Polyethylene, Polypropylene,
Acrylonitrile-Butadiene Styrene (ABS) and Polycaprolactone (PCL) are feasible for
use in FDM process. However, FDM is a complex process, which is affected by
many parameters. Various process parameters such as extrusion temperature, heated
bed temperature, raster orientation, layer thickness, infill pattern, raster width, infill
density, and printing speed play a role in making it possible to print a part success-
fully [2]. Changes in these parameters can influence the part quality and even lead to
the failure of the process in manufacturing the part. Many studies have been carried
out to investigate the influence of different process parameters on the part quality
and its mechanical properties using professional FDM 3D printers [3, 4] as well as
low-cost opensource FDM3D printers [5, 6].Moreover, many experimental methods
have been implemented to optimise the process parameters of FDM, such as Taguchi
method [7, 8], factorial designs [9], ANOVA [10, 11], and fuzzy logic [12]. While
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performing studies involving optimisation of FDM process parameters, especially
with materials other than the commonly used ABS and PLA, different process fail-
ures like nozzle clogging, filament breakage, warping of part and detachment of part
from print bed occur, which fail to manufacture the part. Many times, the FDM parts
can have typical defects such as overfilling, cracking and voids. An empirical or
theoretical relationship between the FDM process parameters and their effect on the
3D printed part can be useful to mitigate such failures. This relationship between the
process parameters and their effect on the fabricated part is often highly non-linear
because of the high amount of input variables playing their roles. Unfortunately, such
a relationship becomes complicated as the number of parameters taken into account
is increased. Neural Network (NN) models can deal with a high amount of input
variables and can be applied in studying the effect of process parameters on manu-
factured part for different AM processes [13–15]. NNs are data-driven models that
automatically develop the relationship linking the input parameters and output cate-
gories based on the data provided. Most studies applying NN models to determine
the relationship of FDM process parameters on the fabricated object have used ABS
[11, 16–18]. ABS and PLA have been commonly used in such studies to determine
the effect of FDM process parameters on the part quality. PCL is a material that
meets the criteria for medical applications and especially as an implantable material.
Although, many studies have focussed on fabrication of scaffolds using PCL, very
few have focussed on the effect of FDMprocess parameters over the print quality and
mechanical properties [19–21]. Moreover, many process parameters are involved in
the successful part fabrication. NNs can handle more variables and provide an output
that can assist in predicting the effect of the FDM process parameters in obtaining a
successfully fabricated part.

Thus, a neural network has been applied in this study to predict the effect of FDM
process parameters on the fabrication of PCL part. In this work, a neural network is
developed to predict the probability of a given set of process parameters to result in the
successful fabrication of PCL part using the FDM process. A feed-forward neural
network is developed by training it with the data recorded in tuning the process
parameters to fabricate a PCL part by an FDM 3D printer. This work can assist
designers in the biomedical field in predicting the printability of a PCL part by FDM
process.

Experimental Section

Materials and Methods

PCL filament having a diameter of 1.75 mm has been used to fabricate the parts
using a 3D Jet FDM 3D Printer as shown in Fig. 23.1. In the attempts to deter-
mine the parameters to fabricate the PCL part successfully, eight parameters, viz.
nozzle diameter, nozzle temperature, heated bed temperature, printing speed, raster
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Fig. 23.1 3D Jet FDM 3D
printer

width, layer height, infill density and ambient temperature range, were considered.
Table 23.1mentions the values of process parameters used in the study.All the 45 data
samples of the parameter values categorised into ‘success’ or ‘failure’ are mentioned
in Table 23.2. The combinations were categorised in the ‘success’ category if they
resulted in a PCL part with desirable quality as checked by visual inspection. The
combinations which led to a PCL part that lacked the desirable quality were cate-
gorised in the ‘failure’ category. The combinations numbered as 6, 27, 29, 33, 39,
41, 43, 44 and 45 are repetitions of one of the other 36 unique combinations.

Table 23.1 FDM process
parameters used in the study

S. No. Process parameter Range

1 Nozzle diameter (mm) 0.4 and 0.8

2 Nozzle temperature (°C) 75–200

3 Bed temperature (°C) 0–60

4 Printing speed (mm/s) 10–55

5 Raster width (mm) 0.9–1.5

6 Layer height (mm) 0.1–0.4

7 Infill density (%) 60, 80 and 100

8 Ambient temperature* 0 and 1

*Binary notation was used in data for ambient temperatures. 0 and
1 represent the ambient temperature range of 35–40 °C and 25–28
°C, respectively
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Development of Neural Network Model

A neural network (NN) is a densely interconnected network of simple processing
elements called neurons. Any NN consists of three types of layers, the input layer,
hidden layer and the output layer [22]. An architecture of NN is shown in Fig. 23.2a.
The neurons in the input layer carry the input variables. Similarly, the neurons in the
output layer represent the output categories for classification. The hidden layer acts
as the processing unit of the NN. Figure 23.2b shows the representation of a hidden
layer neuron. Every connection between the neurons has a weight (w), making it a
weighted connection, the magnitude of which is equal to the product of the weight
and the input value (wi xi ). The weights of these connections are allotted by training
the NN in several iterations. These iterations are conducted to reduce the deviation
between the true output and the output predicted by using the NN. This deviation
is measured in terms of a loss function. The threshold value that offsets the hidden
and the output layer is represented by (b). The activation function (f ) introduces the
non-linear nature of the relationship generated by the NN. All this is brought together

Fig. 23.2 a Architecture of
a neural network with four
input layer neurons, seven
hidden neurons and two
output layer neurons;
b Representation of a hidden
layer neuron
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Fig. 23.3 The architecture of the neural network generated in work

by the output from each hidden layer neuron (y) and is given by,

y = f

(∑
i

wi xi + b

)
(23.1)

wherewi is the weight of the link, xi is the ith input variable, b is the threshold value
of the neuron, and f is the activation function [23].

In this iterative process, the back-propagation algorithm is the most widely used
method to repeatedly alter the weights of the connections in the network to minimise
the loss function. The back-propagation algorithm uses a chain rule to train the
network [24]. Once the NN has been trained, it can be used to obtain the outputs for
new unseen inputs.

A MATLAB code was generated for creating the NN model. The NN has a two-
layer feed-forward type network with a hidden layer having a sigmoid activation
function and an output layer having a softmax activation function as illustrated in
Fig. 23.3.

The sigmoid activation function that introduces non-linearity to the relationship
generated using NN is given as,

f (x) = 1

1 + e−x
(23.2)

The softmax activation function, which provides a probability distribution of its
inputs proportional to their exponentials, is given by,

f (xi ) = exi∑k
j e

xi
(23.3)

where k is the number of classes into which the sample set has to be classified. As
the output of the softmax function is a probability distribution of the input variable
proportional to its exponential, 0 ≤ f (xi ) ≤ 1 and

∑k
j=1 f (xi ) = 1.

The deviation between the value predicted by the network and the true value fed
to the network is determined in terms of the cross-entropy loss function. The loss
function is given as,
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loss = −
n∑

i=1

k∑
j=1

pi j ln qi j (23.4)

where n represents the number of samples, k represents the number of classes, pi j
indicates the true probability of sample i to belong to the class j, and qi j is the output
probability by the network for sample i to belong to class j, which in this NN, is the
value provided by the softmax function.

A scaled conjugate gradient back-propagation algorithm is applied for training
the neural network used in this work. The data are fed in the form of input data to the
network and target data for defining the desired network output. The input data are
divided into three different types, viz. training set, validation set and testing set. The
samples in the training set are used to train the network so that the network weights
are altered repeatedly by the back-propagation algorithm. The validation samples
do not take part in the adjustment of the weights. They are used for evaluating the
network accuracy to avoid overfitting while training the network. Testing samples
do not affect the network but provide a final measure of the network accuracy after
training. If the network does not perform satisfactorily, it can be retrained to get
more accurate results [25]. In this work, 70% of the data were used for training, 15%
for testing and the rest 15% for validation purpose. The NN model was trained nine
times with three iterations each for 10, 20 and 30 number of hidden neurons. In order
to check for the successful working of the NN, the confusion matrix of each iteration
was evaluated, as shown in Fig. 23.3. The diagonal cells of the confusion matrix
indicate the number of correctly classified cases and the off-diagonal cells indicate
the incorrectly classified cases. The bottom right cell shown in dark grey indicates
the total per cent of correctly and incorrectly classified cases in green and red colour,
respectively [25]. The confusion matrices of all the iterations are shown in Fig. 23.4.

Results and Discussion

The 0.8 mm nozzle diameter was the most suitable for proper extrusion. While using
a 0.4 mm nozzle diameter, filament buckling caused the print failure. Buckling of the
filament was seen frequently, causing the filament to stack between the feed rollers
and the entry of the heating element. The buckling of the filament might be due to the
higher backpressure on the filament from the heating element side of the feed roller
[26]. The nozzle temperature is one of the primary effective processing parameters
in FDM. It was noticed that a nozzle temperature of 90 °C resulted in successful
fabrication of the PCL part. Temperatures above 90 °C allowed proper extrusion of
the material but were too high to allow sufficient solidification of the deposited layer
within the printing time. The insufficient solidification of the deposited layer led to
deformation of the part as the deposited layers could not retain their shape during the
printing of subsequent layers. Nozzle temperatures below 90 °C caused the buckling
of the filament due to the insufficient liquefaction. Heated bed temperatures above
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(iii)(ii)(i)

(vi)(v)(iv)

(ix)(viii)(vii)

Fig. 23.4 Confusion matrices of iterations by training the NN (i) hidden neurons: 10, iteration: 1
(ii) hidden neurons: 10, iteration: 2 (iii) hidden neurons: 10, iteration: 3 (iv) hidden neurons: 20,
iteration: 1 (v) hidden neurons: 20, iteration: 2 (vi) hidden neurons: 20, iteration: 3 (vii) hidden
neurons: 30, iteration: 1(viii) hidden neurons: 30, iteration: 2 (ix) hidden neurons: 30, iteration: 3

50 °C hindered the proper solidification of the deposited layers, thus causing the
printed part to deform after subsequent layers were printed. Heated bed temperature
below 45 °C caused eventual warping of the printed part, and the part lost its adhesion
to the bed, thus getting dragged along with the nozzle.
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A low printing speed of 10 mm/s was most suitable for fabricating a PCL part.
While using higher printing speeds, the buckling of the filament was observed
frequently. This buckling might be due to the increase in the extrusion rate at higher
printing speeds, leading to an increment in the backpressure on the filament. A raster
width of 0.9 mm was found to be most suitable for successful printing of the PCL
part. A higher value of the raster width set in the slicing process resulted in unfused
rasters. In contrast, a rasterwidth lower than 0.9mmcaused the unsolidified deposited
material to ooze outside the perimeters. It was found that with the proper selection
of other parameters, the PCL part could be fabricated successfully with all the three-
layer heights considered. A lower layer height of 0.2 mm increased the printing time,
which led to higher chances of warping of the part. It was noticed that while using
a lower layer height, the insufficiently solidified material of the previous layer got
dragged along with the nozzle leading to deformations in part. Higher layer heights
of 0.3 and 0.4 mm did not cause any issues while fabrication of the PCL printed part.
Although, a higher layer height reduced the printing time. The infill densities of 60,
80 and 100% resulted in successful fabrication of part when the other parameters
considered were set in the range feasible for printing. However, higher infill density
led to deformations in a few cases. It was observed that the PCL part could not be
fabricated with the ambient temperature in the range of 35–40 °C because it led to
insufficient solidification of the layers deposited during the FDM process. Ambient
temperature in the range of 25–28 °C was suitable for the proper fabrication of the
PCL part as it allowed sufficient solidification of the deposited layers.

Every parameter has influenced the FDM process in the printability of the PCL
part. Thus, the NN can help in determining the printability of PCL based on a partic-
ular set of process parameters. Out of all the iterations with three different values of
hidden neurons, the NN with 30 hidden neurons showed better accuracy than other
cases as seen in Fig. 23.5. The best accuracy obtained by using 30 hidden neurons
was 93.3%.

Thus, the NN with 30 hidden neurons was considered for the proposed applica-
tion. Finally, a particular set of parameters was fed to the NN model, as shown in
Table 23.3. The output provided by the NN was a pair of two values, depicting the
probability of the given set of parameters to belong to ‘success’ category and the
‘failure’ category. The probability of the ‘success’ category was 0.9998 and that of
the ‘failure’ category was 1.6877 × 10−4. The output predicted by this NN can be
interpreted as—the parameters mentioned in Table 23.3 result in a successful print
of PCL part. Figure 23.6 shows that the PCL part was fabricated successfully using
the parameters shown in Table 23.3.

Conclusion

In this work, various set of process parameter valueswere used to fabricate a PCLpart
by the FDM process. The final values of the process parameters that resulted in the
successful fabrication of the part were determined. A data of 45 such combinations
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Fig. 23.5 Accuracy of each of the three iterations with 10, 20 and 30 hidden neurons

Table 23.3 Parameters fed to
the final NN model

Process parameter Value

Nozzle diameter 0.8 mm

Nozzle temperature 90 °C

Heated bed temperature 45 °C

Printing speed 10 mm/s

Raster width 0.9 mm

Layer height 0.3 mm

Infill density 80%

Ambient temperature 25–28 °C

Fig. 23.6 PCL part
fabricated using the
parameters mentioned in
Table 23.3
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with the classification as successful print or print failure were used to develop a
neural network model using a MATLAB code. The neural network was trained for
three times each, using three different values of hidden neurons (10, 20, and 30).
The model, which resulted in the highest accuracy, was considered for final use.
A particular set of process parameter values was fed to the network. The neural
network provided the probability of the given set of process parameters to result in
the successful fabrication of a PCL part by the FDM process. The result predicted by
the NN was validated by printing a PCL part with the same set of process parameter
values. Form this work, the conclusions that can be drawn are as follows:

• The set of process parameters that resulted in a successful fabrication of a PCL
part in this work are nozzle diameter of 0.8 mm, nozzle temperature of 90 °C, bed
temperature in the range of 45–50 °C, printing speed of 10 mm/s, raster width of
0.9 mm, layer height of 0.3–0.4 mm, infill density of 60–100% and under ambient
temperature in the range of 25–28 °C.

• The most common reasons for the failure of the process were filament buckling
between the feed rollers and heating element, and deformation of the part because
of insufficient solidification.

• TheNNwith 30 hidden neurons performed better than other cases with the highest
accuracy of 93.3%. It was also noticed that theNNwith 10 hidden neurons showed
better accuracy than that with 20 hidden neurons. This indicates that a higher
number of hidden neurons do not always result in higher accuracy, and it is
necessary to train networkswith different levels of hidden neurons until a desirable
accuracy is obtained.

This neural network model is a useful tool to predict the result of a particular set
of FDM process parameters on the printability of PCL.
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Chapter 24
ANFIS-Based Prediction Model for Tool
Wear Criteria During Orbital Electrical
Discharge Machining of Ti6Al4V

Naisarg H. Sagathiya , Ashish R. Prajapati , Keyur P. Desai,
and Harshit K. Dave

Introduction

Since World War II, to address the grooving list of industrial requirements,
researchers have developed number of nontraditionalmachining processes. Electrical
discharge machining (EDM) is a versatile nontraditional material removal process in
which it is possible to machine any shaped cavity using a tool having the same shape
that of the desired cavity. In EDM, both the wok material and the tool are needed to
be conductors of electricity, and both of them are submerged in a dielectric medium.
Initiation of discharges is created by applying high voltage difference between the
workpiece and tool, overcoming the breakdown strength of the dielectric fluid at the
small gap between the two materials. A small channel of plasma is formed in the
gap and expands further with discharge duration [1]. This plasma channel creates an
extremely high temperature, which eventually melts and evaporates material from
both the tool and workpiece.

In EDM, the size of the hole machined will always be greater than that of the tool,
which is called as overcut. Overcut in EDMcannot be eliminated. It can beminimized
by selecting the optimum input parameters. Minimization of overcut also endures the
problem of flushing and removal of solidified partials from hole cavity. This problem
can be rectified by using orbital movement of the tool. It increases clearance gap
between the electrode and the hole, which helps in flushing the dielectric fluid to
the bottom of the hole, which ultimately improves flushing. Also, the shape of the
electrical discharge machined cavity dramatically depends on the shape and size of
the tool electrode [2]. It is not possible for a single size tool to machine cavity of
different sizes. So, to machine different sizes of hole using a single size tool, orbital
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EDM is used. Orbital tool movement in EDM process is used to detach the size of
the electrode from the size of the hole to be machined. Hence, the standard the size
electrode from the market can be utilized to machine a hole of size bigger than the
electrode.

Tsai and Wang [3] did a comparative analysis of six neural networks and ANFIS
models to predict the material removal rate (MRR). They concluded that ANFIS
model gave the best results with a 16.33% error. Mandal et al. [4] have used ANN
to model the electrical discharge machining process. They predicted the values of
MRR and TWR utilizing those models. Pradhan et al. [5] have studied two artificial
intelligent models, namely radial basis function neural network (RBFN) and back
propagation neural network (BPN) to predict the surface roughness of electrical
discharge machined parts of AISI D2 steel. They observed that both the methods
gave satisfactory results and the difference between the predicted and experimental
values by both the methods found lower. Markopoulos et al. [6] have predicted the
surface roughness of EDMed parts of different steel grades using ANN. Gao et al.
[7] have studied the four different algorithms of ANN to predict the MRR and TWR.
They observed that the Levenberg Marquardt algorithm (LM) gave minimum error
while predicting the values selected response parameters. Caydas et al. [8] have
used ANFIS to anticipate the thickness of white layer (WLT) and surface roughness
values of wire-EDmachined surface. They made a model with reasonable difference
between experimental and predicted values. Rao et al. [9] carried out experiments
on M-250, HE15, Ti6Al4V and 15CDV6 materials machined with EDM process.
They developed models for surface roughness using ANN along with or without
the genetic algorithm (GA). They found that the model designed using ANN with
GA gave lower error compared to other model. Maji et al. [10] have developed
the models of ANFIS using linear and nonlinear membership functions (MFs) to
predict the MRR and surface roughness values. They concluded that using nonlinear
membership functions, models gave slightly better results.

Dave et al. [11] have studied the EDM of nickel-based alloy under orbital tool
movement using Taguchi L25 orthogonal array. They found out the most significant
variables affectingMRR and surface roughness are pulse on time and current. Prabhu
et al. [12] studied the modeling of carbon nanotube (CNT)-based EDM of tool steel
D2 using ANFIS mathematical approach. They predicted the surface roughness of
parts machined with and without CNT mixed dielectric with acceptable errors. Al-
Ghamdi et al. [13] made the relationship between EDM parameters and MRR using
five ANFIS models with 51, 6, 9, 19 and 21 rules and found that model with 21 and 9
runs gave better results.Mathai et al. [14] have studied the effects of EDMparameters
on end wear of the tool. They carried out experiments on Ti6Al4V alloy using copper
electrode of square cross-section. They found out that pulse ON time affects the
most on tool wear characteristics. Hourmand et al. [15] worked on nanopowder
mixed EDM of a metal matrix composite Al-Mg2Si material. They used ANFIS
model to predict the MRR. From ANFIS model, they observed that the interaction
of voltage–current and pulse on time–current has the highest effects on MRR. Dave
[16] has applied PSO (particle swarm optimization) and TLBO (teaching learning-
based optimization) techniques on orbital path EDM process to get the optimized
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(maximum) values of MRR of the Nickel alloy and ANSI 304 steel materials. He
found that TLBO technique generated higher value of MRR compared with PSO
even by using less number of iterations.

Several authors have developed models creating relation between input–output
parameters of die-sinking EDM and wire EDM using ANFIS and other modeling
techniques. However, no work has been reported on the modeling of orbital EDM
process onTI6Al4V alloy using copper tool utilizingANFIS technique. In the present
study, ANFIS models have been developed to establish relationship between orbital
EDM parameters, which are orbital radius, orbital speed, current, pulse on time and
duty factor with response parameters, namely tool wear rate and tool end wear.

Adaptive Neuro-Fuzzy Interface System (ANFIS)

Fuzzy modeling, initially developed by Takagi and Suguno has found number of
applications in the prediction, interface and control. ANFIS is one of the most
frequently used fuzzy interface systems, especially in practical applications. ANFIS
was originally proposed by Jang in 1993 after which it has been modified according
to modern needs. ANFIS generates a relationship between input and output by
combining fuzzy logic tool and ANN. Fuzzy logic does not have any predefined
technique for conversion, and it takes longer time to cope up with the membership
functions (MFs). However, ANN has better learning capacity to accommodate with
environment. Thus, ANN is combined with fuzzy logic to cop up with fuzzy logic
MFs.

A fuzzy interface system has three essential components, which are based on the
“If-Then” rule, technique interface and fuzzy set membership. A detailed view of
FIS is given in Fig. 24.1. FIS changes the given value into fuzzy value with the help
of membership functions, which has values between 0 and 1. Basic components of
knowledge base are database and rule base for generating the results [17].

The adaptive network is a multilayer feed-forward neural network. The basic
diagram of adaptive network is composed of number of interconnected nodes. Every
node performs a particular function on incoming function coming to the node. By
selecting the proper learning method, the error of the output can be reduced. ANFIS

Fig. 24.1 Fuzzy interface system (FIS)
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provides two optimization methods, namely, back propagation and hybrid. Basic
back propagation algorithm has some limitation of slow convergence, which always
tends to stay local. Because of this limitation of back propagation algorithm, a hybrid
learning algorithm has been used in this study.

ANFIS Architecture

ANFIS architecture is made of five network layers and the hybrid algorithm has been
used to train system based on the input–output data. Takagi and Sugeno’s diagram of
ANFIS, which has two input parameters (x and y) and one output function (z) with
two membership functions (MFs) are shown in Fig. 24.2. Two fuzzy rules (If-Then)
of first-order Sugeno modes are given below:

Rule 1 : If x is A1 and y is B1 Then f1 = p1 x + q1 y + r1 (24.1)

Rule 2 : If x is A2 and y is B2 Then f2 = p2 x + q2 y + r2 (24.2)

where, A1, A2, B1 and B2 are input functional parameters, and p1, q1, r1, p2, q2 and
r2 are output functional parameters.

All the layers of ANFISmodel, which are shown in Fig. 24.2, are described below:
Layer 1: In this fussification layer, each input is the adaptive node that transformed

into linguistic with the help of MFs. Every node (i) in this layer is the square node
with a node function as:

O1
i = μAi (x), (24.3)

where, i = 1, 2 and μAi is a degree of membership functions for input x

Fig. 24.2 ANFIS architecture
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Layer 2: Each node in this layer is a circular node, which multiplies the incoming
signal and sends data out. In this layer, each node is a nonadaptive type. It can be
given as below:

ωi = μAi (x)μBi (y), i = 1, 2 (24.4)

Layer 3: Each node in this layer in circular shape is labeled with N, and all of
them are fixed. It represents the firing strength from layer 2. Firing strength can be
calculated as below:

ωi = ωi

ω1 + ω2
, i = 1, 2 (24.5)

Layer 4: This is a defuzzification layer, which is adaptive. Each node (i) in this
layer is a square node with function:

ωi fi = (pi x + qi y + ri ) (24.6)

where, ωi is the output from layer 3, and (pix + qiy + ri) is called as consequent
parameter.

Layer 5: This single node layer is the output layer, which is modeled by ANFIS.
It is shown in a circular shape and labeled as �, that is overall output by summation
of all incoming output:

∑

i

ωi f =
∑

i ωi fi∑
i ωi

, (24.7)

From the above ANFIS model, a relationship between input and output values
can be successfully established using different combinations of MFs, rule bases and
other parameters from the loaded database.

Experimental Plan and Procedure

Machine Setup

In the present study, Titanium superalloy Ti6Al4V as a workpiece is selected for
the experimentation. Ti6Al4V material has an excellent combination of toughness,
strength, corrosion–resistance and high strength toweight ratio. Copper with positive
polarity is taken as a tool electrode material of 9 mm diameter. The size of the
workpiece is 15 mm× 15 mm× 10 mm, in which a hole of depth 4 mm of different
diameter was generated. Single diameter tool is used to drill the holes of five different
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Fig. 24.3 Helical tool
movement path

diameters. Standard EDM oil has been chosen as a dielectric fluid in the present
experiments.

Joemars JM322 EDM machine is used in the study. It is equipped with orbital
cutting attachment, which can be utilized for boring operation. With the orbital
motion of tool, it can be possible to disassociate the size of the cavity with that of
the tool. In these experiments, helical movement of the tool is selected, in which tool
moves simultaneously in all three axes x, y and z in helical path, which is illustrated
in Fig. 24.3. As shown in Fig. 24.4a, workpiece is fixed in workpiece fixture and
electrode tool held in tool holder. Side flushing has been used, in which dielectric
fluid jet of 1 bar pressure was directed towards the sparking area through a nozzle.
Condition of tool and workpiece after machining can be observed in Fig. 24.4b.
After the completion of machining, both the tool and workpiece were thoroughly
cleaned using acetone and placed on ultrasonic vibrator to remove the carbon soot
from the tool and workpiece surfaces and then dried using tissue paper to remove
the remaining oil stain.

Experimental Design

Total five input parameters, namely orbital speed (S−o ), orbital radius (ro), duty factor
(DF), pulse ON time (tON) and current (I) are selected with five levels for each
parameter. Values of all the selected parameters are chosen as the difference between
two values remains nearly same. The values of each level for all selected parameters
are given in Table 24.1. The following experiment is designed with Taguchi’s L25
orthogonal array as there are total five input parameters and five levels for each



24 ANFIS-Based Prediction Model for Tool … 283

Fig. 24.4 a Machining setup, b Tool and W/P condition after machining

Table 24.1 selected parameters along with their levels

Parameter P1 P2 P3 P4 Unit

Orbital radius (ro) 0.4 0.8 1.2 1.6 mm

Orbital speed (So) 0.05 0.07 0.09 0.11 mm/s

Current (I) 9 13 17 21 A

Pulse ON time (tON) 93 165 240 315 µs

Duty factor (DF) 0.4 0.5 0.6 0.7 –

parameter. In this design, there are total 25 rows. All the experiments have been done
twice for precise evaluation of results. So, total 50 workpieces and tools have been
prepared for experimentation.

Two response characteristics, TWR and tool end wear were selected for ANFIS
modeling. To calculate the TWR,weights of the tool before and after machiningwere
measured using Citizen made precision electronic weighing machine having resolu-
tion of 0.001 gm. Then, the weights are converted into volume by using density of
the tool material. Machining time is counted using precision watch having resolution
of 1 s. TWR (mm3/min) has been calculated by utilizing the following equation:

TWR =
(
Twi − Twf

)

ρT × t
(24.8)

where

Twi Initial weight of the tool (gm)
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Twf Final weight of tool (gm)
ρT density of tool material (gm/mm3)
t machining time (min)

Tool endwear (mm) is a change in the length of the tool before and aftermachining.
It was measured in the EDMmachine itself with 0.001 mm precision. The following
equation can calculate the tool end wear:

End wear�lT = lTi − lTf (24.9)

where, lTi is the length of the tool before machining and lTf is the maximum length
of the tool after machining.

Result and Discussion

As discussed in the earlier section, Taguchi’s L25 orthogonal array design is selected
for experimentation, and all the experiments were done twice. The average of these
two result data is used in the modeling process. Result data of both the chosen
response parameters with Taguchi’s L25 design are given in Table 24.2. From the
result table, it can be seen that the highest values of tool wear criteria are found
during experiment number 9.

ANFIS Model for TWR and Tool End Wear

ANFISmodelwas developed inMATLABMathwork software. The neuro-fuzzy tool
available in this software was used to structure ANFIS. In the present study, 80%
of the experimental data (20 experiments) were selected randomly for the training
process and 20% of data (five experiments) for testing purpose. It means that five
results for both the selected responses were predicted using ANFIS model and then
compared with experimental results. Sugeno type fuzzy interface systemwith hybrid
learning algorithm is utilized for the modeling of both the response parameters.

In the ANFIS structure generated by the software have five input parameters with
one output parameter. In third layer, a total of 20 rules were used for the prediction
of the output values. In layer 1, fussification of input parameters takes place to 20
membership function in layer 2. To make a model, first, it is needed to call the
training data in the ANFIS work system. These data help in searching the constant of
the membership function. In the present study, subtractive clustering fuzzy interface
system has been selected. Parameters of the subtractive clustering technique used in
this study are given in Table 24.3. These ANFIS variables have been optimized after
a number of tests.
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Table 24.2 Experimental design and results of TWR and tool end wear

Exp. Orbital radius
(mm)

Orbital
speed
(mm/s)

Current (A) Pulse ON
time (µs)

DF TWR
(mm3/min)

Tool end
wear (mm)

1 0.4 0.05 9 93 0.4 0.036 0.271

2 0.4 0.07 13 165 0.5 0.057 0.199

3 0.4 0.09 17 240 0.6 0.0985 0.271

4 0.4 0.11 21 315 0.7 0.102 0.183

5 0.4 0.13 28 385 0.8 0.171 0.307

6 0.8 0.05 13 240 0.7 0.0428 0.135

7 0.8 0.07 17 315 0.8 0.0542 0.149

8 0.8 0.09 21 385 0.4 0.0836 0.259

9 0.8 0.11 28 93 0.5 0.8146 1.108

10 0.8 0.13 9 165 0.6 0.0299 0.195

11 1.2 0.05 17 385 0.5 0.0656 0.249

12 1.2 0.07 21 93 0.6 0.2529 0.811

13 1.2 0.09 28 165 0.7 0.2448 0.584

14 1.2 0.11 9 240 0.8 0.0138 0.057

15 1.2 0.13 13 315 0.4 0.0309 0.225

16 1.6 0.05 21 165 0.8 0.1235 0.452

17 1.6 0.07 28 240 0.4 0.2352 0.646

18 1.6 0.09 9 315 0.5 0.0155 0.154

19 1.6 0.11 13 385 0.6 0.0416 0.223

20 1.6 0.13 17 93 0.7 0.1251 0.558

21 2 0.05 28 315 0.6 0.2307 0.613

22 2 0.07 9 385 0.7 0.0182 0.13

23 2 0.09 13 93 0.8 0.0657 0.531

24 2 0.11 17 165 0.4 0.095 0.596

25 2 0.13 21 240 0.5 0.1365 0.587

The data are trained using hybrid optimization method with 50 epochs. ANFIS
then calculated the error between input values and the predicted values generated
from the model.

Model Performance for the Prediction of Tool Wear Rate
and Tool End Wear

As in the present research, Taguchi’s L25 experimental design is used; there are
total 25 output readings. Out of which 20 data were selected randomly for training
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Table 24.3 ANFIS criteria
used in creating the model

Criteria Descriptor/values

FIS structure Sugeno subtractive clustering

Number of training and testing
data

20 and 5

Reject ratio 0.15

Squash factor 1.25

Accept ratio 0.1

Range of influence 0.5

Number of outputs 1

Number of inputs 5

Optimization method Hybrid

Numbers of input membership
functions

20 20 20 20 20

Number of training epochs 50

the model. The remaining five data were used for the prediction of both the output
parameters. The error between experimental values and predicted value has been
evaluated by statistical equations. ANFIS model performance is evaluated by using
statistical functions, namely root mean square error (RMSE) andmean absolute error
(MAE). Equations for these functions are given below:

MAE = 1

n

n∑

t=1

|Pt − Et| (24.10)

RSME =
√∑n

t=1(Pt − Et)
2

n
(24.11)

where, Pt is predicted result from ANFIS, Et is experimental result, and n is the total
number of data selected for the calculation of error.

The lower value of RSME indicates the better predictability of the model. As it
can be observed from Table 24.4 that model for tool wear rate gave smaller error than
the model for the tool end wear. While measuring the tool end wear, the taper on the
tool was not considered, this is nullified in the calculation of TWR. The predicted
and experimental values of both TWR and tool end wear in graphical form are shown
in Fig. 24.5a, b, respectively.

Table 24.4 Errors of
predicted result

Response characteristic MAE RSME

Tool wear rate 0.01164 0.01415

Tool end wear 0.0396 0.04583
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Fig. 24.5 Comparative diagram of experimental and predicted values through ANFIS for a TWR
and b Tool end wear

From Fig. 24.5a, it can be seen that two predicted values (experimental runs
1 and 4) have a relatively larger error for tool wear rate than other experimental
runs. Error for two predicted values (experimental runs 2 and 5) has minimum error
compared with others. In the case of the tool end wear also errors found higher for
two values (experimental runs 1 and 5), which can be observed in Fig. 24.5b. While
the experimental run 3 has the lowest error. Thus, ANFIS model can be used for
generating a model with minimum values of error.

Moreover, ANFIS has generated nonlinear surface plots of response variable
against two input variables. Some of the selected surface graphs of two input param-
eters with TWR and tool end wear are shown in Figs. 24.6 and 24.7, respectively.
TWR and tool end wear found larger at the high orbital radius values (Figs. 24.6a
and 7a). From Fig. 24.6b, it can be observed that tool wear rate decreases with an
increase in tON. Also, from Fig. 24.6c, TWR is found increasing with an increase in
current values. Figure 24.6b indicates that, at lower pulse on time values, tool end
wear is more significant compared with higher values. By observing Fig. 24.7b, it
can be said that the tool end has worn significantly when the lower machining time
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Fig. 24.6 Change in tool wear rate with respect to a orbital speed (So) and orbital radius (ro),
b Duty factor and Pulse on time and c Duty factor and current

was used. Referring to Fig. 24.7c, tool end wear is found to be increasing with an
increase in current and duty factor values.
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Fig. 24.7 Change in tool end rate with respect to a orbital speed (So) and orbital radius (ro), bDuty
factor and Pulse on time and c Duty factor and current

Conclusion

Orbital tool movement in EDMhelps in drilling the hole of different diameters with a
single diameter tool. In the present research work, models for tool wear rate and tool
end wear were successfully developed using ANFIS. The developed model helped
in predicting the values of responses with reasonable errors. Error predicted for tool
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end wear was found higher than the error anticipated for tool wear rate. Results show
an increasing trend on tool wear characteristics with an increase in the current values.
Also, tool wear characteristics were found lower at higher pulse on time and lower
orbital radius. It can be concluded that with the help of the surface graphs, prediction
of the behavior of responses because of a change in the independent parameters
can be easily generated through ANFIS. Thus, ANFIS modeling can be utilized for
process planning to predict the tool wear prior to the machining initiation.
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Chapter 25
Evaluation of Metal Foam of Al6061 +
MgO Using PM Route

Rahul Rathod, Bhupesh Goyal, Prashantsingh Tomar, and Akash Pandey

Introduction

Metal Foams are new type of material that has porous structure, which makes them
different from other metals. They are manufactured by various techniques and many
are still under development. Nowadays, there is an environment of manufacturing
a new class of material that occupies less mass and weight, with high strength,
good thermal conductivity and good acoustic damping capacity as compared with
other materials, which result in the generation of metal foam that fulfils the required
properties [1]. In current scenario, the techniques that are used tomanufacture porous
materials are not able to control the different parameters like porosity, density etc.
Metal foam also finds its applications in the defence [2]. Al foams can convert much
of the impact energy into plastic energy and absorb much more energy than bulk
metals at relatively low stresses [3].

Generally, porous materials classified in two types:

• Closed cell
• Open cell.

The closed-cell metal foam possesses porosity in the range of 30–40% while
open-cell metal foam contains 60–90% porosity in them [4–6]. Open-cell foam is
used in the field of thermal applications [1, 7] while closed-cell foam finds its uses
in the field of structural applications, sound absorbing and vibration damping [4, 8].

Different methods are introduced to manufacture the metal foam such as Alporas
process, powder metallurgy, space holder, gas eutectic decomposition, entrapped gas
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expansion, etc. using different blowing agents such as TiH2 [9, 10], CaCO3 [11, 12],
MgO [13]. Material like Tin can also be used as foaming agent by maintaining the
decomposition temperature [7].

At present, the processes used to manufacture metal foams are not completely
controlled, i.e., the pores of the metal foam obtained are not in proper shape and size
and are not aligned properly. The preheat temperature plays a vital role in increasing
the porosity of the metal foam [13]. But the control of processing metal foam is
improving rapidly. Metal foams have some promising properties, which make them
more attractive and efficient as compared with other metallic structures. Metal foams
can offer significant performance gains in light, stiff structures, for the efficient
absorption of energy, for thermal management and perhaps for acoustic control and
other, more specialized applications [1]. They can also be recycled and are non-toxic.

There are two types of metal foam, closed-cell metal foam and open-cell metal
foam. The closed-cell metal foam possesses 30–40% porosity while open-cell metal
foam contains 60–90% porosity in them. Different methods are introduced to manu-
facture the metal foam such as Alporas process, powder metallurgy, NaCl used as
a space holder, gas eutectic decomposition, entrapped gas expansion, etc., using
different blowing agents such as TiH2, MgCO3, ZrH2, CaCO3, MgO. The Al6061
powder mixed with blowing agent MgO in desired quantity is mixed with Silica
gel, which is used to bind the mixture and compacted at a pressure of 100–150 Psi
and a precursor is obtained, which consists of a coin-shaped structure. The obtained
precursor is then heated in muffle furnace at temperature ranging from 890 to 880 °C.
As a result, gases start to generate inside the precursor in the form of bubbles and
after solidification the metal foam is obtained, which possesses a porous structure.
The solidification rate of the metal foam increases due to low porosity of the metal
foam obtained [14]. The silica gel used as binding agent oxidizes and does not have
any reaction on the aluminium and MgO, so good metal foam is obtained using PM
route.

In matter or energy transportation applications, open-cell metal foams are been
used frequently [15]. For sound absorbing as well as thermal applications, open-cell
structures are used as they exhibit higher thermal conductivity [16]. The hot stage
microscopy is used for determining the foaming kinetics of obtained metal foam
[17].

Experimental

Powder Metallurgy Method

Alloy powders are mixed with the blowing agent to form metal foam. Powder metal-
lurgy also known as the powder compact foaming technique has improved its status
in current industrial trend. This technique involves mixing of metal alloy powders
with an appropriate foaming agent and compressing themixture with a dense product
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called precursormaterial [18].According to previous research, it can also beproduced
without using any foaming agent [13]. The heating of foamable precursor is carried
out above the melting point of the alloy [4]. The major difficulty observed with this
process is the inequality between the decomposition temperature of the foaming
agent and melting temperature of Aluminium [1].

This process starts by blending of metal into powder form and cold compacting
with the die compression or axial compaction. 5 g of Al6061 powder is mixed with
the 2% of MgO, used as a blowing agent and 1–2% of silica gel is used as binding
agent so that it binds thematerial during removal from the die after compaction under
a pressure of 100–150 Psi then the compacted powder is further heated to its melting
temperature of about 880–890 °C and holding it for about 3–4 min so that maximum
amount of gas can be generated. As a result, the blowing agent starts to release the
gas in the form of bubbles, which create voids and the metal foam is obtained after
the solidification is done under room temperature. The density of pores obtained
will depend on the solidification time and the percentage of blowing agent added to
the metal powder [13, 19]. Highest foaming efficiency can be obtained at 700 MPa
compaction pressure and 800 °C temperatures [11].

Porosity Calculation

To calculate the porosity of the metal foam, first a beaker is filled with 100 ml of
water. A sample of compacted metal piece that does not have porosity is put into the
beaker, containing 100 ml of water. Note down the change in volume of the water
displaced by the metal piece. Now fill another beaker with same amount of water
(i.e., 100 ml) and then put the porous sample into the beaker. Now note down the
change in volume of the water displaced by the porous metal piece. So the porosity
of the metal foam can be calculated by P.

P = (Vs − Ve)

100
%

where V s is the change in volume of the water displaced by the sample metal piece
and Vp is the change in volume of the water displaced by the porous metal piece.
This method is only applicable to find surface porous material while the method to
find internal porosity is still under development.

Results and Discussion

Scanning electron microscope test has been carried out on the metal foam, which
shows themicroscopic structure of themetal foamobtained at a pressure between 120
and 150 Psi and 880–890 °C temperatures. In Fig. 25.1, the metal foam is compacted
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Fig. 25.1 a Aluminium
metal foam at 100 Psi and
890 °C, b Cross-section and
c SEM (Scanning Electron
Microscope) of Al metal
foam

(a)

(b)

(c)
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at 100 Psi pressure, which shows that the proper melting of the aluminium starts
at that point of temperature, which can be seen in the SEM result, while Fig. 25.2
shows the metal foam compacted at 120 Psi pressure and 880°C gives the analysis of
metal foam having maximum porosity as compared with other metal foam sample
obtained. Figure 25.3 shows the porous structure of the metal foam obtained under

Fig. 25.2 a Aluminium
metal foam at 120 Psi and
880 °C, b Cross-section and
c SEM (Scanning Electron
Microscope) of Al metal
foam
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Fig. 25.3 a Aluminium
metal foam at 150 Psi and
880 °C, b Cross-section and
c SEM (Scanning Electron
Microscope) of Al metal
foam
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Table 25.1 Design of experiments

S. No Al (g) MgO (%) Pressure (Psi) Temperature (°C)

1 5 2 100 850

2 5 2 100 860

3 5 2 100 870

4 5 2 100 880

5 5 2 100 890

6 5 2 120 880

7 5 2 150 880

8 5 2 170 880

9 5 2 200 880

10 5 2 250 880

11 5 2 250 800

120 Psi pressure and 880 °C. Due to the heating the precursor above melting point,
the blowing agentmixedwith the aluminiumpowder starts to generate gas in the form
of bubbles and when air cooling is done the bubbles generated inside the precursor
gets entrapped inside the precursor and metal foam is obtained, which have porous
structure.

While calculating porosity, it was seen that the water was fully absorbed by the
metal foam and the deflection of water is displaced by the metal foam is clearly seen
when it was placed inside the 100ml beaker containing water. The SEM result shows
that the pores obtained in the metal foamwith uneven shape and sizes were obtained.
Best result can be analyzed by calculating porosity of the metal foam obtained at
different pressure and temperature. It was seen that the best results were shown by
the metal foam, which was compacted at 120 Psi pressure and 880 °C temperature
by calculating porosity of the metal foam, i.e., 66.6% was observed (Table 25.1).

In Fig. 25.4, as we increase the pressure and temperature for manufacturing of
metal foam from 100 to 250 Psi and 800–890 °C, the porosity of the metal foam
varies with varying pressure and temperature. The best results can be obtained by
SEM analysis, which shows the porous structure inside the fifth, sixth and seventh
sample ofmetal foam,which are compacted at 100–150 Psi and heated at 880–890°C,
respectively.

The fifth sample has porosity of about 33.3% while sample sixth shows 66.6%
porosity and sample seventh has 53.3% porosity inside it. Figures 25.2 and 25.3
have been compacted at a pressure of 120 and 150 Psi and temperature at 880 °C,
respectively. As the SEM results show that the aluminium metal foam of sample 5,
6 and 7 has a porous structure inside it which can be seen at 50 µm.

As we increase the pressure from 150 to 250 Psi and temperature 880 °C, there
will be notmuch change in the surface area and height of themetal foam obtained this
is because of the pressure applied for cold compacting is higher, which increases the
density of the precursor andwhen the precursor is been heated at 880 °C temperature,
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(1) (2) (3)

(4) (5) (6)

(7) (8) (9)

(10) (11)

Fig. 25.4 Aluminium metal foam obtained from 100 to 250 Psi pressure and at 800–890 °C
temperature
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the magnesium oxide mixed with the aluminium powder is unable to make gases in
the form of bubbles, which result into less increase in the surface area and low
porosity can be observed.

Conclusion

• SEMtest shows themicrostructure inside themetal foam,which consists of porous
structure.

• Due to melting of aluminium metal above 800 °C, the magnesium oxide mixed
with the aluminium starts to generate gas in the form of bubbles and the bubbles
are been entrapped because of the solidification done at room temperature. The
porosity of the metal foam depends on the varying percentage of the magnesium
oxide, which acts as blowing agent.

• The magnesium oxide is a good blowing agent that can generate bubbles even at
low temperatures, which reduces the time of manufacturing of metal foam.

• Good metal foams that have 30–70% porosity can be obtained at 100–150 Psi
pressure and 880–890 °C temperature through PM route.
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Chapter 26
Mechanical and Wear Characterization
of Epoxy Resin-Based Functionally
Graded Material for Sustainable
Utilization of Stone Industry Waste

Aakash Sharma and Vikash Gautam

Introduction

The potential to acknowledge and use materials is essential over time. Due to envi-
ronmental reasons, many scientists and engineers recognize the importance of using
innovative materials. There is always an unceasing growth in the field of materials.
Furthermore, the human pursuance to find a new material is never complete by
utilizing environmental waste that may work under certain conditions. Significant
progress has been made in the development of materials from metals to alloys and
functionally gradedmaterials (FGM) based on specific activity. The term “FGM”was
coined by the Japanese in 1984 to develop high temperature materials. The idea is to
produce a material from a different composition that is resistant to high temperatures
on the one hand and good thermal conductivity on the other.

Naebe [1] presented in their article, a review of the latest advances in the investiga-
tion of functionally graded materials. The main objective of the research has always
been the manufacturing of FGM/C and, therefore, various processing techniques
for the preparation of FGM/C are discussed, e.g., CVD, thermal spray, centrifugal
casting, electrophoretic deposition, spark plasma sintering, etc. In their articles,
Shinohara [2] discussed the challenges of fabricating functionally graded materials
and classified its future applications and current issues in various scientific and tech-
nological fields, including aerospace, (bio) mechanics, energy engineering, sensor
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technology and tribology. Researchers also fabricated graded composites using ther-
moset resins like Ni/Epoxy resin FGM by magnetic field driving method [3], func-
tionally graded porous polymer structure by Thermal bonding lamination technique
[4].

FGMs are innovative materials with varying composition. However, there is not
much research work done to develop functionally graded materials for Microelec-
tromechanical systems (MEMS) applications. Hasssanin and Jiang [5] discussed a
process for fabricating ceramic micro components using the combined properties of
Alumina and Zirconia by soft lithography technique. Rezapoor et al. fabricated Fe-
TiC functionally graded coating and evaluated its mechanical properties [6]. Salcedo
[7] simulated a 3D functionally graded material using material. Gupta and Talha [8]
in their review focussed on the recent developments inmodeling and simulation tech-
niques of FGM/S. Polajnar and Kalin [9] investigated friction and wear performance
of functionally graded ductile iron (FGDI). Fabrication ofW-Cu functionally graded
materials using spark plasma sintering [10] and its mechanical characterization [11,
12] is also common among researchers.

Techniques of exploiting filler and reinforcement material for the fabrication of
functional composites are more common among researchers such as aerosol and
coremat filled epoxy composites [13], glass fiber reinforced composite [14], granite
epoxy composite with cast iron filler [15], graphite micro filled epoxy composites
[16], granite dust filled Polycarbonate (PC) hardened epoxy composite [17], func-
tionally graded aluminium composites using centrifugal casting [18], graded natural
fiber/epoxy composite by centrifugal casting using banana trunk as natural fiber [19],
granite powder filled epoxy composites [20], marble dust filled epoxy composites
[21], granite powder—epoxy composites for chemical resistance testing [22], epoxy
resin with flyash particulates as filler [23], polybutylene terepthalate (PBT) tough-
ened epoxy composite [24], granite powder reinforced in toughened epoxy with
unsaturated polyester [25], composite filled with glass fiber [26], granite filled
composites for wind turbine applications [27, 28], epoxy resin-based ceramic filled
composite [29], bamboo/jute—glass fiber-reinforced polymer (GFRP) composite
[30], hybrid composites filled with glass fiber and milled carbon [31] etc.

Depending on their behavior, the functional grading of material serves two
purposes. The current literature shows that the use of a large number of fillers and
fibers in functional grading of polymers are advantageous in enhancing the mechan-
ical as well as wear properties. Waste products from the stone industry, such as
granite powder, are widely and prominently exploited in the fabrication of compos-
ites. Depending on the background, existing applications focus on the composition
of uniform and graduate compounds. Polymer-based granite powder reinforcement
homogeneous and FGM samples were examined to determine their mechanical and
wear properties.
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Materials and Methodology

The standardized composite material is manufactured using a stone industry waste,
i.e., granite powder combined with araldite epoxy resin (LY-556) as matrix rein-
forcing adhesive material. The hardener (HY-917) is used for curing the resin with
the composition ratio of 1:10 wt% with epoxy. Granite and epoxy were weighed
using an electronic weighing machine and then mixed evenly by hand for about
10 min to remove air bubbles. A mixture of granite and epoxy is carefully found in
the glass test tubes 15 mm in diameter and 125 mm long as shown in Fig. 26.1. The
composition of granite dust and epoxy is shown in Table 26.1.

Graded samples are produced by vertical centrifugal casting method (Fig. 26.2).
First, the glass tubes are coated internally with a wax-releasing agent. The raw mate-
rial is poured into cylindrical glass tubes with the prescribed weight ratio and rotated
for 45 min at 1500 rpm. Prepared samples were left unattended for 48 h at room
temperature and then for further testing, extricated from the glass tubes.

Fig. 26.1 Epoxy-granite
mixture in glass tube after
VCC process

Table 26.1 Material
composition

Specimen Granite dust (%) Epoxy (%)

A 0 100

B 5 95

C 10 90

D 15 85
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Fig. 26.2 Experimental
setup for vertical centrifugal
casting

Mechanical Characterization

The hardness of the samples was measured using the C-Scale Rockwell Hardness
Tester. It was tested by taking initial load of 10 kgf andmain load of 150 kgf for dwell
time sufficient enough for indentation. Since it is one of the indentation techniques for
determining hardness, we used a 120° diamond spheroconical indenter. Figure 26.3
shows indentation marks on the specimens after determining hardness.

A standard sample size of 55 mm × 10 mm is designed for the Charpy impact
test rig shown in Fig. 26.4 in accordance with the ASTM E23 standard. Due to
the cylindrical shape of the specimens, the anvil had a designed tooling to hold the
samples tight enough towithstand the impact of the highpotential hammer/pendulum.
The energy absorbed by the specimen before fracture can be noted from the energy
readoutwhichwhen divided by cross-section area of the specimen gives us the impact
strength.

Sliding Wear Analysis

Thewear was tested under dry conditions on the Pin-On-Disc Tribometer (DUCOM)
shown in Fig. 26.5a. The experiments were performed according to the factors and
levels given in Table 26.2. The test specimens as in Fig. 26.5b required to perform
sliding wear analysis were made to a standard size by machining. The sample with
diameter 10 mm and length 35 mm were developed as per the requirements of the
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Fig. 26.3 Test specimens
for rockwell hardness testing

Fig. 26.4 Experimental diagram of charpy impact test
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Fig. 26.5 a Experimental
setup of Pin-On-Disc
tribometer and b Test
specimens for sliding wear
analysis

Table 26.2 The factors and levels of the experiments

Control factor Levels Units

I II III IV

Speed 375 750 1125 1500 RPM

Load 7.5 15 22.5 30 Newton

Fiber content 0 5 10 15 %

Distance 150 300 450 600 Meters
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Tribometer. The test surface was ground with 400 and 800 high quality SiC abrasive
paper tomake sure that specimensmakeproper contactwith the steel disc. The sample
surfaces were cleaned with soft cotton soaked in acetone after each tribometer run
to remove debris caused by wear.

The testswere carried out at different loads, sliding velocities and sliding distances
to determine the effect of these variables on the wear rate of compounds produced
at a variable proportion of the granite content. The Weighing Electronic Accuracy
Machine (WENSAR) is used to measure the mass loss due to wear.

The specific wear rate was analyzed using following equation [21]

WS = �m

ρ × t × VS × FN

where, WS is specific wear rate, Δm is mass loss due to wear, ρ is mass per unit
volume of the composite, t is the time duration, VS is the sliding velocity and FN is
average normal load.

Micrographic Observation

Morphological imaging was observed using an LV JEOL JSM-6480 scanning elec-
tron microscope. The clean sample was mounted with silver paste on the hole and
gold coated under the vacuum in the spray unit for better conductivity before obser-
vation. Figures below show the electronic micrograph of granite dust at different
magnifications. Granite powder SEM micrographs show that granite powder was
fatally present in the group because of the fact that the fabrication method selected
was vertical centrifugal casting due to which the powder particles were shown as
agglomerates as in Fig. 26.6 and it was also shown that the particles under observation
are forked or V-shaped in nature (Fig. 26.7).

Design of Experiment

TaguchiTechnology is anoptimization tool used to reduce the time required for exper-
iments and determine the impact of effective production parameters. L16 orthogonal
imaging was considered in this study to evaluate the performance of material sliding
wear and not the mechanical parameters because of the presence of variable factors
and levels that is being used in the assessment of specific wear rate of the graded
samples [20]. Table 26.3 shows the L16 orthogonal array of factors and their DOE
notations.
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Fig. 26.6 Micrographs
showing agglomeration of
granite particles

Fig. 26.7 Micrographs
showing pointed nature of
granite dust

Result and Discussion

Influence of Filler Loading on Hardness and Impact Strength
of Polymer Composite

The hardness of FGM composites increases significantly as the weight percentage of
granite powder increases, as shown in Fig. 26.8. The hardness of the FGM samples
taken from five different sites was in the strict range (40.8 ± 0.6–53.75 ± 0.9) HV
for (0–15)% of granite powder by weight. Maximum hardness was observed at 15%
wt. of granite dust for FGM composites.

The evaluation of total absorbed energy during the fracture of the resulted epoxy
composite is carried out by standard Charpy impact test. The outcome of Charpy test
is shown in Fig. 26.9. It is worth noting that the impact strength of the fabricated
material exhibits an increasing approach.
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Table 26.3 L16 orthogonal design of experiment

S. No. Speed (RPM) Load (N) Filler (%) Distance (m) DOE notations

1. 375 7.5 0 150 A11

2. 375 15 5 300 A12

3. 375 22.5 10 450 A13

4. 375 30 15 600 A14

5. 750 7.5 5 450 B11

6. 750 15 0 600 B12

7. 750 22.5 15 150 B13

8. 750 30 10 300 B14

9. 1125 7.5 10 600 C11

10. 1125 15 15 450 C12

11. 1125 22.5 0 300 C13

12. 1125 30 5 150 C14

13. 1500 7.5 15 300 D11

14. 1500 15 10 150 D12

15. 1500 22.5 5 600 D13

16. 1500 30 0 450 D14

Fig. 26.8 Variation of
hardness with granite content
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Adding filler material from 0 to 15 wt% increases the toughness potential of
the material. However, the results were acquired successfully in the range (1.43 ±
0.006 − 1.86 ± 0.003) J/mm2 for granite dust content.

Wear Analysis

The aggregate signal-to-noise ratio (SN ratio) of the wear rate of the FGM composite
was found to be 43.898 dB. The wear result of fabricated composite materials is
converted into signal to noise ratio. For smaller specific wear rate, the function ‘’less
is better” is used as presented in equation below.

S

N
= −10 log

[
1

n

(∑
y2

)]

where n is the number of observations and y is the data observed.
The wear analysis results are evaluated using the formation of Analysis Program-

ming Minitab 18. Examination of the output revealed that A4, B3, C4 and D2 factor
combination gives least wear rate (Fig. 26.10). Table 26.4 indicates the specific wear
ratios of FGM (W). It can be seen that FGM alloys with granite dust content exhibit
the highest wear resistance. If the appropriate testing technique is followed, the test
produces enhanced wear rates.

Effect of Applied Load

The effect of various normal loads on the wear rate of reinforced specimens at
fixed parameters, such as a sliding velocity of 143.25 rpm (0.75 m/s) and a sliding
distance of 750 m is shown in Fig. 26.11. The wear rate of all samples increases
with an increase in normal load. This is due to the fact that increased friction at a
higher load leads to an increase in deboning and cracking of the specimens. It is also
observed that under all test conditions, the rate of specific wear decreases with the
addition of granite powder to 15 wt%.

The specific wear is directly proportional to the normal load, this is clearly visible
when we infer from Fig. 26.11, and the reason for this behavior is relative as the
normal load increases, there is a significant increase in the frictional thrust which
in turn increases the area of friction. This leads to more weight loss and ultimately
increases in wear.

Effect of Sliding Velocity

Figure 26.12 shows the influence of sliding velocity on the wear behavior of the
epoxy matrix sample and reinforced by different weight fractions of granite (5, 10,
15%) at constant specification like applied load of 55 N and a sliding distance of
750 m. It can be seen that the wear rate of the composite decreases with increasing
slip velocity, in contrast to the increase in load, and the weakest wear resistance is
observed for the unreinforced epoxy matrix sample. It is also clear that wear rate



26 Mechanical and Wear Characterization of Epoxy Resin-Based … 313

15001125750375

48

46

44

42

40

30.022.515.07.5

151050

48

46

44

42

40

600450300150

speed

M
ea

n 
of

 S
N

 r
at

io
s

load

Filler content distance

Main Effects Plot for SN ratios

Data Means

Signal-to-noise: Smaller is better

Fig. 26.10 Effect of control factors on wear rate of FGM composite

shows a declining trend under all test conditions with an increase in granite content,
and the highest wear resistance is observed at 15% by weight of granite powder.
Compared with the matrix, the abrasion resistance of the reinforced composites is
higher due to the fact that granite particles impart additional strength to the epoxy
composites and as a result shows excellent wear resistance.

Effect of Sliding Distance

Figure 26.13 shows the estimated wear rate for different sliding distances under test
conditions. The graph illustrates the change in wear rate with sliding distance under
a normal load of 55 N and sliding velocity of 143.25 RPM (0.75 m/s).



314 A. Sharma and V. Gautam

Table 26.4 Experimental
design using L16 orthogonal
array

S. No. DOE notations Sliding wear (W) S/N ratio

1. A11 1.57E−02 36.07095

2. A12 6.76E−03 43.40107

3. A13 4.98E−03 46.05541

4. A14 5.62E−03 45.00527

5. B11 4.38E−03 47.17052

6. B12 6.06E−03 44.35055

7. B13 1.06E−02 39.46933

8. B14 8.64E−03 41.26973

9. C11 4.68E−03 46.59508

10. C12 2.96E−03 50.57417

11. C13 3.41E−03 49.34491

12. C14 1.20E−02 38.43086

13. D11 8.32E−03 41.59753

14. D12 6.43E−03 43.83578

15. D13 6.94E−03 43.17281

16. D14 4.96E−03 46.09037
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Fig. 26.11 Impact of load on wear rate with Granite content

All reinforced epoxy composites show improved wear resistance compared with
matrix materials. It was observed that the wear rate increased with sliding distance
for all samples. This may be due to the distinction of irregularities from the sample
surface as shown in Fig. 26.14. It was also observed that the composites reinforced
with 15 wt% granite powder showed minimal wear rates under all test conditions.
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Fig. 26.14 Worn out surface
irregularity of specimen
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This again shows that the addition of fillers can improve the wear resistance of
composites.

Conclusion

In the present investigation, graded granite dust reinforced epoxy composites are
prepared by sustainable utilization of stone industry waste and their effect on the
mechanical and wear performance is examined.

1. The hardness is increased with increment of granite filler into base matrix. The
maximumhardness is 62.5HV for 15wt%granite reinforced FGMandminimum
hardness is 40.3 HV for virgin FGM.

2. The impact strength is increased with increment of granite filler into base matrix.
Themaximum Impact strength is 1.86 J/mm2 for 15wt% granite reinforced FGM
and minimum impact strength is 1.43 J/mm2 for virgin FGM.

3. Granite powder electron microscope scanning was analyzed under different
amplitude conditions.

4. The aggregate for signal-to-noise ratio (SN ratio) ofwear rate for FGMcomposite
is established to be 43.898 db.

5. The optimum levels of control factors are 1500 rpm, 22.5 N, 15 wt% and 300 m.
6. These results are mainly with correspondence to the above given reinforcements,

it can be further inferred from the references that high granite dust content
(i.e., 30–50%) will lead to excellent enhancement in wear characteristics of the
fabricated composites.
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Chapter 27
Acoustic Emission System for Monitoring
Mechanical Behavior During Ultrasonic
Metal Welding

Vijay Dodiya, Sarthak Bhavsar, Naman Kansara, Nikhil Murarka,
Keyur P. Desai, Harshit K. Dave , and Himanshu V. Patel

Introduction

Ultrasonic metal welding (USMW) gained notable attention as a solid-state joining
process. USMW is extensively used in the electrical, electronics and automobile
sector due to its advantage over other conventional joining methods. Another advan-
tage of the process has capability to join dissimilar, multiple, and thin layers of
metals at low temperatures [1, 2]. USMW is solid-state welding process therefore no
consumable materials are required and maximum process temperature is only 40%
of the absolute melting temperature of the substrate materials. The quality issues are
rising such as porosity, heat-affected zone or burn-through during the conventional
fusion welding processes while USMW has no as such issues during the welding [3,
4]. Literature reports that using UMW technique, soft metals such as aluminum (Al),
nickel (Ni), copper (Cu), gold (Au) and silver (Ag) can also be welded. UMW is not
suitable for hard ferrous alloy and thickness greater than 3 mm is also constraint for
this process [5, 6]. Interlayer technique in ultrasonic welding can be useful to weld
Molybdenum material [7].

Zhao et al. [2] proposed a new technology that could monitor in situ transient
temperature. They found that weld temperature increased with amplitude.

Liu et al. [8] investigated microstructure and mechanical properties of Al/Cu
ultrasonically welded joints. They found weld time is an important parameter for
weld strength. The recrystallization was observed at the weld interface for maximum
weld temperature, i.e., 360°.

Balle et al. [9] performed experimental study to identify process parameters to
weldmetal to compositematerial. Theweld temperature formetal/carbon fiber textile
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joints was found within the range of 350–400 °C and from the SEM micrograph, it
was found intensive bonding connection at the interface.

Cao et al. [10] developed FEM model to study resistance heat produce during
the ultrasonic welding. They measured temperature using thermocouples. They
performed experimental validation in terms of interface temperature, horn displace-
ment and cross-section pattern. They found good agreement between experimenta-
tion and FEM model.

Lionetto et al. [11] performed experimental investigation on ultrasonic welding
of carbon fiber-reinforced composite to aluminum metal. They observed high weld
temperature and plastic deformation due to high force and high frequency shear
oscillations during welding. They found force is significant for the higher lap shear
strength.

Watanabe et al. [12] performed experiments with combinations of dissimilar
metals are aluminum–copper and aluminum–austenitic stainless steel (SUS304) to
identify the effect of thematerial hardness, thermal properties, and surface roughness
on ultrasonically welded joint. From their study, they concluded that process parame-
ters like weld time, clamping pressure affect the weld strength of Aluminum–Copper
joint.

Haddadi and Tsivoulas [13] welded Al 6111-T4 material using USMW. They
studied mechanical performance and thermal behavior of the weld joint. They
reported that temperature increase with weld time and the highest value was 440 °C
at maximum weld time.

Elangovan et al. [14] have used response surfacemethodology (RSM)with genetic
algorithm (GA) to obtain optimum process parameter for maximum weld strength.
They observed that as pressure increases weld strength decreases because relative
motion between weld surfaces reduces. On the other hand, increasing amplitude
causes more area for rubbing leading to higher weld strength.

Thus, from the literature review, it is observed that weld pressure, amplitude and
weld time are the governing parameters for weld strength and quality of the weld.
In this study, UMSW of pure copper specimen has been done to investigate the lap
shear and T-Peel test with different combinations of input parameters. During the
process, in situ temperature measurement has been performed during the process.
Also, in situ quality measurement has been performed using piezoceramic acoustic
emission sensor.

Experimental Study

Experimental Setup

Ultrasonic welding was carried out using Ultrasonic M-4000 Metal Welding press
(3000 W, 20 kHz), which is shown in Fig. 27.2 with microprocessor system MPS-4
and generator. The sonotrode used along with M-4000 is made of hardened steel.
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Fig. 27.1 Ultrasonic Metal welding setup

Anvil block has knurling impressions to provide grip to the specimen placed on it
and it is made up of steel. The parameters that can be varied on this machine tool
setup are amplitude and weld time. Figure 27.1 shows the ultrasonic welding setup.
The placement of the sensor on machine tool is a crucial aspect to collect accurate
data. For the temperaturemeasurement, k-type thermocouplewas used that was place
closest to the weld zone to get capture weld zone temperature during the process.
Kistler makes Piezoceramic Acoustic Emission Sensor was used to monitor in situ
weld quality. The sensorwas clamped throughmagnetic clamp on theweld specimen.
The sensor and thermocouple were connected through National Instrument to make
data acquisition system.

Material

In the present study, the first stage was the preparations of work specimen. All the
specimens were cut from the copper sheets. The ASTM D1002-01 [15] and ASTM
D1876-08 [16] standards were referred during the specimen preparation. The overlap
distance during the welding was kept 25 mm. Before welding, workpieces were
cleaned with acetone to remove the surface impurities as it may also affect the bond
strength. Figure 27.2 shows the dimensions of the specimen prepared as per the
standards.

In the present work, amplitude and weld time are considered as the controlled
factors and varied at three levels as shown in Table 27.1. The pressure was kept
constant 1.5 bar. In the present work, amplitude range is selected from 10 to 20 µm
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Fig. 27.2 Specimen for T-peel test and lap shear test

Table 27.1 Parameters and levels for the experiments

Parameter Unit Level 1 Level 2 Level 3

Weld time S 1 1.5 2

Amplitude µm 10 15 20

to utilize maximum capacity of machine tool. The experimental plan was designed
as per L9 orthogonal array, which considers two parameters each at three levels.

Results and Discussion

The ultrasonic welding was performed on Cu–Cu strips. During welding, weld
temperature and the deformation were sensed by Acoustic Emission (AE) sensor.
Figure 27.3 shows the interface of data collection using a LabVIEW software.
Table 27.2 represents the data collected during the welding and postwelding.

Thermal Behavior

During the ultrasonic metal, welding maximum temperature was recorded with help
of K-type thermocouple. The effect of weld time was studied at different weld time.
Figure 27.4 shows the effect of weld time on weld interface temperature during the
sample fabrication for Lap shear test and T-peel test.

From Fig. 27.4, it can be observed that the maximum weld temperature, i.e.,
357.80 °C was recorded during welding of Lap shear specimen. The maximum
temperature was achieved for the combination amplitude 20µm and 1.5 s weld time.
Due to the higher amplitude, rubbing action covers higher area and it produces more
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Fig. 27.3 LabVIEW
interface

(a) Measurement Panel 

(b) Block diagram for the measurement  
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Table 27.2 Results obtained during USMW

S. No. Weld time (s) Amplitude, A
(µm)

Lap shear test T-Peel test

Max
temperature
(°C)

Load (N) Max
temperature
(°C)

Load (N)

1 1 10 240.35 31.51 298.26 4.84

2 1 15 209.27 30.20 206.37 0.37

3 1 20 208.19 15.61 280.72 1.55

4 1.5 10 183.15 28.38 251.75 5.93

5 1.5 15 235.43 28.52 405.88 3.02

6 1.5 20 357.80 32.28 397.48 3.06

7 2 10 256.77 28.66 376.20 1.88

8 2 15 285.74 27.77 441.16 1.86

9 2 20 353.56 30.67 463.68 1.78
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Fig. 27.4 Effect of weld time on weld interface temperature

frictional heat between the interfaces that are under modest pressure. Similarly, the
highest temperature was recorded 463.68 °C for maximum amplitude and weld time.

Mechanical Behavior

The ultrasonically welded specimens were tested for Lap shear test and T-Peel test.
Figure 27.5 shows the effect of weld time on Lap shear strength and T-Peel strength.
Both mechanical strengths were measured using Kudale make tensometer.

It can be seen that maximum lap shear strength was obtained for higher amplitude
and moderated weld time. It is also observed that as the weld time increases weld
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Fig. 27.5 Effect of weld time on lap shear and T-Peel strength

strength also increases up to moderated weld time. As the more weld time given
to weld interface, more plastic deformation occurs and it produces strong bond at
interface under the constant modest pressure. The continuous increase in weld time
produces adverse effects on weld strength. It produces the over weld of specimen
and it damages the bond due to excess vibrational energy. The over welded specimen
consists of weak bonding mechanism that leads to lower lap shear strength as well
as T-Peel strength. It was also observed that amplitude stepping affects the weld
strength of the ultrasonically welded joints.

Weld Quality Monitoring

Piezoceramic acoustic emission sensor was used to monitor in situ weld quality
during the ultrasonic welding process. Acoustic emission (AE) involves a sensor that
converts process sounds into electrical output to a measurable variable. Air-borne
emission has the human audible ranges between 20 and 20 kHz. The typical sensor
for this emission is a microphone placed nearby the weld zone. Figure 27.6 shows the
AE signalwaveformduring thewelding. TheAEdata are converted intomV it ranges
−10 V to 10 V. Figure 27.6a shows AE data collected for the maximum lap shear
testing at weld time 1.5 and amplitude 20 µm. It can be observed that maximum
amplitude can produce higher friction heat between the weld interfaces that lead
to maximum lap shear strength, i.e., 32.28 MPa. It is also observed that for this
combination of parameters, maximum weld interface temperature, i.e., 357.80 °C
was achieved among all combinations. Figure 27.6b shows the AE data collected
during T-peel testing. The maximum interface temperature was observed for 2 s
weld time and 20 µm amplitude. Figure 27.6 shows the Maximum deformation was
observed at same time when maximum weld time was observed during the process.
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(a) For Wt =1.5s and A = 20μm (b) For Wt=2s and A = 20μm 
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Fig. 27.6 AE signal waveform during welding

Conclusions

In the present work, Cu–Cu specimens were ultrasonically welded to study the effect
of weld time and amplitude on Lap shear strength and T-Peel strength. During the
ultrasonic welding process, in situ temperature and quality were measured using
thermocouple andAEsensor, respectively. From the above study, flowing conclusions
can be drawn:

1. In situ temperature and quality measurement were successfully carried out using
K-type thermocouple and piezoceramic acoustic emission sensor.

2. Longer weld time results into higher weld strength because a higher welding
time facilitates in providing prolonged application of vibrational energy, thereby
resulting into better weldment.

3. The amplitude stepping shows better weld strength for lap shear and T-Peel
testing.

4. As the amplitude andweld time increase the weld interface temperature also rises
for both cases.

5. AE results and weld interface temperature show the good agreement during the
welding process.
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Chapter 28
Analysis of Enablers of Humanitarian
Supply Chain Management

Sachin Agarwal and Ravi Kant

Introduction

Humanitarian supply chain management (HSCM) becomes the imperative field of
research for policymakers, academicians and researchers since last decades mainly
after 2004 when the Tsunami occurred in the Indian Ocean. Disaster affects the
normal functioning of the society, which results in economic and social losses.
Thomas and Kopczak [1] define HSCM as “the process of planning, implementing
and controlling the efficient, cost-effective flow and storage of goods and materials,
as well as related information, from the point of origin to the point of consumption,
for the purpose of alleviating the suffering of vulnerable people.” Van Wassenhove
[2] stated that “disaster relief operations consist of 80% logistics cost, and in recent
years contributions in the field of humanitarian logistics (HL) and humanitarian
supply chain (HSC) rises dramatically.” Enablers are the success factor that helps in
the successful implementation of HSCM. This study identified 12 enablers from an
extensive literature review for efficient and effective HSCM implementation.

Literature Review

The enablers of HSC are different from those of commercial supply chains [3].
Enablers in HSC are crucial for proper execution of strategic and financial plan-
ning, which is planned in the predisaster phase. Pettit and Beresford [4] explained
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Table 28.1 HSCMEs and
literature support

Code Enablers Literature support

HSCME1 Medical facility [3, 8, 9]

HSCME2 Donor support [4]

HSCME3 Relief items assessment [3, 10, 11]

HSCME4 Information system [4]

HSCME5 Food and water delivery [3]

HSCME6 Cooperation [4]

HSCME7 Strategic planning [7, 12]

HSCME8 Emergency shelter [13]

HSCME9 Financial planning [4, 12]

HSCME10 Early warning [13]

HSCME11 Skills [8]

HSCME12 Capacity planning [7, 12]

the enablers of the commercial business supply chain in the field of HL and SCM.
Strategic planning, capacity planning, collaboration, and continuous improvement
inventory management, human resource management, information technology are
important success factors in the humanitarian logistics field based on commercial
context [4]. Oloruntoba [3] emphasized that “relief and response to cyclone Larry
which hit Australia in 2006 is considered as more effective and successful because
some best practices have been implemented by communities as well as government
organizations.” Zhou et al. [5] discussed the identification of CSFs in emergency
management. Li et al. [6] discussed “five important factors namely Reasonable
organisational structure and clear awareness of responsibilities, Clear procedure
of reporting and submitting information, Government unity of leadership to plan
and coordinate as a whole, Application of modern logistics technology and Regular
organisation of simulated disaster exercise as the enablers in emergency manage-
ment.” Yadav and Barve [7] identified 12 enablers of HSC and analyzed the relation-
ship among the identified enablers using Interpretive Structural Modeling (ISM)
methodology. Several studies identify the enablers for successful HSCM imple-
mentation [8–11]. Singh et al. [11] discussed the interaction of enablers namely
strategy and capacity planning, collaboration and coordination among stakeholders,
government support andpolicy formulation, etc., for the resilient humanitarian supply
chain. The HSCMEs were identified through the literature review and brainstorming
session conducted with the expert panel. This study analyzed the identified humani-
tarian supply chain management enablers (HSCMEs) with the help of ISM approach.
Table 28.1 detailed the list of enablers.
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Methodology

ISM is a technique to develop hierarchical relationship among variables, which repre-
sent graphically, the framework of the system. ISM is an established approach for
identifying relationships among specific variables and structured them into a system-
atic model [14, 15]. ISM presents the establishment of the contextual relationships
among identified variables. It is a modeling technique that analyzed the impact of one
variable on other variables. ISMmethodology is interpretive as the experts’ judgment
decides whether and how the identified variables are associated. Yadav and Barve
[7] applied ISM approach to study enablers in HSCM. The ISM technique consists
of the following steps:

1. To identify the variables through brainstorming, survey, expert opinion, literature
review, etc.

2. Develop a contextual relationship of variableswith respect to each variablewhich
is to be examined.

3. Prepare a structural self-interactionmatrix (SSIM) of variables, which represents
pair-wise comparison between variables.

Using experts’ opinion “contextual relationships between identified enablers, say
i and j, are developed. Symbols are used to identify the type of relationship that exists
between two variables under examinations.” The notations are explained as follows:

(a) V—variable “‘i” needs to be addressed before variable “j”
(b) A for the relation from variable j to variable i and not in both directions
(c) X—both variables “i” and “j” need to be addressed at the same time and
(d) 0 (zero), if the relation between the two variables i and j does not exist
4. The next step is to establish an initial reachability matrix from the SSIM, and

apply the concept of transitivity principle. If a variable “i” leads to a variable “j”
and “j” leads to a variable “k”; then as per the principle of transitivity, variable
“i” is linked to variable “k”.

(a) If “entry (i, j) in SSIM = ‘V ’, enter element (i, j) as ‘1’ and (j, i) as ‘0’ in
initial reachability matrix”.

(b) If “the (i, j) entry in SSIM isA, then the (i, j) entry in the reachability matrix
becomes 0 and the (j, i) entry becomes 1”.

(c) If “entry (i, j) in SSIM = ‘X’, enter element (i, j) as ‘1’ and (j, i) as ‘1’ in
initial reachability matrix”.

(d) If “the (i, j) entry in SSIM is 0, then the (i, j) entry in the reachability matrix
becomes 0 and the (j, i) entry becomes 0”.

5. The next step is partition of level and development of framework for ISM.
6. Directed graph (DIGRAPH) is plotted based on the relationships given above

in the reachability matrix, and remove transitive links.
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Analysis and Result

SSIM is formed based on pairwise comparison of each HSCME (Table 28.2). Initial
reachability matrix (IRM) is developed by converting SSIM into binary matrix
(Table 28.3). Substitution rule is mentioned above for the four symbols of SSIM (V,
A, X, andO) to 1 and 0 s. Transitivity rule is applied to convert the initial reachability
matrix (IRM) into final reachability matrix (FRM) (Table 28.4). Reachability set and
antecedent set are achieved for each HSCME (Table 28.5) from the final reachability
matrix (FRM). ISM structure model is represented in Fig. 28.1. The bottom level of
ISM model considered HSCMEs that are most critical factors among all HSCMEs
in the HSCM implementation. This study reveals that “strategic planning,” “capacity
planning” and “financial planning” are the most influencing HSCMEs that drive
other HSCMEs for achieving the ultimate goal. Strategic planning, capacity plan-
ning and financial planning help in providing humanitarian assistance to the affected
victims in the disaster relief operations. In this study, the HSCME at the top level is
“Food and water delivery.” Top-level enablers having high dependence power while
driving power is minimum. Need assessment facilitates humanitarian logisticians to
realize the impact of a disaster and ways through which the logistics services are
to be provided. Donor plays an important role in humanitarian logistics system by
providing fund to the relief agencies.

Conclusion

The aim of this study is to identify HSCMEs and to analyze the relationship between
HSCMEs using ISM model that would help in successful HSCM implementation in
the emergency management and disaster relief operations. Coordination and collab-
oration of humanitarian stakeholders result in effective and efficient HSCM imple-
mentation, which leads to quickly respond to affected victims in the disaster prone
areas. It is not possible for the individual humanitarian actor to make disaster relief
operation successful. Proper implementation of strategic planning helps to mitigate
disaster losses.

This study helps to the academicians, managers and policymaker to implement
HSCM with proper planning to supplies relief items in the affected areas and saves
human lives. This study can be extended in the future by considering real-case study
of disaster. This study limited to identifying less number of enablers, in practical
implications, more number of enablers that may help to implement effective HSCM
implementation. Also, developed ISM model can be statistically validated using
structural equation modeling (SEM).



28 Analysis of Enablers of Humanitarian Supply Chain Management 333

Ta
bl
e
28
.2

St
ru
ct
ur
al
se
lf
-i
nt
er
ac
tio

n
m
at
ri
x
fo
r
H
SC

M
E
s

H
SC

M
E
12

H
SC

M
E
11

H
SC

M
E
10

H
SC

M
E
9

H
SC

M
E
8

H
SC

M
E
7

H
SC

M
E
6

H
SC

M
E
5

H
SC

M
E
4

H
SC

M
E
3

H
SC

M
E
2

H
SC

M
E
1

O
X

O
O

V
O

V
O

O
O

O

H
SC

M
E
2

A
O

A
O

V
O

O
V

V
A

H
SC

M
E
3

A
O

A
O

V
O

O
O

V

H
SC

M
E
4

O
O

X
O

O
O

O
V

H
SC

M
E
5

A
A

A
A

A
A

O

H
SC

M
E
6

O
O

O
A

V
O

H
SC

M
E
7

A
O

O
V

O

H
SC

M
E
8

A
X

O
O

H
SC

M
E
9

V
O

V

H
SC

M
E
10

O
O

H
SC

M
E
11

O

H
SC

M
E
12



334 S. Agarwal and R. Kant

Ta
bl
e
28
.3

In
iti
al
re
ac
ha
bi
lit
y
m
at
ri
x
fo
r
H
SC

M
E
s

H
SC

M
E
12

H
SC

M
E
11

H
SC

M
E
10

H
SC

M
E
9

H
SC

M
E
8

H
SC

M
E
7

H
SC

M
E
6

H
SC

M
E
5

H
SC

M
E
4

H
SC

M
E
3

H
SC

M
E
2

H
SC

M
E
1

H
SC

M
E
1

1
0

0
0

0
1

0
1

0
0

1
0

H
SC

M
E
2

0
1

0
1

1
0

0
1

0
0

0
0

H
SC

M
E
3

0
1

1
1

0
0

0
1

0
0

0
0

H
SC

M
E
4

0
0

0
1

1
0

0
0

0
1

0
0

H
SC

M
E
5

0
0

0
0

1
0

0
0

0
0

0
0

H
SC

M
E
6

0
0

0
0

0
1

0
1

0
0

0
0

H
SC

M
E
7

0
0

0
0

1
0

1
0

1
0

0
0

H
SC

M
E
8

0
0

0
0

1
0

0
1

0
0

1
0

H
SC

M
E
9

0
0

0
0

1
1

0
0

1
1

0
0

H
SC

M
E
10

0
1

1
1

1
0

0
0

0
1

0
0

H
SC

M
E
11

1
0

0
0

1
0

0
1

0
0

1
0

H
SC

M
E
12

0
1

1
0

1
0

1
1

0
0

0
1



28 Analysis of Enablers of Humanitarian Supply Chain Management 335

Ta
bl
e
28
.4

Fi
na
lr
ea
ch
ab
ili
ty

m
at
ri
x
fo
r
H
SC

M
E
s

H
SC

M
E
12

H
SC

M
E
11

H
SC

M
E
10

H
SC

M
E
9

H
SC

M
E
8

H
SC

M
E
7

H
SC

M
E
6

H
SC

M
E
5

H
SC

M
E
4

H
SC

M
E
3

H
SC

M
E
2

H
SC

M
E
1

H
SC

M
E
1

1
0

0
0

0
1

0
1

0
0

1
0

H
SC

M
E
2

0
1

0
1

1
0

0
1*

0
0

0
0

H
SC

M
E
3

0
1

1
1

0
0

0
1

0
0

0
0

H
SC

M
E
4

0
0

0
1*

1
0

0
0

0
1

0
0

H
SC

M
E
5

0
0

0
0

1
0

0
0

0
0

0
0

H
SC

M
E
6

0
0

0
0

0
1

0
1

0
0

0
0

H
SC

M
E
7

0
0

0
0

1
0

1
0

1*
0

0
0

H
SC

M
E
8

0
0

0
0

1
0

0
1

0
0

1
0

H
SC

M
E
9

0
0

0
0

1
1

0
0

1
1

0
0

H
SC

M
E
10

0
1

1
1

1
0

0
0

0
1

0
0

H
SC

M
E
11

1
0

0
0

1
0

0
1

0
0

1
0

H
SC

M
E
12

0
1

1
0

1
0

1
1

0
0

0
1

*T
ra
ns
iti
vi
ty



336 S. Agarwal and R. Kant

Table 28.5 Partition and levels of the HSCMEs

HSCMEs Code Reachability set Antecedent set Common set Level

HSCME1 1, 6, 8, 11 1, 2, 3, 4, 6, 7, 8, 9, 10, 11, 12 1, 6, 8, 11 II

HSCME2 2, 3, 4, 10 2, 3, 4, 7, 9, 10, 12 2, 3, 4, 10 III

HSCME3 2, 3, 4, 10 2, 3, 4, 7, 9, 10, 12 2, 3, 4, 10 III

HSCME4 2, 3, 4, 10 2, 3, 4, 7, 9, 10, 12 2, 3, 4, 10 III

HSCME5 5 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12 5 I

HSCME6 1, 6, 8, 11 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12 1, 6, 8, 11 II

HSCME7 7, 9, 12 7, 9, 12 7, 9, 12 IV

HSCME8 1, 6, 8, 11 1, 2, 3, 4, 6, 7, 8, 9, 10, 11, 12 1, 6, 8, 11 II

HSCME9 7, 9, 12 7, 9, 12 7, 9, 12 IV

HSCME10 2, 3, 4, 10 2, 3, 4, 7, 9, 10, 12 2, 3, 4, 10 III

HSCME11 1, 6, 8, 11 1, 2, 3, 4, 6, 7, 8, 9, 10, 11, 12 1, 6, 8, 11 II

HSCME12 7, 9, 12 7, 9, 12 7, 9, 12 IV

HSCME 7 HSCME 12 HSCME 9 

HSCME 2 HSCME 3 HSCME 4 HSCME 10 

HSCME 1 HSCME 8 HSCME 6 HSCME 11 

HSCME 5 

Fig. 28.1 ISM structure model for HSCMEs
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