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Chapter 1
Application of TLBO to Optimize
Cutting Variables for Face Milling
of Aluminium Alloy Al-8090

Ashutosh Kumar Gupta and Ravi Pratap Singh

Abstract This paper presents an implementation of the Taguchi design and sanitized
teaching–learning based optimization application to optimizeMRRandMT in aCNC
face milling operation. The Taguchi orthogonal array (DOE), is a time-efficient and
cost-effective experimental technique. In this study spindle speed, feed rate and depth
of cut are the input variables, and MRR and MT are the responses. An orthogonal
array of L9 is used for experimentation and a regression equation is developed using
obtained value of responses later this equation is used as an objective function in
TLBO algorithm to get an optimal machining combination.

Keywords Face milling · MRR · Machining time (Tc) · Taguchi design · S-TLBO

1.1 Introduction

The main goal(s) of machining in the real life are to obtain maximum productivity,
minimum operational cost, lower production time and better machining quality.
Improvement in the productivity and production time could be obtain by referring
Material Removal Rate (MRR) and Machining Time (MT). The usual optimiza-
tion technique can optimize machining objective(s) by using methods like Taguchi-
Grey method, Full-Factorial method and RSM. Modern optimization techniques
like PSO, TLBO, GA, NSGA-II, ANFIS and ABC and its variants are called soft
computing optimization methods. Now, soft computing is tending over conven-
tional technique because these soft computing techniques are fast and more accurate.
Teacher Learning Based Optimization (TLBO) is used for optimization in this paper
which is a modern (non-traditional) optimization technique suggested by Rao and
Savsani [1].
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1.2 Literature Review

Shandilya et al. [2] performed multi-objective parameter optimization using TLBO,
GA and RSM and compared their optimization results. The experiments were
performed on Electric discharge machining by taking SOFF, SON, Ip and Ac as input
parameter and cutting rate, surface roughness as output parameter. The material
Inconel-825 andMolybdenumwire were selected as workpiece and tool wire respec-
tively. The absolute error between experimental result and optimized result using
optimization techniques for Cutting Rate was 2.89%, 1.50% and 4.04% and for
Surface Roughness 0.30%, 0.45% and 0.37% respectively. The optimized result of
TLBO for CR and SR was good in comparison to GRA and GA.

Advanced materials have also been reported to be machined using non-traditional
cutting approaches too [3–5]. Muaz and Choudhary [6] performed nano-finishing of
AISI-4340 steel using nano powder of TiCN/Al2O3/TiN that had been used during
experimental investigation in flat end milling machine. A set of experiments were
undertaken using different parameters each time and optimized. The hybrid analysis
results validated by multi-objective genetic algorithm, confirmed that the method’s
produced values within appropriate tolerance levels. It was found that low viscosity
fluids deliver improved results during MQL. This was done with the aim of reducing
the effects at making the process environment-friendly and reducing waste [6].

Siddique and Thakur [7] used CNC end milling for optimization of various input
para-meters of Aluminium 7075 using non-conventional approach. For design the
trail experiments Taguchi L9 orthogonal array and for optimization teaching–learning
based optimization method was used. Cs, doc and feed were selected as process
variables and SR was taken as output (response) parameter.

The optimization of alloys has been emphasized in previous investigations [8–11].
Pillai et al. [12] investigated process variables for the end milling of Al 6005A. The
process parameter spindle speed, tool path strategies and feed rate were taken into
consideration to study their effect on machine time and SR. It was found that tool
path strategies hadmaximumaspect on performance parameter whereas feed rate had
minimum aspect. Taguchi-Grey relation analysis was used estimate optimal process
parameter and verified with ANOVA. It was found that raster tool path strategies
resulted lower SR in compare of irregular and offset tool strategy.

Mahesh and Rajesh [13] used fuzzy logic with Taguchi orthogonal array L27

simultaneously to maximize the MRR and minimize SR. The experimentation was
performed for Al 7075 with input parameter speed, nose radius and depth of cut on
CNC end milling. The dimension of work-piece was 590 mm × 55 mm × 20 mm.
Two orthogonal array L9 was prepared for experiment first with coolantON condition
and second with coolant OFF condition which was used to calculate the tool-wear.
The confirmatory experiment showed that surface roughness decreased to 0.14 µm
and MRR increased to 2304 mm3/min. The most affecting parameter was found that
surface roughness andmaterial removal rate.Modeling andmulti-response optimiza-
tion have also been reported to be quite necessary and crucial aspect while dealing
with machining of advanced alloys [14–18].
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Lu et al. [19] investigated optimization techniques in the high-speed end milling
of SDK tool steel. The responses taken for evaluation were surface roughness, tool
life and MRR corresponding to type of milling, axial and radial doc, feed per tooth
and ss. PCA was applied to find weightage of responses for relative improvement
of responses. The result was found that when GRA is added with PCA gives better
results nearest to experimental value [19].

Lungu et al. [20] explored the effect of feed and cutting speed by using FEM
simulation on the responses like temperatures, cutting force and chip formation. The
simulation was carried out for AISI 1045 and AlSiMgMn Al Alloy later the simu-
lation result was verified by experimental runs. Parameters like cutting speed, feed
rate and depth of cut were main parameters so kept variable to show the effect on
responses while other parameters were kept constant during simulation and exper-
imentation. For the simulation, orthogonal cutting was performed on deform 2D
software. The result was found that cutting forces and temperature increases with
increase in the feed rate but cutting speed has lesser influence on cutting force. Due
to properties of AISI 14045 the temperature was relatively high during turning. Value
obtained by simulation was significantly close experimental test [20].

1.3 Experimental Work

1.3.1 Experimental Setup and Material

In this experiment, cutting of Al-8090 is performed on MAXMILL 3-axis milling
machine at NIT Jalandhar. Al 8xxx series are alloy of mainly aluminium and lithium
which have good mechanical, thermal property. So, it is used to make a component
of high strength with lowmass density. Aluminium-8090 is considered as workpiece
of dimensions (145 mm × 70 mm × 45 mm), the tool of diameter 25 mm and
TungstenCarbide (TiC) inserts is used in performing experiments. Raster facemilling
cutting of faces is performed. The chemical properties and mechanical properties of
aluminium-8090 are shown in Table 1.1.

1.3.2 Design of Taguchi Method

The set of experiments have been designed using Taguchi method which is based
on orthogonal array. By using these Taguchi’s orthogonal arrays, number of exper-
iments can be minimized which outcomes reduced effort, time and experimental
cost. Taguchi’s L9 is used for the experimental design in requisition to obtain
optimum cutting conditions for minimum tool machining time and maximumMate-
rial Removal Rate. Spindle speed, feed per tooth and depth of cut are taken as process
variables and machining time and material removal rate are taken as responses.



4 A. K. Gupta and R. P. Singh

Table 1.1 Chemical and mechanical property of Al 8090

Chemical properties Mechanical property

Element Content (%) Property Matric

Aluminum, (Al) 93–96.2 Tensile strength (Sut) 470 MPa

Lithium, (Li) 2.2–2.7 Yield strength (Syt) 375 MPa

Copper, (Cu) 1–1.6 Elongation at break 7% (approx.)

Magnesium, (Mg) 0.60–1.3 Elastic modulus (E) 80 GPa

Iron, (Fe) ≤0.30 Shear strength (Sys) 275 MPa

Zinc, (Zn) ≤0.25 Hardness, Brinell (@load 500 kg; thickness
10.0 mm)

121

Silicon, (Si) ≤0.20 Density (g/cm3) 2.54 g/cm3

Titanium, (Ti) ≤0.10 Melting point 600–655 °C

Chromium, (Cr) ≤0.10

Manganese, (Mn) ≤0.10

Zirconium, (Zr) 0.040–0.16

Other (each) ≤0.050

Other (total) ≤0.15

Process variables and their levels are given in Table 1.2. Tool parameters and other
machining conditions are kept constant during experiments. Width and length of cut
is also fixed constant during experiment (Table 1.3).

Table 1.2 Control variables and their levels

S. No. Input (control) variables Unit Level 1 Level 2 Level 3

1 SS (n) rpm 1600 2400 3200

2 FR (f ) mm/tooth 0.15 0.20 0.25

3 DOC (d) mm 0.60 0.90 1.20

Table 1.3 Design of
experiments: Taguchi L9 ( 33)
orthogonal array

Trial No. Spindle speed (n) Feed rate (f ) Depth of cut (d)

1 1600 0.15 0.6

2 1600 0.20 0.9

3 1600 0.25 1.2

4 2400 0.15 0.9

5 2400 0.20 1.2

6 2400 0.25 0.6

7 3200 0.15 1.2

8 3200 0.20 0.6

9 3200 0.25 0.9
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1.3.3 TLBO Optimization Technique

Optimization is a procedure to find best optimum value of input parameters which
gives appropriate value of pre-defined function. Optimization may be divided into
two categories SingleResponse optimization andMulti Response optimization.Opti-
mization Process of the predefined function may be of maximization or may be
minimization type. TLBO is much easier to understand and implement as well as
it does not have complexity with respect to tuning of the algorithmic parameters
unlike other algorithms because there are only two tuning parameters over here. This
TLBO algorithm explains two phase of the learning first is Teacher phase and second
is Learner phase.

Teacher Phase: This is first phase of Algorithm in which learners learn from the
teacher depending on his or her capability. A teacher attempts to increase the improve
result of the class in the subject trained by him or her.

Ti and Mi is the teacher and mean at any iteration i respectively. Ti will try to
improve Mi near its own aim (let Mnew). Teaching factor which will decide mean
value need to be changed.

Difference Meani = r(Mnew − TF × Mi) (1.1)

where TF can be either 1 or 2 and r is random no. between [0,1]

Teachining_Factor = round[1 + rand(0, 1)(2 − 1)] (1.2)

Ynew,i is the update value of Yold,i. Ynew,i will be accepted if it gives better value.

Ynew,i = Yold,i + Difference Meani (1.3)

(a) Learner Phase: It is the 2nd phase of the algorithm in which learners increase
their learning knowledge by relating between themselves. A learner interrelates
randomly with a other learners for improve his or her knowledge with another
learner (Fig. 1.1).

For i = 1 : Pn
Select 2 learners randomly let Yi and Yj where i �= j

if F(Yi) < F
(
Yj

)

Ynew,i = Yold,i + ri(Yi − Y j ) (1.4)

else,

Ynew,i = Yold,i + ri(Y j − Yi ) (1.5)
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Fig. 1.1 Flow chart of TLBO
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end (if)
end (for)
Accept Ynew,i if it is better solution

1.4 Result and Discussion

The result of the Machining time and Material removal rate of each trial are shown
in Table 1.4. The variation of output parameter (i.e. Machining time and MRR)
at each trial are shown in Figs. 1.2 and 1.3 respectively. The interaction plot for
Machining time and MRR is shown in Figs. 1.4 and 1.5 respectively. The figures
(interaction plots) clearly shows that the variation of depth of cut has low effect

Table 1.4 Response table

Trial No. SS (n) FR (f ) DoC (d) MRR MT

1 1600 0.15 0.6 7200 21.2500

2 1600 0.20 0.9 14,400 15.9375

3 1600 0.25 1.2 24,000 12.7500

4 2400 0.15 0.9 16,200 14.1667

5 2400 0.20 1.2 28,800 10.6250

6 2400 0.25 0.6 18,000 8.5000

7 3200 0.15 1.2 28,800 10.6250

8 3200 0.20 0.6 19,200 7.9688

9 3200 0.25 0.9 36,000 6.3750

Fig. 1.2 Variation of MT versus trial no.
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Fig. 1.3 Variation of MRR versus trial no.

Fig. 1.4 Interaction plot for machining time

for Machining time and spindle speed has low effect for MRR. The optimization
is performed on Teaching Learning Based Optimization Technique. The regression
equation generated by Minitab 19.2 for MT and MRR are shown by Eqs. (1.6) and
(1.7).
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Fig. 1.5 Interaction plot for MRR

1.4.1 Regression Equation

Machining Time = 38.64 − 0.005202 × n − 61.4 × f − 2.07 × d (1.6)

Material Removal Rate = −33600 + 8.00 × n + 86000 × f + 20667 × d (1.7)

The MRR of Al-8090 during milling increases with doc and feed rate (Fig. 1.4).
The increment inMRRwith increasing doc and feed rate are observed in the literature.
The increment in feed rate increased the metal removal rate by increasing the feed
of workpiece (Fig. 1.4) but the effect of SS (n) is not significantly more on MRR. It
is observed that at higher feed rate and doc, MRR is high.

The MT of Al-8090 during milling increases with ss and feed rate (Fig. 1.5).
The increment in MT with increasing ss and feed rate are observed in the literature.
The increment in feed rate increased the machining time by increasing the feed of
workpiece (Fig. 1.5) but the effect of doc(d) is not significantly more on MT. It is
observed that at higher feed rate and ss, MRR is high.
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Fig. 1.6 Convergence plot for machining time

1.4.2 Optimization Using sTLBO

1.4.2.1 Single Objective Optimization

The single response optimization for machining time and material Removal Rate is
performed in terms of machining process variables using sTLBO algorithm in this
part. For getting optimum value Machining Time, Eq. (1.6) is formulated by Regres-
sion analysis and used as the fitness function for optimization. The plot between
Machining Time and Iteration number is shown in Fig. 1.6. After applying TLBO
algorithm, optimum combination of input parameters for minimum MT (4.1596 s)
is SS (3200 rpm) feed per tooth (0.25 mm/tooth) and DoC (1.2 mm). Similarly, for
MRR Eq. (1.7) is used as an objective function for optimization. The plot between
material Removal Rate and Iteration number is shown in Fig. 1.7. Maximum MRR
(383,000 mm3/min) is obtained at SS (3200 rpm) Feed per Tooth (0.25 mm/tooth)
and DoC (1.2 mm).

1.4.2.2 Multi-objective Optimization

In this presented work priori approach is used for optimization of MT and MRR.
The main aim is to minimize MT and maximize MRR. The normalized function (F)
by using priori method is taken from Eq. (1.8). An algorithm is written on matlab
2018a and performed for multi-objective optimization.
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Fig. 1.7 Convergence plot for MRR

F = w1

(
MT

MTMI N

)
− w2

(
MRR

MRRMAX

)
(1.8)

where w is weight factor (w1 = w2 = 0.5) and MTMI N is the minimum value of
Machining Time and MRRMAX is maximum material removal rate.

The plot between Multi-Objective function and Iteration number is shown
in Fig. 1.8. The Result for minimum MT (4.16 s.) and maximum MRR
(383,000 mm3/min.) is obtained by Multi-Objective TLBO algorithm at Spindle
Speed (3200 rpm) Feed per Tooth (0.25 mm/tooth) and Depth of Cut (1.2 mm).

1.5 Conclusion

1. TLBO is a powerful algorithm, easy to use in complex problems where the input
parameters are not connected directly. It gives accurateValue ofMachiningTime
and Material removal rate in face milling operation.

2. For optimization using TLBO the best suited face milling parameter for Al 8090
are minimumMT (4.16 s.) and maximumMRR (383,000 mm3/min.) at Spindle
Speed (3200 rpm) Feed per Tooth (0.25 mm/tooth) and Depth of Cut (1.2 mm).

This work can be moved forward in two directions, Firstly, by adding more output
parameter like Tool wear, Surface Roughness etc. Secondly by investigating more
cutting tool and work-piece material.



12 A. K. Gupta and R. P. Singh

Fig. 1.8 Plot for multi-objective optimization
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Chapter 2
Perspective of 4D Printing in Additive
Manufacturing

Ajay Sharma and Ajay K. S. Singholi

Abstract The present paper discusses an overview about 4D printing and its appli-
cations in different areas. The overview consists of basic discussion on 3D printing
or also termed as Additive manufacturing (AM), it operating technique and materials
used to make products. 4D printing is based on 3D printing technique and the only
difference is that, it uses smart material to print the required product. Information
regarding smartmaterials, their types andmethodof operationorworking is discussed
in the paper. Shape shifters, shape memory alloys, shape memory polymers, gels and
other active smart materials are some of the significant and most commonly used
smart materials which arementioned in the paper. The paper also includes the various
affecting factors and modes by which the response stimulus is generated among the
smart materials and accordingly performs the stimulus action. Discussion on stim-
ulus response by effect of heat, water, electric as well as magnetic field, light rays etc.
are briefly mentioned in the paper. Lastly, application of 4D printing technology in
various fields such as mechanical, medical, commercial, general purpose have been
discussed along with scope and suggestions to implement its use further is added in
the conclusion.

Keywords Additive manufacturing (AM) · 4D printing · Shape memory polymer
(SMP) · Shape memory alloy (SMA) · Shape memory hybrids (SMH) · Shape
memory material (SMM) · Response · Stimulus

2.1 Introduction

The term additive manufacturing (AM) is the most efficient technology in order to
fabricate three-dimensional (3D) shape structures which are complicated and likely
to be hard in fabrication by using conventional manufacturing process [1]. At present,
most of the methods used in AM are layer based. Although, these kinds of techniques
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have its own flaws, for example the slow speed and the components manufactured
bear anisotropic stiffness (in single direction they are weak in comparison to other
directions). Newly, derived by Kirigami and Origami, an exclusive AM based tech-
niques on self-folding models have been developed so as to solve the issues of the
traditional approach of layer based manufacturing. The self-folding models; their
approach in additive manufacturing is known as 4D printing [2].

The concept of 3D printing permits any consumer to design and generate their
own products as per their need, the products created also has almost least possible
wastage. Now, with the technique of 4D printing, AM will be significantly impacted
by the means of economy and community in the coming decade [3–5].

However, developments are still carried out and researches are progressively being
made in additive manufacturing in reference to technologies related to 3D printing
and applications, one of the foremost innovative breakthroughs is combining the
concept of 3D printing with smart materials to generate such products which can
alter their shape with respect to time. Additionally, the products printed via 4D
printing technique can self-transform responding to some stimuli with respect to
time [6].

2.1.1 Augmented Printing Using 3D Technology

Rapid Prototyping is commonly referred as manufacturing in layers, as it generates
a 3D physical model in solid form in consecutive layer by layer manner, by diffusion
of printing material which controlled by a computer [7]. There are several types of
additive manufacturing of 3D printing process which depends on the handling of
the material. In few cases, material in form of liquid is controlled, it might be also
in molten form, or in the form of laminates which can be cut out and then joined
together to reform the required shape [8, 9].

Augmented Reality (AR) can be defined as collaboration of techniques which
permits mixing in real time comprising the input content produced by computer
alongwith live visual display in video form. The conceptwhen is used in combination
with 3D printing it is known as Augmented Printing. AR is basically based on virtual
reality technique and communicates with the real world as well as virtual world. The
simultaneous existence of real environment as well as virtual models enables anyone
to observe and visualize complicated concepts, and advance in newer activities which
cannot be fulfilled by any other technique [10].

2.1.2 Shape Memory Effect

Shape memory effects form the basic factor in the alteration of 4D of the initial
stage modelling specification considering the impression of stimuli and additionally
retrieve the path details for the accessibility in the future to the constituted shapes.
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Relating to the uniformity of temporary or instant shapes, the shape memory effect
might be single way (1-W), double way (2-W), triple way (3-W) or it can bemultiple-
way [11]. The SMEs comprises of two phases, the initial phase provides the ability
to program which forecasts the temporary specifications of the samples that printed
on the other hand the next phase is the stage of actuation that signifies the recovery
of the shape, printed permanently back through stimulus.

2.1.3 Impact on Different Sectors and Applications

AM technology has been applied in various and varied sectors. The technology is
used in China for construction purpose. They were able to build a 10 story building
within a day. Additive manufacturing are widely used in medical field in making
different products [12]. One of the applications is in creating artificial organs which
are similar to real organs. Also AM technique is used in making prosthetic parts for
the body [9]. They are cheap and durable and hence save cost. In engineering field
especially in mechanical sector, small components of complex machines are built by
3D printing using several materials such as, PLA, Fiber composites etc. [7]. Further
electronic devices such as cell phones, speakers, multimedia devices etc. are making
their most of the components via 3D printing technique [13].

2.2 3D Printing Technology

Several authors have researched on 3D printing technology and have defined it as
per their own prospective. Here are few definitions: 3D printing structures the object
or the product in several layers; 3D printing technique creates the output product in
several layers accumulated together; the accuracy and the effectiveness of molding
regarding the product are comparatively low. Depending on the assimilated innova-
tion comprising the virtualmodel of the productwhich is targeted or its 3Dmodelling,
the 3D mould for printing, intelligent mold injection, the “3D printing” technique is
presented exclusively and it is assumed to emerge as newer trend in the industries of
manufacturing, and additionally they have wider prospects in application [14].

The process of 3D printing involves developing products directly by the means
of aligning layer deposition of the material on one another until the final object is
created. The alignment of layer is done by any of the several methods based on
the type of technology utilized. This technique permits to design and model parts
which are complicated and hence overcoming the cost for assembly additionally. The
process of 3D printing is deprived of tools which ultimately reduces the overall time
consumptions [15].

The technology of 3D printing is the techniques that enables in giving the most
effective technique in designing of any product, its manufacturing as well as proto-
typing. This technique provides fabrication of several products that are cost effective,
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have high utility, can be altered on maximum scale, and are highly efficient in energy
consumption against the wide range of applications [16].

2.2.1 Benefits of Additive Technology Over Conventional
Manufacturing

The knowhowmight significantly declines the requirement for stocks since the design
can be converted in digital form, resulting in delegation in the process of manufac-
turing.When themanufacturing of products is accomplishing closer to the end target,
there will be decline in the cost for logistics and also reduces the influence over envi-
ronment. Ultimately the time needed for the sales production will also be reduced
[17].

Minimizing the cost for tools, as in additive manufacturing, tools are not required.
Hence, this provides a supremedeal comprising tractability as in reference to adapting
as per the market and declining or even minimizing, the included cost (fabricating
tool, its inspection as well as maintenance) when contradicted with conventional
manufacturing technique (Fig. 2.1). Depending upon the CAD model generated in
3D, even the complicated design models such as hollow interiors, varying thickness
geometry, interior channels as well as non-uniform shape geometries etc. can be
easily produced. This is otherwise a time taking and costly process in conventional
manufacturing [18].

Fig. 2.1 Key advantages of AM over traditional manufacturing [17]
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2.3 Shape Memory Materials Used in Printing

Recently the shape memory materials (SMMs), specifically which are polymeric
in nature, have begun to grab much attention, as they are subjected to a belief that
they add on a new dimensional constraint to the material properties, and exhibits the
capability to re-shape the design and model of the object. The most important feature
of SMMs is that they can return back to their original shape to the initial condition
once any stimulus is applied [19].

Investigations have resulted in emergence of several materials having the capa-
bility to “memorize” a non-permanent shape provided, and further “recover” back
to the actual shape which is permanent when exposed to external stimuli. This is the
“shape memory effect” (SME) which remains the feature of entire SMMs. SME is
significantly a wide process, and a broad range of materials such as alloys of metal,
polymers, ceramic materials, system of super-molecules in addition with crystalline
structure are found to be under SME [20].

2.3.1 Shape Memory Hybrids (SMH) and Shape Memory
Composites

In the current scenario, shape memory hybrids (SMH) is growing as an exclusive
member among the Shape memory materials. The ideology of SMH is characterized
by its easy availability which enables any normal person to design and produce
their customized SMM so as to encounter their requirements as per their area of
application [21]. Shape memory hybrids use which is made from more than one
type of molecules together as one hybrid material. They have the same properties
of smart material which is that it can alter its shape with respect to time when an
external stimulus is given [22].

Shapememory composites are basically smartmaterialswith polymeric properties
or a combination of polymers which can change its shape when exposed under
moisture, light or radiation, magnetic field, electric field, temperature variation etc.
and further regain its actual shape if the stimulus is stopped with respect to time [23].

2.3.2 Smart Materials

Smart materials also referred as functional materials have the capability to change
themselves as per the conditions of the environment which is; they have the ability
to alter themselves by mean of external stimuli physically and are hence have the
fitment in the surrounding. Usually these conversions include transformation of
energy (Fig. 2.2). Therefore, smart materials for instance can transform mechanical
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Fig. 2.2 Smart material action overview [7]

energy in form of electrical energy and vice versa. These resemble the smart mate-
rials in form of sensors and actuators [24]. Smart materials include all the categories
of SMPs, SMAs, SMHs, shape memory active composites and others like gels that
exhibit memory effect. One such example of smart material is hydrogel. Hydrogel
has the property to undergo deformation and change its shape when water is added
to it. The change in the shape is as per the desire of the experiment performed. The
change of shape can be one way or two ways [25].

2.3.2.1 Classification of Smart Materials

The 4D printing can be described as additive manufacturing along with dimension
of time; this allows any function or shape to change with variation of time when
subjected to some external stimulus for instance self-folding movement of a flat 4D
printed sheet in such a way that converted in to a closed box when subjected to some
stimuli. The other form of folding may be curling, spiral shape or bending at an
angle.

Domain of components and various categories tangled in 4D printing [26] are
shown and described as follows and shown in Fig. 2.3:

1. Technology of 3D printing: Fused filament fabrication (FFF), Direct ink write
(DIW), Digital light processing (DLP), inkjet printing, SLS and SLA.

2. Stimuli for 4D printing: thermal stimuli, photo stimulus, water stimulus,
chemical (Chemo) stimulus, and stimulation by magnetic field exposure.

3. 4D printing material system: single active SMP, liquid crystal elastomer, single
or composite hydrogel, SMP composites, and other multifunctional materials.

4. 4D printing applications: Active origami, Active actuators, smart packaging,
Meta materials, tissue engineering and biomedicine.
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Fig. 2.3 Classification structure of smart materials [27]

Piezoelectric materials are such materials which generate a voltage whenever any
stress is incorporated on them. This is a reversible process, hence when a voltage is
passed across any sample; it will generate stress inside the sample itself. Appropri-
ately structures made from these materials hence can be used for bending, expansion
or contraction when any such voltage is incorporated [28].

Thermo-responsive materials are such materials that can withstand several shapes
at different temperatures. They can change their shape form and gain back the original
shape on application of heat. In this process, they generate a force actuating in nature.
Shape memory alloys, for instance nitinol, which is a mixture of titanium and nickel
that bears resistance against corrosion similar to that of stainless steel, makes it a
perfect material for biochemical products [29].

Magneto-restrictive materials closely related to piezoelectric, have their response
restricted to only magnetic field instead of electric field. These materials are basi-
cally utilized in low frequency, sonar transducers that have high power, actuators
comprising hydraulics and motor, in addition with SMA Nitinol. Limiting magneto
materials are promising materials in order to get active damping vibrations [30].

PH-sensitive materials are such materials which alter their color due to change in
the acidity. This type of materials can be utilized in paints which can alter the color
to depict corrosion in any metal component beneath [31].

Electro-chromic materials are able to change their color when any voltage is
applied. A basic example of such material is the Liquid crystal display, materials
which are photochromic, that alter their color in response to source of light. There
are several paints which are thermochromics and photochromic, and they change
their color when heat is applied or light is exposed on them [28].
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Polymer gels, a typical example is hydrogel, which have cross linked structure of
polymers bloated with solvent medium for instance water. The gel is capable of
expansion as well as shrinking (~1000 times) by little variation in temperature or pH
[32].

2.4 4D Printing

The concept of 4D printing is to print real life products as similar to additive manu-
facturing but using smart materials such as SMPs or SMAs as printingmaterials [33].
As discussed earlier, smart materials can respond to specific stimuli when provided
such as light source, thermal variation, moisture etc. The concept is simple and aims
to print such prototypes that can alter their shapes and size with respect to time as
desired by the user. Shape shifting materials are such examples of 4D printing [34].

2.4.1 Classification of 4D Printing Based on Printing
Methods

2.4.1.1 SLA (Stereolithography)

The Stereolithography (SLA) principle is based on process of photo-polymerization
that allows the transformation of monomers of liquid/ oligomer to a solid polymer,
basically by utilizing ultra violet rays, the radiation triggers the photo-initiator in the
mixture that activates the reaction of polymerization in those respective areas directly
[35]. This high-end technology uses laser techniques in the treatment of layer-above-
layer comprising resins of photopolymer. Ultimately, the process of direct digital
manufacturing (DDM) is incorporated which generates components directly from
the CAD file [17]. Zolfagharian et al. [36] worked on patterns of self-assembling
actuators printed by4Dprintingmethodusing themethodof SLA.The shapememory
polymer used in the work can bend itself from a remote distance when exposed to
ultra violet lights. The heats from the UV rays were responsible for bending the
product as hydrogel inks were used for absorbing the heat.

Chong et al. [37] used cross linked poly lactic acid ink and utilized 4D printing
technique in producing flexible electronic circuits by the method of SLA. He used
iron oxide as Nano particles in the ink for better stimulus results under UV lights. He
created several small 3D components that can be used in soft robotics, electronics
etc.
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Fig. 2.4 Process of FDM method [43]

2.4.1.2 FDM Printing

In the present days, the maximum printing done in 4D is carried out by Polyjet 3D
systemswhich enables photopolymers throughUVrays, hence can transmit a uniform
and glossy surface andmaterial properties of several types [38]. Although, the system
needs costly investment at beginning and maintenance periodically, in comparison
with FDM systems. Particularly the, trays in built and the nozzle of extrusion ought to
be replaced for the system of FDM nevertheless the overall expense is less compared
to the polyjet system print heads [39].

In the process of FDM printing (Fig. 2.4), the component is generated in layers
by melting a thermoplastic material which is diffused on the printer bed through a
nozzle with lesser diameter. The component can be made from any CAD model in
STL file format. The filament is generally in between 1.75 and 3.0 mm [40].

Kollamaram et al. [41] worked on FDM printing technique on low temperature
deposition in 3D printing of thermolabile drugs. Attempts were made to print a low
melting and thermolabile drugs by degrading the temperature of FDM process. Two
materials such as Kollidon VA64 and Kollidon 12PF were studied in the research.
He found that due to heating the drug degrades gradually.

Kür and Eren [42] worked on FDM type 3D printing in creating 3D parts from
ABS material to be used for electrical devices and few mechanical devices. The
author used multi walled carbon nanotubes for fused deposition so that the final
product obtained becomes electronically active.

2.4.1.3 Inkjet Printing

Free Nano-printing (FNP) was the first technique to incorporate inkjet printing for
4D printingmethod. The process of FNP gives big opportunity to obtain high specific
energy since the loading of material is increased with respect to particular surface
area and more specific power since the porous structure is hierarchical simultane-
ously. In this method (as shown in Fig. 2.5) the droplets of GO comprised of several
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Fig. 2.5 Process of Inkjet
printing [46]

concentrations were frosted to solid form rapidly by putting them on a cold substrate
that had the temperature of −25 °C [44]. The ink in pure aqueous form used for
printing eliminates the requirement for unwanted fillers since only moisture was
utilized as the GO dispersant. The resourceful dispersion of inkjet freeze printing
along with technique of freeze casting allows a uniform comfortable recognition of
complicated 3D shapes and structured aerogels [45].

2.4.1.4 Selective Laser Melting (SLM)

The SLM is a method of additive manufacturing also termed as 3D printing that
includes complicated and working components generated by consecutive layers of
melting power material with help of a beam of laser [47]. This method is broadly
utilized in NiTi (nickel titanium which is a shape memory alloy as material. since
the NiTi material has very broad application, they are progressively developed
either in form of bulk or porous form material by the means of modern process
of manufacturing such as SLM.

The process of SLM includes the technique of 3D printing that is comprised of
complicated 3D geometries produced by melting and then solidifying the material in
several adjoined layers over one another. The complicated structures and free hand
fabrication is provided by SLMwhich is a great chance to develop and grow further to
next level in implementing the NiTi alloys to very complex components (for instance
medical sector, devices used in surgery or bone implants, actuators etc.) [48, 49].

Dabiri et al. [50] aimed to research in the fatigue characteristics of several types
and grades of steelmanufactured through selective lasermelting technique. The study
included parameters such as surface quality, building orientation, heat treatment,
energy density and service condition of the end product. Zheng et al. [51] studied and
found that due to heating in the selective laser melting process products made from
material alumina ceramics develop cracks. Hence, attempts were made to develop
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specimen materials from (Al2O3) by SLM technique so as to overcome the cracking
of ceramics.

2.4.2 Classification Based on Types of Stimulus Material
Used in 4D Printing

2.4.2.1 Variation of Temperature as Stimuli

Thermoplastics can be induced by the application of heat as stimuli. In fact, heat is
utilized or variation in temperature to incorporate shape memory self-healing and
self-assembly in response stimuli in thermoplastics [52]. Solicitation of a stimulus
like heat then enables reoccurrence to the enduring shape, which is “stored” by the
means of covalent bonds. Self-healing materials are capable of restoring degraded
functionality, often in the form of structural damage to the bulk material [32].

2.4.2.2 Impact of Water Used for Stimuli

The recovery of shape from deformation comprising shape memory polymers can be
agitated by presence ofwater since the effect of plasticizing in themolecules ofwater,
which elevates the workability of chains of macromolecules. If any smart material
is hydrophilic or soluble in water, the recovery of shape might be triggered [53].
The water effect on such smart materials is in the manner to implement expansion
or shrinking of the product on addition of water. This feature is characterized by
water molecules which actuate the smart material to deform or reform its shape [54].
Hydrogel is one of the moisture or water responsive smart materials.

2.4.2.3 Impact of Magnetic Field in Reshaping and Shaping of SMPs

The working principle of Magnetic Shape Memory Alloy (MSMA) is somewhat
similar to the functioning of shape memory alloys as it responds when subjected to
magnetic field. The mode of working allows increasing significantly the dynamical
bandwidth of the device since instead of a thermo-mechanical it uses a magneto-
mechanical energy conversion process [55]. The MSMA material have the charac-
teristics to reshape themselves when they are exposed to any magnetic field. The
source can be from electromagnets as well. Ni–Mn–Ga is one such material which
belongs to MSMA [56].
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2.4.3 Advantages and Applications of 4D Printing

Several sectors and areas such as engineering,medical, aerospace, electronic devices,
artificial tissues or organs etc. (more mentioned in Fig. 2.6) can be benefitted with
the 4D printing technology. Here are few of them listed below:

1. In medical field: the implants produced by the 4D printing method are directly
implemented in the body of the patient. This enables in easy operation and
makes is more trustworthy and reliable [57].

2. In aircrafts: one such instance is the utilization of fiber epoxy resin of carbon
which gives reduction in weight by 40% when compared to that of aluminum.
The creators of Airbus A380 utilize approximately 25% of their parts of the
aircraft completely made out of 4D printing technique, where as Boeing 787
uses almost 50% of the parts from 4D printing [58].

3. In mechanical field: A new example using for design and manufacture of
turbines blades of wind turbine has been demonstrated using 4D printing
process. The blades of wind turbine are made from 4D printing as they are
more flexible and canwithstandmaximumwind loadwithout failure. 4D printed
paradigms avoid the bend test coupling BTC of the blades, hence preventing it
from getting damaged [59].

4. In automobile sectors: In the recent years the technique of 4D printing is
utilized in automotive sectors such as making spring suspensions of vehicles
specially leaf springs. The smart material enables to get the required curvature
among the leaves using 4D printing [60].

5. In electrical field: automated assembly or substances which are programmed
structurally are flourishing and their usage in the field of electrical field is
growing such as in robotics, PV, antenna and measuring instruments etc. The
geometries having the ability to alter them reverse have large usability in sector
of soft robotics. In the electronics field, the solvent ink is utilized for printing in
3D and a transformed product is assumed to be obtained. Here, the 4D printing

Fig. 2.6 Application of 4D printing technology: a forecast (www.machinedesign.com)

http://www.machinedesign.com
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has excellent application since it has negligence of droplet spreading and can
print non uniform as well as varying thickness products [61].

2.4.4 Scope of 4D Printing and Application and Advantage
in General

1. Environment responsive home appliances and product with improved comfort
and features [54].

2. Shoes which can transform themselves according to the use required [9].
3. Buildings that could assemble and disassemble themselves [9].
4. Printing bio components that can be implanted to human body [62].
5. In aeroplane wings that responsive to the flow of air for better lift [58].
6. Alternative to Smart valves and sensors used in pipe showing response to

pressure flow [28].

2.5 Conclusion and Future Scope

As 3D printing continues to grow in its applications and evolve high quality materials at large
scales, it is sure that this new concept of 4D printing would provide many ingenious ways in
creating highly functional and complex surfaces. In intelligent material structure 4D printing
has vast scope of involvement as environment sensitive house and structures are in their
development phase.However, research and development of 4Dprintingwith different aspects
will definitely have impact on traditional additive manufacturing applications. Several types
of 4D printing techniques including use of various smart materials and type of response
stimulus has been discussed in the paper. We can say that still 4D printing is in its nascent
phase and need to be work more to explore its full strength. In the near future, with 4D
printing technology we will be able to provide substitute to intelligent material structures
integrated with drivers and sensors assembled using traditional methods. The majority of
use of this technology is in medical field such as making artificial tissues, organs, implants
etc. However, in technical sector, especially in mechanical field, the concept of 4D printing
is utilized mostly in the automotive industries. In machine industries it still remains a big
challenge to implement products made based on 4D concept of printing and using them in
workshops or industries.
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Chapter 3
Sustainable Material Selection for Indian
Manufacturing Industries: A Hybrid
Multi-criteria Decision-Making
Approach
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Abstract At the present time, Sustainable materials play an important role to make
the balance between environment and manufacturing. Many strategies and models
have been developed in this field to improve the cost effectiveness in industries. In
the last few years Govt. policies among the global and customer pressure has forced
many industries to adopt sustainable materials for the manufacturing processes in
industries to promote sustainability and maintain the eco balance. The increase in
global carbon emission through the manufacturing processes has also forced Indian
industries to adopt sustainable practices in their business. Among these, all strate-
gies selection of sustainable materials plays an important role in the adoption of
sustainable manufacturing practices in industries. The aim of this research work
is to propose a Hybrid Multi-criteria-based model to evaluate the best sustainable
materials for Indian manufacturing industries as India is a fast growing nation at
the global level. The indicators are collected from an existing literature review and
through the questionnaire survey circulated to Indian manufacturing industries. The
proposed model of sustainable materials adoption is validated with a case study in
the Indian additive manufacturing industry. In the end, this study concludes with the
limitation, managerial implications, and future scopes. It is expected that this study
will be helpful for Indian manufacturing industries which are adopting sustainable
materials in their manufacturing processes.
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3.1 Introduction

The manufacturing industries in India have a great effect on our environment,
economy, and health [1]. The rapid urbanization among the globe has led to many
environmental problems such as resource depletion which affect our environmental
sustainability [2]. Developing nations like India are working on new innovations
and technologies to compete with developed nations [3]. Besides this, Indian indus-
tries are now working on maintaining the environmental sustainability to reduce
carbon emissions during the manufacturing processes [4]. Sustainability manufac-
turing focuses on themanufacturing practices which don’t or having less effect on the
environment during practices [5]. Generally, manufacturing practices in industries
produce many types of emission in which carbon emission is the cause of worry at
the present time because it is responsible for global warming and environment pollu-
tion [6]. Sustainable manufacturing focuses on reducing these emissions during the
manufacturing practices in industries. Global policies and customer pressure among
the industries have forced all types of industries to adopt sustainable manufacturing
practices [7]. Sustainable manufacturing also focuses on the use of those manufac-
turing processes which don’t lead to any health issues for customers and employees
as well as other communities [8]. The main drivers of sustainable manufacturing are
conservation of natural resources, recycling the products, waste management, and
environmental protection using environmentally friendly processes, pollution control
using fewer carbon emissions [9]. There are many enablers of which decide the
sustainability of the organization in which: Sustainable design, sustainable materials
selection, sustainable machining, sustainable packaging, sustainable supply chains,
sustainable material disposal, and sustainable recycling are important. Sustainable
material selection is an emerging research area in India because inappropriate mate-
rial selection for manufacturing processes causes higher carbon emissions hence
results in environmental pollution [10].Another reason for sustainablematerial selec-
tion is that now Indian customers are more conscious about the environmental and
economic issues so industries are now under pressure to adopt sustainable materials
[11, 12]. Apart from these issues, manufacturing industries in India are now consid-
ering the material selection process as an important part of the manufacturing and
considering as sustainability pillar [13, 14]. The present manufacturing trend across
the globe is not only about the financial benefits to the industry but industries are also
focusing on the long-term impact of manufacturing on present and future generations
by sustainable manufacturing. The term sustainable manufacturing is focused on the
consideration of all three pillars of sustainability i.e. economic, social and environ-
mental during the manufacturing and reduction of carbon emissions by promoting
eco-friendly manufacturing processes.

1. The objective of present research work is to identify the criteria list for sustain-
able materials selections for Indian additive manufacturing industries from the
survey and literature review which is based on Indian manufacturing industries.

2. Ranking of criteria based on the data collected from the additive manufacturing
industries.
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3. Prioritize the materials used in additive manufacturing industries with the
consideration of sustainability pillars with the help of Fuzzy-TOPSIS method-
ology.

Tomeet the present objectives of the studyFuzzy-TOPSISmethodology is used. In
Sect. 2 sustainable manufacturing studies have been mentioned in additive manufac-
turing industries. Section 3 consists of the problem description. Section 4 consists of
the solution methodology used in the present study. Section 5 describes the research
design and Sect. 6 describes the application of Fuzzy-TOPSIS in the material selec-
tion in Indian additive manufacturing industries which is further followed by results
and conclusions.

3.2 Research Gap

The use of sustainable powders and materials in the additive manufacturing indus-
tries has a very large market at the global level. However, it is limited in developing
countries like India due to a lack of a proper framework for material selection [15].
There has been a lot of research work carried out in sustainable materials in the
past few years [16–19]. These studies were focused on the selection of sustainable
materials which leads to the production of sustainable products through additive
manufacturing [20, 21]. Few studies show the issues in sustainable manufacturing in
additive manufacturing industries but there is no study that is carried out for sustain-
able material selection for additive manufacturing industries in a developing nation
like India [22]. This study is first attempt to develop a hybrid framework for sustain-
able material selection for additive manufacturing industries in India which is based
on all three pillars of sustainability. In this study, various materials and powders were
used in additive manufacturing industries that have been taken and then through the
TBL criteria of sustainability best among the alternatives is selected. The criteria and
materialswere chosenwith the consultationwith experts fromadditivemanufacturing
industries and researchers currently working on additive manufacturing.

3.3 Additive Manufacturing Industry Case Illustration

In the present study case study has been in the additive manufacturing industry. Data
of various metals used in the additive manufacturing industry is collected from the
industry and then specific values of their mechanical and physical properties are
collected from databases. Further, the three all the factors have been categorized into
the three categories which are based on the sustainability measurements. In Indian
additive manufacturing industries, sustainable manufacturing studies are reported
and there is no study that reports about the sustainable material selection for the
Indian additive manufacturing industries. From the literature survey, it is found that
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Table 3.1 Criteria for the
additive manufacturing
industries

Criteria Symbol

Environmental ENV

Social SCO

Economical ECO

developed countries are now focusing on the adoption of sustainable materials over
the traditional materials to reduce the negative impact of manufacturing processes on
the environment. Sustainable practice around the globe has forced developing nations
like India to adopt sustainable material selection but in Indian industries, there are
no proper criteria for the sustainable material selection for additive manufacturing
industries. In the present study, there are 19 alternatives were chosen with 3 criteria
with the discussion with additive manufacturing experts and academia. Further, the
questionnaire survey is circulated to the industry and academia to collect the data.
Inputs given by experts were processed and ranking of criteria and alternatives is
done with the fuzzy-TOPSIS. Tables 3.1 and 3.2 show the alternatives and criteria
chosen for the study.

In the present study case study has been in the additive manufacturing industry.
Data of various metals used in the additive manufacturing industry is collected from

Table 3.2 Alternatives for
sustainable material selection
for industries

Alternative Symbol Criteria

Global warming contribution ENV1 ENV

Healthy industry environment ENV2 ENV

Environment form ENV3 ENV

Waste management ENV4 ENV

Transportation and production activities ENV5 ENV

Recycle and reuse ENV6 ENV

Natural resources consumption ENV7 ENV

Land occupied ENV8 ENV

Health and safety SCO1 SCO

Ecological and social acceptability SCO2 SCO

Availability and adaptation SCO3 SCO

Political issues SCO4 SCO

Resistance against natural contamination SCO5 SCO

Maintenance and operation cost ECO1 ECO

Investment cost ECO2 ECO

Energy efficiency ECO3 ECO

Financial risks ECO4 ECO

Tax contributions ECO5 ECO

Meeting volatile customer demands ECO6 ECO
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the industry and then specific values of their mechanical and physical properties are
collected from databases. Further, the three all the factors have been categorized into
the three categories which are based on the sustainability measurements. In Indian
additive manufacturing industries, sustainable manufacturing studies are reported
and there is no study that reports about the sustainable material selection for the
Indian additive manufacturing industries. From the literature survey, it is found that
developed countries are now focusing on the adoption of sustainable materials over
the traditional materials to reduce the negative impact of manufacturing processes on
the environment. Sustainable practice around the globe has forced developing nations
like India to adopt sustainable material selection but in Indian industries, there are
no proper criteria for the sustainable material selection for additive manufacturing
industries. In the present study, there are 19 alternatives were chosen with 3 criteria
with the discussion with additive manufacturing experts and academia. Further, the
questionnaire survey is circulated to the industry and academia to collect the data.
Inputs given by experts were processed and ranking of criteria and alternatives is
done with the fuzzy-TOPSIS. Tables 3.1 and 3.2 show the alternatives and criteria
chosen for the study.

3.4 Solution Methodology

Generally, the conventional TOPSIS method discussed the identification of the best
alternative among the number of alternatives and criteria using the shortest distance
from the negative ideal solution of the problem and the positive ideal solution of
the problem. In general, a positive ideal solution gives the maximum benefit to the
industry at the minimum cost and in a negative ideal solution, it is reversed [23, 24].
The distinguishing feature of the Fuzzy-TOPSISmethod as compared to the TOPSIS
method is that in place of crisp weights for the alternatives and criteria. Triangular
fuzzy numbers used in the problem to represent the linguistic judgement of experts
from industry and academia. In the present section, the Fuzzy TOPSIS methodology
is proposed [25]. The only limitation of the traditional TOPSIS technique is that the
crisp inputs are used for the selection of the alternative. There may be imprecise
human judgement due to the crisp inputs raking of the alternatives. Steps of fuzzy-
TOPSIS techniques are discussed below:

a. Develop a comparison matrix (mij) of the alternatives with the different criteria
by the use of linguistic variables presented in Table 3.5.

b. Obtain the normalized decision matrix by using the equation presented below:

rmi j =
⎧
⎨

⎩

(
ami j

x+
i j

+ bmi j

x+
i j

+ cmi j

x+
i j

)
, ∀i j , xi j , is a posi tive cri terion

(
x−
i j

ami j
+ x−

i j

bmi j
+ x−

i j

cmi j

)
, ∀i j , xi j , is a negative cri terion

⎫
⎬

⎭
(3.1)

c. Obtain a weighted normalized decision matrix using the equations given below:
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Ṽ = [ṽi j ]m×n (3.2)

ṽi j = rmi j ⊗ w j (3.3)

d. Determine the FNIS (Fuzzy negative ideal solution) and FPIS (Fuzzy positive
ideal solution) as follows:

A− = {
v−
1 , v−

2 , . . . , v−
n

}
, where

v−
j = {max

(
vi j

)
i f jε j ;min

(
vi j

)
i f jεJ ′ }, j = 1, 2, . . . , n. (34)

Here, J ′ is the negative criteria.
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1 , v+

2 , . . . , v+
n

}
, where
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Here, J′ is the positive criteria.

e. Calculation of distance from each alternative FNIS and FPIS as follows:
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, where i = 1, 2, . . . ,m. (3.7)

f. Calculation for (CCi) closeness coefficient for each alternative as follows:

CCi = d+
i

d−
i + d+

i

, i = 1, 2, . . . ,mCCiε (3.8)

g. Rankingof alternatives for thematerial selection byCCi values in the descending
order.

3.5 Application of Methodology

This section illustrates the application of Fuzzy-TOPSIS in the selection of sustain-
able materials for Indian additive manufacturing industries. In the first phase, the
data is collected from the industries using the questionnaire survey and a sustainable
model is developed to select the best sustainable material for industries which is
based on the TBL. The criteria and alternatives for the present study are finalized
through the discussion with the expert reviews. 3 criteria with the 19 alternatives
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Table 3.3 Linguistic
expressions

Linguistic variables Corresponding Fuzzy number

Very low (0, 0, 2)

Low (0, 2, 4)

Medium (2, 4, 6)

High (4, 6, 8)

Very high (6, 8, 10)

Excellent (8, 1, 10)

Table 3.4 Pairwise
comparison for different
criteria

Criteria Environmental Economical Social

Best criteria:
environmental

1 5 7

Environmental 7

Economical 5

Social 1

Worst criteria:
social

were selected for the study. The linguistic expression used in the present research
work is shown in Table 3.3.

Table 3.8 shows themain criteria’s computational results;CRvalueofmain criteria
is less than zero which is due to the high consistency among the pairwise comparison
(Tables 3.4, 3.5, 3.6 and 3.7).

Table 3.5 Pairwise comparison for environmental criteria

BO ENV1 ENV2 ENV3 ENV4 ENV5 ENV6 ENV7 ENV8

Best criteria:
ENV1

1 4 8 3 4 4 5 8

ENV1 8

ENV2 6

ENV3 1

ENV4 4

ENV5 5

ENV6 4

ENV7 4

ENV8 5

OW Worst criteria:
ENV3
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Table 3.6 Pairwise comparison for social criteria

BO SCO1 SCO2 SCO3 SCO4 SCO5

Best criteria: SCO4 2 3 3 1 4

SCO1 6

SCO2 6

SCO3 5

SCO4 7

SCO5 4

OW Worst criteria: SCO5

Table 3.7 Pair-wise comparison for the Economic criteria

BO ECO1 ECO2 ECO3 ECO4 ECO5 ECO6

Best criteria: ECO5 5 3 2 4 1 2

ECO1 5

ECO2 5

ECO3 6

ECO4 4

ECO5 7

ECO6 4

OW Worst criteria: ECO6

Table 3.8 Criteria weights
with CR

Criteria ξ* Weights CR

Environmental 0.69221

Social 2.00222 0.07680 0.53661

Economical 0.23085

3.6 Results and Discussion

The results obtained from the present research work and application of Fuzzy-
TOPSISmethodology is presented in Figs. 3.1, 3.2 andTable 3.9. Table 3.9 represents
the results obtained from the application of the proposed methodology. In the present
study three main pillars of sustainability: Economic, social and environmental is
considered which the TBL are also. In this study weights for criteria and alternatives
are determined using the best worst method and the global weights of alternatives
have been calculated. Among all the three criteria it is found that the environmental
aspect has a great influence on additivemanufacturing industries rather than the other
two aspects. It is found that in developing nations like India environmental factors
are important factors that influence the sustainability issues in industries. The deple-
tion of natural resources affects the environmental balance. It is a major issue for the
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Table 3.9 Ranking of alternatives with their respective criteria

Alternative Symbol Criteria Rank

Global warming contribution ENV1 ENV 1

Healthy industry environment ENV2 ENV 4

Environment form ENV3 ENV 14

Waste management ENV4 ENV 5

Transportation and production activities ENV5 ENV 6

Recycle and reuse ENV6 ENV 9

Natural resources consumption ENV7 ENV 10

Land occupied ENV8 ENV 2

Health and safety SCO1 SCO 16

Ecological and social acceptability SCO2 SCO 17

Availability and adaptation SCO3 SCO 18

Political issues SCO4 SCO 15

Resistance against natural contamination SCO5 SCO 19

Maintenance and operation cost ECO1 ECO 8

investment cost ECO2 ECO 11

Energy efficiency ECO3 ECO 7

Financial risks ECO4 ECO 13

Tax contributions ECO5 ECO 3

Meeting volatile customer demands ECO6 ECO 12

industries to meet the demands of customers while considering the environmental
factors and following the standards. Sustainability plays an important role to fulfill
the customer requirements while reducing the negative impacts of processes on the
environment. The ranking of criteria is ENV > ECO > SOC in our sustainable model
for material selection for Indian additive manufacturing industries. In this study,
it is found that environmental factor consideration should be given more impor-
tance for Indian manufacturing industries for sustainable manufacturing practices in
the additive manufacturing industries. In the last few years, there have been many
advancements in processing techniques for the materials for additive manufacturing
purposes, especially for metal additive manufacturing. The environmental criteria
having eight alternatives which can be ranked as ENV1 > ENV8 > ENV2 > ENV4
> ENV5 > ENV6 > ENV7 > ENV3. The effect of global warming due to additive
manufacturing ranked one among all the alternatives. It is found that conventional
materials contribute to large CO2 emissions and other environmental problems that
can be solved by the use of sustainable eco-friendly materials. In a healthy industry,
the environment is which also affects the sustainability practices in Indian additive
manufacturing industries. Choosing the right criteria for Indian manufacturing is
a challenging task as it requires a validated model with less cost. The economic
criteria alternatives are ranked as ECO5 > ECO3 > ECO1 > ECO2 > ECO6 > ECO4.
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Based on the data collected from the industries and academia experts tax contri-
bution plays an important role in sustainability practices. It is further followed by
energy efficiency. Indian industries are now focusing on the adoption of sustainable
manufacturing practices [26, 27]. Sustainable materials plays an important role in
Sustainable manufacutring practices [28, 29]. This is the reason now industries are
more focused towards the adoption of sustainable materials andmachiningmethods.

Renewable sustainable energy sources have very little impact on the environment.
Ranking for the social criteria is SOC4 > SOC1 > SOC2 > SOC3 > SOC5. It is found
that political issues are a very important factor for Indian additive manufacturing
industries which is further followed by health and safety.

Themain aimof the present researchwork is to develop a sustainablemodel for the
material selection for Indian additivemanufacturing industrieswith the consideration
of TBL. The criteria and alternatives in present research work are ranked by the
Fuzzy-TOPSIS method.

3.7 Conclusion and Future Scope

The present concept of sustainable development is becoming more popular in devel-
oping nations like India due to Govt. polices and pressure from consumers to consid-
ering environmental factors. With an increase in the population of India pollution
is also increasing day by day which also results in depletion of natural resources at
a very fast rate. Indian industries are the large contributors in the world industrial-
ization in which some are following sustainable manufacturing practices. But these
studies are very limited especially when it comes to additive manufacturing indus-
tries. It is still a major problem for the Indian industries to select sustainablematerials
with the concept of sustainable development. In the present paper, a framework is
developed and proposed for the Indian additive manufacturing industries with the
consideration of TBL. There were 3 criteria with 19 alternatives finalized after the
survey and then the BWMmethod is considered for the weight calculations. The last
phase of the study is about the ranking the alternatives by Fuzzy-TOPSIS method. It
is expected that this study can provide a sustainable model for the material selection
for the Indian additive manufacturing industries.

Acknowledgements Author(s) received financial support from the TEQIP-3 sponsored project
“Exploration of sustainable manufacturing in Indian manufacturing industries” for this research
work.
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Chapter 4
Identification of Barriers
in the Implementation of Additive
Manufacturing in Indian Scenario

Shivam Verma, Manish Gupta, and Shivam

Abstract Additive manufacturing, also known as 3D printing is a material joining
technology based on layer-by-layer deposition. AM technologies have capabilities to
reduce lead time, to increase material efficiency, to deal with complexity in produc-
tion, to reduce time and labor in construction, making cell-based organs in healthcare
technologies and is an important part of Industry 4.0. Countries like the USA, China,
South Korea, Japan are taking a leap in the adaptation and making patents in AM
technology, India is being slow in the adaptation and implementation of this tech-
nology. This gap is governed by several barriers which are needed to be addressed.
This study identifies the barriers prevailing in Indian scenario towards the adaptation
of AM technologies using Fuzzy ISM methodology and classify them on the basis
of dependence power and driving power and also level their hierarchy in Fuzzy ISM
model. Some critical barriers like Compatibility, Initial Cost, Lack of talent etc. are
identified and considered for analysis.

Keywords Additive manufacturing · Fuzzy ISM · Barriers · India ·
Implementation

4.1 Introduction

Additive Manufacturing (AM), also known as 3D Printing is a modern material
joining manufacturing technology which is generally based on layer-by-layer depo-
sition and creating a 3D object by using digital file. This technology has been used to
produce prototype for years but recent technological advancements like increase in
number ofmaterials, speed, accuracy, bionics leadAM to producewhole part with the
help of little or more post processing. Today, this technology is being used for func-
tional parts, fit and finish components, mold and tooling and visual proof of concept
[1] in various fields like automotive sector, health sector, Research and Development
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etc. Cost reduction, increased efficiency, innovation, prototyping, product develop-
ment etc. are the main reasons which are motivating the industries to adopt this
technology [1].

In 2018, AM market reached $9.1 billion with a growth rate of 18% [2] and it is
expected to reach $23.79 billion by 2025 [3] with $7.65 billion in North America,
$7.18 billion in European andMiddle Eastern Countries, $5.56 billion in Asia Pacific
Countrieswith 70%business share ofChina only and$1.11billion by rest of theworld
[4]. Although Asia Pacific contributes 23.79% of Global additive manufacturing
market but the contribution of India is less than 2.2% as compared to other major
economies like China (13%), Japan (9.2%) [4]. India has become the 6th largest
economy in the world with a phenomenal growth rate of 7.3% but somehow India is
being slow in the race of adaptation of AM technologies and considered as a follower
country in the categories of Leader, Challengers and Followers in a report published
by AT Kearney group [5]. Interestingly growth of global AM market has not been
able to make the grade as it was forecasted few years ago for e.g. Global AMmarket
was expected to reach $13 billion in 2018 [1] but it reached $9.1 billion in 2018 [2].
Differences show that there are some challenges and barriers which are creating gap
between implementingAMtechnologies in India and other developing anddeveloped
nations and those barriers are needed to be addressed. This paper is organized as
literature review, methodology, results, discussion, conclusion, limitation and future
scope.

4.2 Literature Review

Additive Manufacturing, as the name suggests it adds material to make the object. It
is commonly known as 3D Printing. It uses CAD software or 3D scanner to create
the 3D geometry file and then this geometry is transferred to printer to deposit or
fuse the material layer by layer.

Diffusion of AM technologies in India is relatively slow as compared to other
countries, it consists about 2.2% with total of 23.79% market of Asia Pacific
compared to China (13%) and Japan (9%) [4]. Major contributors are electronic
industry (24.1%), automotive sector (21.2%), industrial sector (13.8%), aerospace
sector (10.8%), architectural sector (5.1%) and educational sector (3%), medical
sector (15%) in India. Indian AM market is expected to reach at $79 million by
2022. With the arrival of new startups in AM like 3Dexter, Aha3D, Imaginarium
India,AM in India is gaining somemomentumbut due to lack of centralized approach
this technology is still in its nascent stage in India. India is being slow in the adop-
tion of AdditiveManufacturing technologies so there is a need to address the barriers
which are leading to the slow adoption rate.

To identify the barriers in implementation of AM in India, literature search,
published interviews of industry experts, industry reports have been used. These
barriers are then discussed with experts for their relevance and they are chosen in
the manner that relationship between them can be established. Barriers have been
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Table 4.1 Frequency of citation

Sr. No. Barriers References

1 Resistance to change
(a) Resistance of acquiring new skill
(b) Fear of losing jobs

[6, 7]

2 Initial cost
(a) High printer cost
(b) Training and skill development cost
(c) AM technology implementation cost
(d) IT security cost

[6, 8–10]

3 Lack of talent/experience
(a) Designer unavailability

[6, 11, 8, 9, 12]

4 Compatibility: dependence on other industries [10]

5 Technical limitations
(a) Speed of large-scale production
(b) Surface finish
(c) Hazardous chemicals used in post processing
(d) Material development

[6, 8–10]

6 Intellectual property threat and security
(a) AM sabotage
(b) Design data theft
(c) Intellectual property rights

[13, 9, 14]

7 Management support [15, 8]

8 Status of India in R&D towards AM [9]

9 Lack of awareness [6, 16]

10 Lack of government support [17, 9]

11 Technology versus expectation mismatch [16]

identified as follows, frequency of citation of different barriers is shown by Table
4.1.

(a) Resistance to change: Workers show resistance in acquiring new skill after
doing conventional work for years. AM technologies are followed by automa-
tion so fear of losing job increases resistance amongworker to adopt technology
[7]. These barriers among workers lead to resistance of management support
to adopt AM.

(b) Initial Cost: Industrial grade 3D printers requires high cost and is too much for
medium and small scale industries of India, extra 30–40% custom duty makes
it more costlier [9]. Skilled labor, IT security cell also increases the initial cost
of AM implementation [9].

(c) Lack of Experience/Talent: Only 3% students of India get enrolled in voca-
tional training courses after higher secondary school. According to a report by
Manpower group, employers find 58% difficulty in job filling due to lack of
talent [18]. AM technologies demands high skilled worker availability in CAD
based systems.
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(d) Compatibility: Dependence on other industries: Successful implementation of
AM technologies depends on the mutual intersection of two supply chains i.e.
if there is an industry which is producing parts through AM technologies then
there must be a consumer industry willing to buy it [10].

(e) Technical limitations: Chemicals used for post processing and UFP (Ultrafine
particles) from printing have been observed causing some health threats [19],
speed of large scale production and breakeven point have been observed at 42
for Selective Laser Sintering on comparison to high pressure die casting [20].
Strength of layer needs additionalmethods to restructure the requiredproperties
[8]. Intrinsic properties such as holes, degenerating facets have been observed
during conversion from CAD to STL file [21].

(f) Intellectual Property threats and Security: A research published by Gartener
states that there would be loss of $100 billion per year by the end of 2018 [9]
because of IPR threats. Even complex parts can be scanned and printed easily
without the consent of copyright holder [13]. Less efficient security system can
lead to technical theft and AM sabotage [14].

(g) Management Support: Successful implementation of technology in any indus-
tries is supported by itsmanagement, it is done by adapting technology, making
workers comfortable about technology and provide training to workers.

(h) Status of India in R&D towards AM: India’s investment on R&D is stagnant at
0.6–0.7% of GDP for 20 years as compared to other developing and developed
economies which is around 2.5–3.0% of GDP. Construction 3DP can play a
vital role in Housing for All mission by Government of India, a decent amount
of research publications and case studies can help industries to implement this
technology [6]. Only few number of Institutions are offering master’s program
in additive manufacturing specialization [9].

(i) Lack of Awareness: A survey done on 186 stakeholders of construction indus-
tries states that only 72% have heard this technology from newspaper and
videos and only 7% of them have researched on this topic to know more about
it [6]. According to AM startups like Think3D and 3Ding, lack of awareness
is main reason for slow adoption of AM technologies in India [16].

(j) Lack of Government Support: The leading countries in AM technologies like
USA, China, South Korea, Russia have developed nation action plan on Addi-
tive Manufacturing, such action plans are missing in Indian context and high
custom duty of around 35–40% on industrial level printer are also increasing
the initial cost of implementation [9]. AM output product are kept in 28%GST
slab, making these less attractive to adopt.

(k) Technology versus Expectation Mismatch: According to the lead member of
3D printing venture Think3D Prudhvi, there is amismatch between technology
and expectation of people regarding cost, quality and speed. People want their
product to be really quick and do not distinguish between 2D printing and
3D printing. Gartner hype cycle put only few AM application in plateau of
productivity and maximum AM application in slope of enlightenment, which
signifies only few AM application have been stabilized at ground level and
remaining are yet to be commercialized.
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4.3 Methodology

Taking barriers from academic literature, published interviews and industrial reports,
now to find relationship among these barriers Interpretive StructuralModeling (ISM)
methodology will be used. ISM methodology transform poorly articulated data into
visible andwell defined data [22]. Some important studies have been performed using
ISMmethodologywhich includes, finding enablers for flexiblemanufacturing system
in India [23], for the analysis of barriers in implementing solar power installations in
India [24], in analyzing the interaction of criteria, sub criteria for supplier selection
in supply chain environment [25], etc.

Fuzzy ISM Methodology: To make ISM model more sensitive Fuzzy based ISM
methodology is used. Some important studies have been performed using Fuzzy ISM
which includes, to identify and analyze the barriers in solar energy implantation in
Indian rural sector [26], to analyze the barriers in green supply chain management
implementation [27], to find the enablers for Indian Manufacturing Sector competi-
tiveness [28], etc. Citation of various barriers in the literature is shown in Table 4.1.
Flow chart of ISM fuzzy model is shown in Fig. 4.1 [15].

Since ISMmethodology uses binary values for assigning the weights to the factor
i.e. 0 or 1, it does not provide the strength of relationship to the factors. In fuzzy
based ISM methodology strength to relationship is provided on the scale of 0–1.
Table 4.2 will be used for providing relationship to the factors [28].

4.3.1 Fuzzy Direct Relationship Matrix

Fuzzification increases the sensitivity of conventional MICMAC. It is done by intro-
ducing fuzzy input as shown in the table. Using values in the table, fuzzy direct
relationship matrix of barriers of implementation AM in Indian Scenario is shown
by Table 4.3.

4.3.2 Fuzzy Indirect Relationship

The indirect relationship signifies the hidden impact of the factor which are over-
looked in direct relationship. Composition operator of fuzzy relation is used to find
indirect relationship between barriers. Some common compositions are max–min,
max product, max average. Let us assume the fuzzy relation matrix R showing rela-
tionship between x1, y1, y2 and fuzzy relation matrix S showing relationship between
y1, y2, z1. To find interrelationship between x1, z1 through variable y1, y2 we can use
above mentioned composition.
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No

Yes

Start

Identifying barriers in implementation 
of AM

Developing initial fuzzy direct 
relationship matrix

Developing final reachability matrix 
using final fuzzy matrix

Developing final fuzzy matrix by determining 
indirect relationship strength

Classification of barriers in different 
hierarchies

Ranking of barriers on the basis of 
dependence power and driving power

Formation of ISM diagraph Classification of barriers into clusters on the 
basis of driving power and dependence 

power.

Checking for 
conceptual 
inconsistency

Stop

Fig. 4.1 Fuzzy ISM methodology

Table 4.2 Relationship strength values

Relative strength No Very low Low Medium High Very high Full

Value 0 0.1 0.3 0.5 0.7 0.9 1

=

y1 y2

x1 .5.7R
.5

z1

y1

y2 .3

.9
S =
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Table 4.3 Fuzzy direct relationship matrix

S. No. Barriers 1 2 3 4 5 6 7 8 9 10 11

1 Resistance to change 1 0 0.3 0 0 0 0.3 0.1 0.3 0 0.3

2 Initial cost 0.1 1 0.1 0.7 0 0.3 0.9 0 0.1 0.3 0.1

3 Lack of
experience/talent

0.3 0.3 1 0.1 0 0 0.3 0.1 0.5 0.3 0.5

4 Compatibility:
dependence on other
industries

0 0.5 0.1 1 0 0.5 0.7 0 0.3 0 0.1

5 Technical limitations 0.1 0.9 0 0.7 1 0 0.9 0.1 0.1 0.3 0.7

6 Intellectual property
issue and threats

0 0.7 0 0.5 0.1 1 0.7 0.1 0 0.7 0.1

7 Management support 0.5 0 0.5 0.1 0 0.3 1 0.3 0.1 0.3 0

8 Status of India in
R&D towards AM

0 0.3 0.5 0.1 0.3 0.5 0 1 0.1 0.9 0.1

9 Lack of awareness 0.5 0 0.5 0.1 0 0.1 0.1 0.3 1 0.1 0.7

10 Lack of government
support

0.1 0.5 0.5 0 0.7 0.7 0.9 0.7 0.5 1 0.3

11 Technology versus
expectation
mismatch

0.3 0 0 0.1 0 0 0 0 0 0 1

Matrix R is showing direct relationship between x1, y1, y2 variables andmatrix S is
showing direct relationship between y1, y2, z1. To calculate the indirect relationship
between x1, z1, following compositions are used. Relationship strength of x1 to y1 is
represented by x1_y1 and same representation have been followed for other variables.

Max min composition: R.S
x1_z1 = max (min (x1_y1, y1_z1), min (x1_y2, y2_z1))
x1_z1 = max (min (0.7, 0.9), min (0.5, 0.3))
x1_z1 = max (0.7,0.3).
x1_z1 = 0.7
Max product Composition: R.S
x1_z1 = max((x1_y1*y1_z1), (x1_y2* y2_z1))
x1_z1 = max ((0.7*0.9), (0.5*0.3))
x1_z1 = max (0.63,0.15)
x1_z1 = 0.63
Max-average composition: R.S
x1_z1 = max ((x1_y1 + y1_z1)/2, (x1_y2 + y2_z1)/2)
x1_z1 = max ((0.7 + 0.9)/2, (0.5 + 0.3)/2)
x1_z1 = max (0.8,0.4)
x1_z1 = 0.8
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Values obtained frommax–min, max-product, max-average composition for rela-
tion of x1 to z1 are 0.7, 0.63, 0.8 respectively. Since relation of x1 to y1 is high (0.7),
and relation of y1 to z1 is very high (0.9) so indirect relationship between x1 and z1
should be less than high (0.7). Since max–min composition yields a relationship of
0.7, max-average composition yields a relationship of 0.8 and max-product yields a
relationship of 0.63, so among mentioned, max-product composition is more promi-
nent to calculate indirect relationship between barriers. Max product composition
has also shown some promising results in the past [26, 28]. For the fuzzy direct rela-
tionship table, max product algorithm will be applied since it contains large number
of iterations, a MATLAB program have been created to calculate indirect relation-
ship. Iterations will be repeated till we get fuzzy stabilized matrix i.e., values do not
change on performing repetitive max-product algorithm.

4.3.3 Fuzzy Stabilized Matrix

After repetitive iterations ofmax-product composition, a final stabilized fuzzymatrix
is obtained which contains transitivity. Stabilized matrix will be used to make binary
matrix by assigning 1 for values greater than 0.5 and 0 for the values less than 0.5.
Fuzzy stabilized matrix is shown by Table 4.4.

4.3.4 Final Binary Reachability Matrix

Now with the help of fuzzy stabilized matrix, final reachability matrix is constructed
with all interrelationship between barriers. Fuzzy values greater or equal to 0.5 will
be considered as 1 and values less than 0.5 will be considered as 0. Final Reachability
Matrix from stabilized fuzzy matrix is given by Table 4.5.

4.3.5 Level Partitioning

The final reachability matrix will be used to group factors into different levels. The
antecedent set (A) and reachability set (R) are obtained for each factor from final
reachability matrix. Reachability set consist of factor itself and other factors which
this factor may help to achieve and Antecedent set consist of factor itself and another
factor, which may help to achieve this factor. In final reachability matrix the row will
represent reachability set while column will represent antecedent set. To level the
factors intersection set (I) is found between Reachability set and Antecedent set and
if for a certain factor {R}= {I} then that factor is considered in top level. Summary
of Barriers after performing all the iteration is given in Table 4.6.
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Table 4.6 Level classification

Barriers Reachability set Antecedent set Intersection set Level

Resistance to change 1 1, 7, 9 1 I

Technology versus expectation
mismatch

11 3, 5, 9, 11 11 I

Lack of experience/talent 3, 9 3, 7, 8, 9, 10 3, 9 II

Lack of awareness 3, 9 3, 9, 10 3, 9 II

Management support 7 2, 4, 5, 6, 7, 8, 10 7 III

Initial cost 2, 4 2, 4, 5, 6, 8, 10 2, 4 IV

Compatibility 2, 4, 6 2, 4, 5, 6 2, 4, 6 IV

IPR threats and security 4, 6 4, 6, 8, 10 4, 6 IV

Technical limitations 5 5, 8, 10 5 V

Status of R&D in AM 8, 10 8, 10 8, 10 VI

Government support 8, 10 8, 10 8, 10 VI

4.4 Results

Nine clusters have been defined on the basis of Driving Power and Dependence
Power as LL, ML, HL, LM, MM, HM, LH, MH, HH, L signifies Lower, M signifies
Medium, H signifies High. It is very less likely that a barrier having low dependence
and low driving power as well as high dependence and high driving power hence
cluster LL and HH are empty. It can be seen in Fig. 4.2: Barrier Classification that
barriers are divided in four cluster as LM,MM, HM,MHwhere LM stands for lower
driving power and Medium dependence power. As conceived in the literature Lack
of Government Support, India’s status in R&D are in HM cluster and last at level 6 in
hierarchy level driving other barriers. Technical limitation, Initial Cost, IPR threats,
Compatibility, Lack of awareness, Lack of experience are in MM cluster and ranked
as level V, IV, IV, II, II level of hierarchy. Management Support is in MH cluster and
at level III in hierarchy. Resistance to change and Technology versus Expectation
Mismatch is inLMclusterwith very little driving power and considerable dependence
power and are at level I in hierarchy. Barriers summary is given by Table 4.7. Fuzzy
ISM model is shown by Fig. 4.3.

4.5 Discussion

Final ISMmodelwhich is constructedwith the help of Fuzzy stabilizedmatrix clearly
shows that Lack of Government support, Status of India in R&D towards AM, Tech-
nical limitations are crucial factors in the implementation of additive manufacturing
in Indian scenario and these factors are then followed by initial cost, Dependence
on other industries, IPR threat, Management Support, Lack of awareness, Lack of
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talent in AM technology, all these factors combined leads to resistance to change
and technology versus expectation mismatch.

Government of India launched FAME (Faster Adoption and Manufacture of
Hybrid Vehicle in India) scheme in two phases in order to adopt Electric and Hybrid
Vehicle [29], absence of such framework in implementing Additive Manufacturing
technology and subsidies provided by government on Industrial level 3D printers
and its associated products are increasing its initial cost of investments. Initial cost
is also affected by unavailability of experienced worker; management have to invest
a large amount on training. Status of India in Research and Development towards
AM technologies is also present due to gap between Industries and Institutions.
There are also very lesser institutions in India which are providing specialization
in AM technologies which leads to the technical limitations of AM technologies
and can be minimized if there is active participation between industry and institu-
tions. IPR threats are also needed to be tackled with high IT security system which
increases the initial cost of AM implementation. Industries tends to be sceptic about
new technologies in their supply chain so an industry which is seeking to adapt AM
technology can not apply in its supply chain until other supply chain don’t want
to. These factors combined leads to less management support. In India only 3%
of students who are entering in upper secondary level join vocational or technical
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Table 4.7 Barriers summary

Barriers Driving
power

Dependence
power

Driving
power—dependence
power

Rank Level Cluster

Resistance to
change

2.696 5.055 −2.359 9 I LM

Initial cost 5.080 5.171 −0.091 7 IV MM

Lack of
experience/talent

4.040 4.990 −0.950 8 II MM

Compatibility 4.750 4.483 0.266 5 IV MM

Technical
limitations

6.245 3.978 2.266 3 V MM

IPR threats 5.973 4.369 1.604 4 IV MM

Management
support

3.970 6.843 −2.873 10 III MH

Status of R&D in
AM

6.774 3.916 2.857 1 VI HM

Lack of awareness 4.193 4.190 0.003 6 II MM

Government
support

7.060 4.555 2.505 2 VI HM

Technology versus
expectation
mismatch

1.878 5.159 −3.281 11 I LM

courses and very less vocational training courses are offered below secondary level
and hence due to lack of skill availability, 58% of employers find difficulty in filling
the job vacancies. A survey done in IndianBuilt Sectorwith 186 stakeholders towards
AM concludes that 86.04% people thought that AM is more about prototyping and
concept proofing and were not aware about the actual construction process it can
carry out [6]. With advanced and cheap technological development in AM it can be
vastly used in construction process like making toilets and home at very faster rate.

Departmental and Worker’s resistance to change is merely a driving barrier, leads
to less management support but a dependent barrier on the above-mentioned barriers.
Lack of awareness and lack of experience in AM technologies leads to mismatch
between actual technology and expectation.

Various national action plan by different countries like China’s Additive Manu-
facturing Industry Promotion Plan 2015–16 and 2017–20, South Korea’s 3D Printing
Development Council, United States of America’s National Additive Manufacturing
Innovation Institute are some classic examples in which government played a key
role in the development of AM related technologies, such programs are need of the
hour for India. These initiatives can improve the conditions of Research and Devel-
opment in AM technologies and will lead to reduce technical limitations and initial
cost of implementation. Vocational courses at the pre secondary school level can
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also inculcate curiosity and innovation towards technology among students. Tech-
nical workshop and short-term courses can be very helpful in industries to make
people aware about the technology and filling gap between technology and expec-
tations mismatch. More the worker and organization is aware about the technology
and its implication less the resistance they will offer. Additive Manufacturing is also
a major part of Industry 4.0 and can help India achieve a leap towards it, all it needs
a good framework to implement.

4.6 Conclusion

This study identifies the barriers prevailing in implementation of Additive Manufac-
turing in India, finds their driving power and dependence power and level them using
Fuzzy ISMmethodology. Number of researcher and AM industry experts also agree
on the point that with the arrivals of AM based startups, AM technologies adoption
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is gaining momentum in India but due to absence of national plan of AM imple-
mentation like USA, China, South Korea, Japan, this adaptation has not accelerated
yet. Government support also leads to decrease in initial cost of implementation.
Industries and Universities are needed to collaborate to reduce technical limitation,
Industries can help University choose project as per their requirement. To inculcate
awareness about technology some workshops can be organized with in the industries
about technological changes and its effects frequently so that there will be famil-
iarization with the technology and worker offer less resistance to adopt. Additive
manufacturing is being considered as pillar for future manufacturing, we need to
eradicate these barriers as fast as we can otherwise there will be loss for Indian
Manufacturing sector in long run.

4.7 Limitation and Future Scope

Barriers are selected on the basis of literature, published interviews and articles
from different industrial organisations, however some more barriers may exist on
the ground level. In this study Fuzzy ISM methodology have been used. Results are
based on expert opinions which depends on one’s knowledge and expertise in AM
technology, which are judgemental in nature. Barriers can also be quantified and
more accurate results can be obtained. Different approaches like AHP can also be
used to rank the barriers.

This study sheds little light on why these barriers are existing, a separate detailed
study can be done on the root cause of these barriers prevailing. A separate study of
the solutions of identified barriers can also be performed.
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Chapter 5
Application of 3D Scanning for Reverse
Manufacturing and Inspection
of Mechanical Components

Kailash Chaudhary and Aditya Govil

Abstract Reverse manufacturing creates another object similar to the existing
object. The point cloud data developed with the help of 3D scanning is used for
manufacturing of the complex objects. The cost and time of the reverse manufac-
turing is less than that of the conventional methods. 3D scanner is an important part
of 3D printing ecosystem which is playing most important role in latest research in
mechanical engineering. The advantage of 3D scanner consists of ease of use, which
derives from the shorter scanning duration and the less demanding skill requirement
of the operator. Another advantage of the 3D scanning consists in the higher number
of acquired surface points which statistically leads to more accurate description of
complex parts. For example,mechanical parts like naval vessels, submarines, weapon
systems, engines and hulls do not have 3D CAD files and they can be repaired with
the help of 3D scanner in a very efficient and easy manner. 3D scanned data is
directly used to make changes in programming of artificial intelligent based welding
and machining processes. A lot of time and in turn money can be saved using this
advanced technique because traditional measurement methods like callipers, rulers
etc. consume time and skill. In this research work, reverse manufacturing is applied
to propellers of a local aero model manufacturer. It was found that use of 3D scanners
in combination with Coordinate Measuring Machine (CMM) helps in measurement
of the features with good quality and accuracy in a very short span of time. Results
based on comparison of reverse manufacturing with traditional method related to
dimensional accuracy and mechanical properties will be presented in full paper.

Keywords Reverse manufacturing · 3D scanning · 3D printing · CMM ·
Dimensional accuracy ·Mechanical properties
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5.1 Introduction

Reverse engineering creates another object similar to the existing object. Objects
having free formed surfaces can only be reverse engineered with the help of 3D
scanning. The point cloud data developed with the help of 3D scanning CAD model
is used for manufacturing these types of objects. The cost of the reverse engineering
is less than the cost of conventional methods. Even the time required to manufacture
an object by reverse engineering incorporating a 3D scanner is just a quarter of the
time required by conventional methods. 3D scanner is a most important part of 3D
printing ecosystemwhich is playingmost important role in latest reverse engineering
scenario.

The advantage of 3D scanner consists of ease of use, which derives from the
shorter scanning duration and the less demanding skill requirement of the operator.
Another advantage of the 3D Scanning consists in the higher number of acquired
surface points which statistically leads to more accurate description of complex
parts like aerofoil along with the blade root. Similarly, it can be used effectively
to acquire the entire trailing edge of the gas turbine geometry. Using 3D scanners
in combination with coordinate measuring machine (CMM), the mechanical part
model can be measured with most features with good quality and accuracy in a very
short span of time. Parts that are fragile are easily inspected with the help of 3D
scanning technology because it is non contact type inspection. Some parts which
have burrs, flatness and roundness error are also problematic with CMM and other
conventional methods but for 3D scanners these are just a matter of seconds to give
accurate results.

It is the process of creating a computer model of an object that exactly replicates
the form of the object. Laser scanners are used to capture the 3D data of the object,
and this data is transferred to the computer where it is aligned, edited and finalized
as a complete 3D model.

Advantages of digital modelling are:

• Digital Modelling generally offers a faster and more cost effective solution.
• It presents a great solution for creating solid models when an object has organic

contours.
• Offers excellent dimensional accuracy and can be utilized for comparative

analysis.
• Rapid NURBS Dumb Solid models can be utilized as a base for design work.
• Digital models can be visualized in rendering software as a solid object, which is

great for seeing the overall shape and contour of the model.
• It saves digital monuments without any depreciation for infinite time.
• These digitalmodels are great source of informationwhich can be used for training

and research purpose.
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Table 5.1 List of main criteria and sub criteria for application of 3D scanning in field of inspection
and reverse engineering

Code Criteria Sub criteria References

QC Quality control Quick response industries [1]

RE Reverse engineering 3D modelling; CAD reconstruction [2]

AM Additive manufacturing Time and cost of final products [3]

AA Automotive application Rapid prototyping [4]

IN Inspection Dimensional measurements [5]

ST Scanning technology 3D scanning; automotive application [6]

5.2 Research Background

Applications of 3D scanning technologies show potential for the diverse application
in the materials and manufacturing field. Recently 3D scanning technology is devel-
oping to ensure that they can be used by both new and experienced users alike for
multiple applications providing most seamless workflow yet. 3D scanning is one of
fastest, safest, and most cost effective ways of achieving high quality 3D models of
all kinds of objects [7]. These devices are highly user friendly and portable so that
user can have full opportunity to take advantage of the working environment and
high end technology available.The application of 3D scanning in field of inspection
and reverse engineering has been shown by various authors under different criteria
in different industries has been presented in Table 5.1.

5.3 Research Methods

5.3.1 Theory of Proposed Work

Reverse engineering is a kind of engineeringwhich takes full advantage of anExisting
object. The main objective is to produce another object similar to already create
part. For this we need to have complete information about the existing object. This
information can be collected efficiently with the help 3D scanner. In this dissertation
our aim is to describe the use of 3D scanner in Reverse engineering. Data collected
from the scanner is utilized in different software. These softwares help us to create
mesh, repair it, and orientate it and to define the position of mesh. So designs of the
components can also be modified while reverse engineering. In this way we can not
only save our time but also our valuable resources which are spent in developing
designs and modifications. After 3D scanning and manipulating the data obtained
with it the object is then 3Dprintedwith the help of 3Dprinter. Technology used in 3D
printer nowadays is called fused filament modelling.Material used in this technology
is not only cheap but can also be recycled which can further lead to cost effectiveness.
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Scanning physical model Calliper/CMM measurement

Point cloud processing

Export data in .IGES file 
format

Data manipulation

Surface modelling

Design modifications

Final CAD model

Export CAD model to 3D 
printer software

Scanner inspection

Final 3D printed object

Error comparison

Fig. 5.1 3D scanning process and its application in inspection and reverse engineering

Some materials which are used in 3D printing are acrylonitrile butadiene styrene
(ABS), polyamide (nylon), polylactic acid (PLA),wood, stereolithographicmaterials
(epoxy resins), wax, silver steel, photopolymers and photo carbonates. But in this
study only nylon and PLA were used to print the final mechanical components. PLA
is the cheapest material among all the material available in the market whereas nylon
is a much costlier along with better materialistic properties (Fig. 5.1).

5.3.2 Flow Chart of Proposed Work

5.4 Case Study

To exemplify the application of proposed framework, propeller of a RC plane is
considered which is presently being manufactured by injection moulding by Sharma
aero models Pvt. Ltd. Jodhpur, India. Since these propellers rotate at extraordinary
rates so they are subjected to high risk of failure and due to which these propellers
remain in gooddemands from the customers throughout the year. Firstly, companydid
not have the CADmodel of the propeller so they wanted to have the digital model of
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the propeller for design purpose. Secondly, company was facing several customized
demands of the propeller and company was unable to fulfil these demands as it was
not economically viable to make multiple moulds to serve variety of demands in
countable numbers hence company decided to adopt method of reverse engineering
to cater demands. Major modification which has been done in this work is that two
rotor propeller was scanned and modified into three rotor propeller in addition of
reverse engineering of two rotor propeller. Moreover to asses the application of 3D
scanner in field of inspection same propeller was also inspected with callipers/CMM.
The measurements obtained were also verified by the dimensional results obtained
with the help of 3D scanner.

5.4.1 Scanning of Propeller

The Einscan-SE shining 3D scanner was used in this study utilizing structured light
technology to provide a fast and extensive capture of complex surfaces. Millions
of points are captured from the surface of the object in a single view. Each scan
consumed 8 s t capture a single view and so propeller was scanned in total eight
scans to capture full geometry of the propeller under auto scanmode. Before scanning
scanner was calibrated to detect the position of camera and projector in relation to
the object so as to obtain actual camera parameters and get more accurate results. It
is all done with the help of a calibration board fixed on a holder over the turntable and
if its successful only than scanning is started. A total of 3.5 min took to scan whole
propeller out of which 2 min was consumed in calibration and 1.5 min or completing
scanning of the propeller (Figs. 5.2 and 5.3).

As the propeller is made up of Nylon glass filled material surface of propeller
reflects light and so to get the right point cloud information it was painted with a
developer spray. The final scanned propeller is shown in below image. Propeller is
one of those devices having the most complex geometry because there is change in

Fig. 5.2 Original propeller to be scanned
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Fig. 5.3 scanner and calibration board

the slope of the rotor as we move away from the hub of the propeller. Even the hub
has a varying internal section like a nozzle. Initially we tried to scan the propeller
with the help of a low cost 3D scanner but this attempt did not work because to scan
such complex designs it is needed to rotate the scanner 360 °C around the object
without disturbing the position of scanner and the object. So a low cost scanner
can always be used for objects having simple prismatic design features. Finally Ein
scan-SE shining 3D scanner was used to complete the scan of the propeller. This is
a structured light 3D scanner having a automatic turntable to rotate the object round
the clock to have a fast and extensive capture of complex surfaces. In each scan the
scanner capture millions of points from the surface of the object. Before scanning the
object it is needed to input the number of scans the user wants to do in one complete
round of the turntable. So the scanning of the propeller was done in total 8 steps so
as to capture each and every point present on the surface of the propeller (Fig. 5.4).

5.4.2 Generation of CAD Model from the Scanning Data

The scan data obtained finally is not the exact copy of the surface of the physical
model due to presence of holes and damages on the surfaces. The scan data was
saved in IGES file format so that it can be edited to construct the CADmodel. In this
study ProE was the software used to transform the point cloud data into a conceptual
surface model.

Following points were followed to obtain an accurate 3D model:

• Converting triangular meshes into polygonal meshes.
• Cleaning abnormal polygon meshes.
• Creation of a global wireframe that encompasses all individual patch boundaries

that have no practical use in final model.
• Redefining the surfaces by smoothening.
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Fig. 5.4 Scanned propeller

Fig. 5.5 Final CAD model

• Removal of holes that are formed because of regions not captured by 3D scanner.
• Achieving a structure as close as possible to the set of geometrical features of

original object (Fig. 5.5).

5.4.3 Modification in Design of CAD Model

Since CAD model now has been successfully obtained without any need of any
skilled designer we can also make some modifications in design as per out require-
ments. The main aim is to add one more rotor blade to the propeller according to
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Fig. 5.6 New modified propeller having three rotors

the need of the company. This whole process was completed by the software ProE
in couple of hours with the help of powerful editing tools in the software. Complete
editing was done in 1.5 h. This was the final model generation step and so it is needed
to keenly confirm with 3D data. It was easily completed with low user skill and low
computational burden which shows the usefulness of reverse engineering. This is one
of the greatest advantage of this technology that there is always a possibly of modi-
fication in design after generating the use of die get eliminated which helps to save a
big amount of initial investment done by the company and on other side customized
requirements of customers are also get fulfilled without spending any huge amount.
These applications enable product optimization to improve the final product quality
and to increase the competitiveness of the products. Following Fig. 5.6 shows the
three rotor propeller made by modification in scanned data during designing.

5.4.4 3D Printing of Propeller

After the 3D surface representation of an object is generated, the next step is to create
a model using rapid prototyping. This process comprised two steps: (1) convert the
model into STL (standard triangle language) format which is the standard model
format for rapid prototyping machines and printers and (2) slice the model for rapid
prototyping operations. The software has amodulewhich converts STLfile into a part
program. The STL files consist of normal and vertices coordinates of every triangle
on the surface in form of a set program. In this work a 3D printer is employed to
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Fig. 5.7 Final 3D printed propeller

manufacture the propeller that run on fused deposition modelling technology. Before
manufacturing the STL file is imported into slicing software which generates the
tool paths of 3D printer by generating G codes which contains required instruction
given by the user for the extruder. In this work software named CURA is utilized in
combination with 3D printer of ENDER company to 3D print the propeller. In this
work a red coloured filament of PLA (polylactide) was used to 3D print the propeller.
Final 3D printed propeller is shown in Fig. 5.7.

5.4.5 Inspection

Inspection adds to the cost of manufactured component so it shows how worthy
it is to search other ways of inspection different from traditional methods. Low
cost high volume objects require little inspection but on the other hand high cost low
volume objects like airplanes, turbines, dies etc. require a efficient way of inspection.
Inspection can also be fully automated with the help of 3D scanners. The number
of workers employed in a firm can be reduced significantly. Coordinate measuring
machine (CMM) is a mechanical method to measure components which have its
own limitations also. 3D scanners eliminates almost all of these limitations. In this
paper there has been showed that how future of inspection control technology can be
overridden by 3D scanners. Following Fig. 5.8 shows the inspection results obtained
by a 3D scanner.

A CMM measuring machine can have errors along 6 different axes. This means
that accurate calibration is needed to be done every time before taking the measure-
ments so that errors can either be fixed or integrated into the data. Measurement from
CMM is done after successful calibration. The part to be measured is firmly clamped
on the worktable so that when probe of CMM touches the part there should not be any
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Fig. 5.8 Inspection results obtained by 3D scanner

vibration and movement in part which can disrupt the results. Parts to be measured
are clamped in such a orientation such that probe can reach to maximum dimensions
because change in part orientations causes errors. Minimum will be the orienta-
tion maximum will be the accuracies in the measurement results. Dimensions like
length, cylindricity, angularity etc are measured with the help of respected modules
in the software of CMM. Results obtained are instantly displayed and saved in the
computer automatically. Figure 5.9 clearly shows the measurement of the propeller
in the CMM.

5.5 Results

5.5.1 Results for Reverse Engineering

The procedures how these results are obtained are described in detail above. These
results clearly describe the advantages and shortcomings of employing reverse engi-
neering in a industrial firm. Sharma aeromodels Ratanada, Jodhpurwas also involved
in this work to provide some traditional manufacturing details about injection
moulding process.
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Fig. 5.9 CMM ( Mitutoyo Crysta M574 plus)

Two Rotor Propeller

See Table 5.2.

Three Rotor Propeller

To manufacture three rotor Propeller company has to prepare a new mould which
cost it to 60,000 Rs. and further some variable charges also are added to the final
cost. Moreover according to the company Sharma aero models Ratanada, Jodhpur
demands of three rotor propellers is limited to less than 40 units per year. This one
of the main reason that company has to refuse customers of three rotor propellers
because company cannot afford production of three rotor propeller with a costly
mould for such a low demand of products. But if these types of propeller are

Table 5.2 Results for two rotor propeller

S.
no.

Parameters Injection moulding Reverse engineering

1 Time elapsed to manufacture one propeller 1 h 4 h

2 Material employed Nylon PLA

3 Cost of material per unit gram 18 Rs. 9 Rs.

4 Cost of manufacturing one unit of propeller
when production is less than 2.5 thousand
units

180 Rs. 100 Rs.

5 Cost of manufacturing one unit of propeller
when production is more than 2.5 thousand
units

80 Rs. 100 Rs.
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Table 5.3 Results obtained for three rotor propeller

S. no. Parameters Time (h) Material used Total cost incurred per part

1 Time elapsed in preparation
of part to be scanned

0.025 PLA 200 Rs.

2 Time elapsed in calibration of
the scanner for scanning

0.041

3 Time elapsed in scanning of
the propeller

0.16

4 Time elapsed in generation of
CAD model

1

5 Time elapsed in 3D printing
of the propeller

5.25

6 Time elapsed in finishing the
solid 3D model with a sand
paper

0.5

7 Total time elapsed to prepare
the propeller

7.05

producedwith the help of reverse engineering employing a 3D scanner than following
interesting results were obtained (Table 5.3).

5.5.2 Inspection with 3D Scanner

The second part of this work is based on comparing the dimensions of the propeller
by inspecting with a CMM, vernier calliper and 3D scanner. Same scanner used in
reversed engineering is employed here to obtain the results related to inspection.
Inspection with 3D scanners can be automated easily with assembly line which is
not possible with large coordinate measuring machines which are very costly also.
So inspection with scanning helps to reduce work force employed in inspection
and also helps to decreases cost of the product. Results successfully prove that 3D
scanners measures dimensions in very less time with accurate results. Comparison
of the inspected dimensions of a propeller with callipers and 3D scanner is shown in
Table 5.4.

Comparison of dimensions of propeller with CMM and 3D scanner is shown in
Table 5.5 which clearly indicates that 3D scanners have accuracy almost equal to
coordinatemeasuringmachines.Apart fromaccuracy 3D scanners offer various other
capabilities such as portability, flexibility, low cost, faser results, less demanding
skills, better connectivity with softwares and compatibility with modern world
industry 4.0.
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Table 5.4 Inspection results with 3D scanner

S. no. Notation Dimension name Dimensions with
3D scanner (mm)

Dimensions with
calliper (mm)

Actual
dimensions (mm)

1 L1 Length of
propeller

202.5 203 203

2 L2 Length of each
blade

89.12 89.35 90

3 D1 External
diameter of hub

20.61 20 20

4 D2 Internal diameter
of hub on back
side

4.85 5 5

5 D3 Internal diameter
of hub

10 10 10

6 H1 Total height of
propeller hub

13.4 14.2 14

7 H2 Height of teethes
on hub

1 1 1

8 T Height of hub
without teethes

11.78 12 12

Table 5.5 Inspection results from CMM and 3D scanner

S. no. Notation Dimension name Dimensions with
3D scanner (mm)

Dimensions with
CMM (mm)

Actual
dimensions (mm)

1 L1 Length of
propeller

202.5 203.2425 203

2 L2 Length of each
blade

89.12 90.2325 90

3 D1 External
diameter of hub

20.61 20.0054 20

4 D2 Internal diameter
of hub on back
side

4.85 5.0045 5

5 D3 Internal diameter
of hub

10 9.89009 10

6 H1 Total height of
propeller hub

13.4 14.0801 14

7 H2 Height of teethes
on hub

1 1.0002 1

8 T Height of hub
without teethes

11.78 11.8900 12
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5.6 Conclusion

3D optical scanning technology can deliver accuracy for complex machine parts
used in various industrial sectors and how reverse engineering can be useful for
manufacturing from existing products. These studies about reverse engineering and
inspection with help of 3D scanner clearly demonstrate their potential application in
field of production and Industrial technology. Reverse engineering is one of the best
forms to manufacture prototypes or short productions.

The first part of this wok demonstrates how successfully the propeller is made
with the help of reverse engineering. Not only a two rotor propeller but also a three
rotor propeller three rotor propeller is made without any help of design engineer. If
the company makes this propeller with help of 3D printing than it would be more
economical if total production is less than 2500 units of propeller which is clearly
observed in above graph (Fig. 5.10). In injection moulding process initial cost per
unit is high before a certain threshold because of the mould cost. Therefore if number
of units produced is not above that threshold company has to bear loss only.Moreover
a lot of designing time is also saved while employing a reverse engineering which
helps to increase the speed of product delivery in the market as well.

The second part of this work is based upon inspection of propeller dimensions
with the help of a 3D scanner. Scanners have immense potential to replace traditional
measuring devices like coordinate measuring machine, callipers etc. because of their
flexibility to integrate with the assembly lines in production firms. 3D scanners
are best to fulfil the demands of modern manufacturing environment to achieve
quality and quantity both. Above Fig. 5.11 graphically shows the comparison of
results obtained by 3D scanner and CMM with respect to the actual dimensions
of the propeller. Results obtained indicate that 3D scanners and CMM have not

Fig. 5.10 Graphical description of conclusion
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Fig. 5.11 Graphical description for inspection results

much difference in the measurement values. In addition of such good measurement
capabilities like CMM scanners also have flexibility, portability, accuracy and speed
which make them useful in industry 4.0 in future.

L1 Length of
propeller

D1 External diameter
of hub

D3 Internal diameter
of hub

H2 Height of
propeller hub

L2 Length of each
blade

D2 Internal diameter
of hub on back
side

H1 Total diameter of
propeller hub

T Height of hub
without teeth

Advantages of the above approach can be summarized as follows:

• The ease and speed of acquiring information from the product.
• The ability of to reconstruct the data using multiple surface patches.
• The advanced processing features of the software which enables modifications

in design of the product with minimum skill requirement in addition to reverse
engineering.

• The compatibility with different software packages available.
• Minimum wastage and maximum usage because here manufacturing technique

involved is a additive process.
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Chapter 6
Optimization Techniques for Response
Predication in Metal Cutting Operation:
A Review

Rajeev Sharma, Binit Kumar Jha, and Vipin Pahuja

Abstract At the Present time speedily changing in manufacturing industries, so
optimization techniques is use for response predication in metal cutting operation.
Now a day’s increasing demand of quality of product. These all types of optimiza-
tion techniques play important role in quality and productivity. In this paper show
a review about both types of optimization techniques such as conventional and
non-conventional optimization techniques. Many types of conventional optimiza-
tion techniques are used for optimization of machine parameters included dynamic
programming, goal programming, linear programming, sequential unconstrained
minimization technique, simplex method etc. And the latest optimization techniques
included Taguchi design, Response surface method (RSM), Fuzzy logic system
(FLS), Genetic algorithm, Scatter search techniques, Partial Swarm optimization
(PSO), Multi optimization genetic algorithm etc.

Keywords Parameters optimization · Linear programming · Genetic algorithm ·
Taguchi design · Response surface method

6.1 Introduction

Today, Metal cutting is assume significant part in designing ventures. In this explo-
ration of metal cutting centers, input measure boundaries and highlights of appa-
ratuses setting influence proficiency of cycle and reaction. The cycle of parametric
improvement is utilized for upgrade in cycle effectiveness through break down and
figure out which information factor influence reaction Montgomery [1].

The robotization ofmetal cutting cycle has grown really after some timebecause of
increase from many part of designing with accomplishing higher machining execu-
tion [2]. In this paper numerous kinds of demonstrating strategies and execution
of these procedures dependent on relapse investigation [3], fluffy rationale tech-
nique [4] and ANN (fake neural organization) (fu 2003). In this articles examined
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Taguchi streamlining strategy [5], Mathematical programming [6], RSM (Response
surface technique) (Motogomery, 2001), Simulated toughening [7] and GA (Genetic
Algorithm) (Goldberg 2002). Execution of advancement strategies in genuine—
life cutting cycle, these procedures have numerous restrictions and suspicions are
concentrated in writing [8].

In this exploration shows that a model for multi-pass turning activity and for
profundity of cut unique writing computer programs is utilized [9]. In this articles
populace—based method PSO is created [10]. Issues are acknowledged in finding
the experimental exhibition conditions for cutting edge Tool plans in light of the fact
that these are covered up under automated information bases in restrictive program-
ming [11], as verified in late examinations [12]. In this articles, critically review
of optimization techniques for metal cutting process. A universal plan/structure for
optimization of process parameters study in metal cutting mechanism.

6.2 Literature Review

6.2.1 Conventional Optimization Techniques

Prasad et al. [13] in this paper research completed for deciding the cycle boundaries
in turning activity and build up a streamlining module. The target of this examination
is minimization of creation. The straight and mathematical programming strategies
are utilized for settling detailed models. Gopalakrishan and khayyal [14] have talked
about a logical device that’s utilized for determination of machine boundaries in
turning activity. In this examination, mathematical writing computer programs is
utilized forminimization the complete expense ofmachining and ISPO-10 evaluation
utilized as device.

Hinduja et al. [15] in this examination, dissected such sort of conditionwhose have
max. Creation and minimization of unit cost in turning activity. In this exploration
ideal outcome was limited to a feed rate to profundity of cut by chip slowing down
limitations. Some of different factors included force, mathematical exactness and
surface unpleasantness (SR). Sundaram [16] fine turning activity AISI 4140 steel
and solidified carbide utilized as a device. What’s more, in this exploration objective
writing computer programs is utilized for choice of cycle boundaries. Ermer and
kromidiharajo [17] this exploration, for taking care of issues identified with multi
pass machining and for this issue a numerical model was created. They utilized steel
as HSS and carbon steel as work piece. Petropoulos [18] mathematical improvement
programming strategies is utilized for ideal cutting boundaries, for example, speed
and feed rate.

Brewer [19] in this examination finds that cutting force is more compelling
boundary with unit cost by utilizing Lagrangian multipliers streamlining method.
Bhattacharya et al. [20] has investigated unit cost for turning activity and cycle bound-
aries, for example, cutting force and surface unpleasantness improvement by utilizing



6 Optimization Techniques for Response Predication … 79

Lagrangian strategy. Walvekar and Lambert [21] upgraded feed rate and reducing
speed for least creation expense by utilizingmathematical programming. Gilbert [22]
in this paper contemplated, improvement of cycle boundary with min. creation rate
and greatest creation rate. Armarego and Brown [23] have advancement machine
boundary by utilizing differential count. Taylor [24] diverse logical and exploratory
methodology for advancement of machine boundary has been researched.

6.2.2 Latest Optimization Techniques

6.2.2.1 Taguchi Method

See Table 6.1.

Process of Taguchi Optimization Techniques

See Fig. 6.1.

6.2.2.2 RSM (Response Surface Method)

Gianni Campatelli et al. [32] in this paper focused on minimization of power
consumption in a milling process on a modern CNC (computer Numerical Control)
machine. The experiments were investigation to evaluate and optimization of process
parameter such as depth of cut, cutting speed and the axial by using response surface
method. All the experiment was complete by dry lubrication. Tung-Hsu et al. [33] in
this paper research on nano particles. A Nano particle is produce through wet milling
machine. In this research, process parameter is optimization by Taguchi, RSM and
GA integrated and fined optimal process parameter.

Nanda et al. [34] in this paper, experimental work conducted by abrasive jet
machine. The parametric optimization of process parameter to box-behnken design of
RSMwith output parameter such as SR,MRR and flaring dia. The result was validate
by SEM. Raman Kumar et al. [35] this research work carried out on sustainable
manufacturing process with minimization of energy consumption, optimal surface
roughness and better MRR. The designs of experimental were conducted on EN 353
alloy steel with tungsten carbide insert used as a tool. The optimization of process
parameter such as feed rate, cutting speed, depth of cut and noise radius with repose
parameter such as MRR, SR.

Amran et al. [36] this research have investigated of process parameter in drilling
process and optimization of process parameter by RSM. Experimental work was
carried with 20 set of experiment. These process parameter such as (feed rate, drill
diameter, spindle speed). After this optimization, find that spindle speed is more
effective parameter compare to other.
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Fig. 6.1 Shown flow chart of Taguchi Method

Carmita Camposeco-Negrete [37] this research paper present experiment works
on turning of AISI 6061 T6 aluminum. The main purpose of this research that mini-
mization of energy consumption and maximization of MRR. The optimization of
process parameter by CCD (Central composite design) and find that feed rate is
more significant process parameter. Daramola et al. [38] the purpose of this research,
optimal cutting condition (Maximization ofMRRandLower surface roughness). L50
experiments set were designed in Minitab and optimization by RSM and Taguchi
method.

Huawei Song et al. [39] in this article, parametric examination of feed rate, shaft
speed, laser pulse and profundity of cut with output parameter, for example, is cutting
force. After the trial work, results advancement through Taguchi and Response
surface technique (RSM) and found that RSM improvement strategy instigated
relative less cutting force. Table 6.2 indicating list of parameters and level.

Table 6.2 List of parameters and level [39]

Parameters Notation Level-1 Level-2 Level-3 Level-4

Feed rate (f) A 0.24 0.28 0.32 0.36

Spindle speed (v) B 420 480 540 600

Depth of cut (ap) C 16 20 24 28

Pulse (p) D 40 44 48 52
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Table 6.3 Level of
machining parameters [40]

Input parameters Level-1 Level-2 Level-3

SOD 1 1.5 2

Flow rate 60 120 180

Speed 100 150 200

Pressure 200 300 400

Selvam et al. [40] in this paper parametric optimization through Response surface
method (RSM) under following parameters which showing in Table 6.3.

With output parameter which is related to quality characteristics. After the opti-
mization, it was observed that optimal process parameters within the selected range:
traverse abrasive flow rate of 115 g/min, SOD of 1 mm, speed of 145 mm/min and
water pressure of 200 MPa.

Asit Kumar Parida and Kalipada Maity [41] in this examination, the hot turning
of Monel-400 has been performed to explore the impact of four machining factors
(cutting velocity, feed rate, profundity of cut and work piece temperature) on flank
wear and surface harshness. The work piece has been warmed with a combination
of oxygen and fluid oil gas. The examinations have been done dependent on face
centered composite design (CCD). Response surface system (RSM) has been utilized
to play out the numerical displaying of flank wear and surface unpleasantness. The
impact of individual boundary on reactions has been assessed utilizing ANOVA
examination. The anticipated model for flank wear and surface harshness acquired
from the relapse condition shows great concurrence with the examination results. A
greatest mistake of 13% and 7% of flank wear and surface harshness has been seen
between the reproduced and trial results separately.

Amit Kumar et al. [42] in this examination, machinability of Inconel 825 by
Graphenenano powder blended EDM has been explored. Three response parame-
ters in particular material expulsion rate (MRR), Tool wear rate and Ra have been
recognized to assess measure execution. Response surface Method (RSM) has been
utilized to direct the investigation. It has been seen that MRR, SR and TWR are
generally impacted by top current (IP), GV and pulse on schedule. Further, surface
morphology of the produced surface has been examined by taking FESEM pictures,
which shows a similarly better surface.

Amran et al. [43] this paper examines the impacts of penetrating parameters, for
example, feed rate, drill diameter and spindle speed across on a superficial level
harshness and surface of bored opening by applying RSM. There are three compo-
nents under scrutiny, in this manner, by applying RSM there will be 20 test percep-
tions. The base surface harshness estimated for the opening was 1.06 µm at mix of
2000 rpm shaft speed, 78 mm/min feed rate and 2.5 mm drill distance across. While
the greatest surface harshness of 2.59 mmwas estimated at the blend of 250 rpm axle
speed, 153 mm/min feed rate and 3.5 mm drill measurement. One factor plot investi-
gation found that the main boundary was shaft speed followed by drill measurement
and feed rate. Hence, surface harshness diminished while speeding up, feed rate
and drill distance across. There were associations between all the boundary of shaft
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Table 6.4 Input process
parameters [43]

Parameters Level-1 Level-2 Level-3

Depth of cut 0.3 0.45 0.6

Spindle speed 800 1000 1200

Feed rate 40 50 60

Tool nose radius 0.4 0.6 0.8

speed, feed rate and drill distance across in boring cycle under scrutiny. Table 6.4
indicating factor name and levels.

Sanjeevi et al. [44] this paper plans to foresee the ideal arrangement of surface
harshness utilizing Response Surface Methodology in surface pounding machining
measure. Reaction surface Methodology extricated for input boundaries planning to
surface granulating measure. EN 24 steel machining with different speed, profundity
of cut and feed rate timing. The surface harshness of the machined work piece esti-
mated by the customary pointer test. At that point information and yield boundaries
feed into the RSM and created ANOVA and relapse condition to deliver the ideal
arrangement. Table 6.5 indicated level of information factor and name.

Karthik Pandiyan and Prabaharan [45] in this work, AA6351 amalgam steel work
piece machined by CNC machine focus is assessed by Response Surface Method-
ology with a target capacity of acquiring great surface get done with utilizing single
device tasks and improvement strategies for finding the estimations of the cycle
factors that produce alluring estimations of the reaction. Table 6.6 speak to enter
measure boundaries and levels.

Alagarsamy et al. [46] in present examination, aluminum grid composite strength-
ened with 15 wt% zirconium dioxide (ZrO2) particulates was manufactured through
mix projecting course. Electric release machining (EDM) was done to machine the
delivered composite utilizing copper anode. Heartbeat current, beat on-schedule and
heartbeat off-timewere picked as information boundaries and surface harshness (SR)

Table 6.5 Parameter level
[44]

Level of input parameter Name Range of parameters

1 Depth of cut 0.1–0.9

2 Feed rate 1.5–6

3 Speed 1100–1500

Table 6.6 Process
parameters and levels

Factor name Level-1 Level-2 Level-3

Feed rate 40 50 60

Spindle speed 800 1000 1200

Tool nose radius 0.4 0.6 0.8

Depth of cut 0.3 0.45 0.6



84 R. Sharma et al.

was considered as yield machining execution trademark. The exploratory arrange-
ment has been embraced by Box Behnken design (BBD) of response surface method
(RSM). This procedure was utilized to built up a numerical model for investigate
the machining execution trademark. Besides, investigation of change (ANOVA) was
applied to discover the impact of each machining boundary and their communica-
tions on SR. It has been seen that beat current was the most transcendent boundary
on SR followed by beat on-schedule.

Process of RSM Method

See Fig. 6.2.

6.2.2.3 PSO (Particles Swarm Optimization)

Costra et al. [47] in this research, all experiment conducts by usingmulti-pass turning
process. In this research optimization of these process parameters such as (cutting
velocity, depth of cut, feed rate) by Particle swarm optimization). The purpose of
this research, minimize of unit cost. Lee and Ponnam Balam [48] have focused on
multi-pass turning process. The purpose of this research, minimize unit production
cost. Chen et al. [49] in this paper, research was carried out on turning thin walled
circular cylindrical sheet. The purpose of this research maximize Metal removal rate
(MRR). The optimizations of process parameters such as cutting speed, feed rate,
cutting depth for maximize MRR.

Zainal et al. [50] this researchwas completed by endmilling operation for purpose
minimize surface roughness (Ra). For this, optimization of process parameter by
using PSO. The result compared with Taguchi optimization method. PSO result
was more optimal compared Taguchi. Yildiz [51] Multi cutting tool, process param-
eter (cutting speed, feed rate), and purpose- maximize total profit rate, better than
hybrid PSO (PSRE) HDRE. Sun and Zhang [52] cutting of boring bar manufacturing
process, the purpose of research—desired frequency, process parameter (pressure,
cutting speed, feed rate, depth of cut) and these process parameter is optimize by
PSO technique.

Mellal andWilliams [53] in this paper research work complete by grinding opera-
tion process for purpose ofmaximizeMRR. For this research, optimization of process
parameter by PSO and PSO result is compared with TLBO for validation. Bobby
Oedy Pramoedyo et al. [54] in this research focused on integrated optimization tech-
nique for optimum response such as thrust force. Torque, hole exit delimitation and
hole entry delimitation by drilling operation. The research work carried on carbon
fiber reinforced polymer.
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Fig. 6.2 General Process of RSM Optimization Techniques

6.2.2.4 Genetic Algorithm (GA) and Fuzzy Logic System (FLS)

Umashankar Gupta et al. [55] the accuracy is significant for axisymmnetric parts. In
this paper hereditary calculation is applied to discover limit cylindricity. For exactness
part cylindricity resilience is one significant boundary. In this examination, acquired
ideal estimation of cylindricity; mistake 5.40035 µm, speed-250 m/min, feed rate-
0.23, profundity of cut-0261, instrument nose span 1.2 mm.

Sathiya Narayanan et al. [56] in this paper zeroed in on turning procedure on
AISI H13 steel as a work piece and carbide instrument in CNC turning. L27 set
of test lead by CNC turning machine. What’s more, after get relapse examination,
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for connection between input measure boundaries and yield measure boundaries.
The profundity of cut is more huge cycle boundary on MRR and feed rate is more
compelling boundary on SR (Ra). The reason for this exploration, limit SR and
expand MRR by advancement by GA.

Durairaj and Gowri [57] in this paper, studied on CNC turning operation on
inconel 600 alloy used as a work piece and titanium carbide as a tool. In this paper
non- linear regression analysis is used for find relation ship between output and input
process parameters. Genetic algorithm is applied for optimize of process parameters
such a speed, depth of cut and feed rate with SR and tool wear as a response. The
optimum performance of cutting are feed rate micron m/rev., depth of cut 30 µm m
and cutting speed 25 m/min. Vedat Saras and Cetin Ozay [58] in this paper focused
on RSM (response surface method), Artificial neural network(ANN) and NSGA-II
were applied for used for modeling and multi objective optimization of Al 6351/Egg
Shell Reinforced Composite.

RamonQuiza et al. [59] in this paper focused onmulti objective optimization tech-
nique based on genetic algorithm in turning operation. And parametric optimization
of process parameter by genetic algorithm. The purpose of this research, tool life and
operation time. Haber et al. [60] this research work carried out by drilling process.
The purpose of research was that analysis of cutting force by fuzzy model with trian-
gular membership function. In this paper analysis of input parameter such as feed
rate and depth of cut with cutting force by use 49 no. of rules and find that when
increasing cutting force then depth of cut is also increasing. Dong and Wang [61]
in this paper, research was complete on milling machine. The purpose of research
was that prediction of surface roughness. In this paper, process parameter such as
spindle speed, feed rate, depth of cut was analysis with SR. and find that ANFIS with
LOO-CV approach effective way for prediction of SR.

Lian et al. [62] the reason for this examination was investigation of cutting power
on turning activity by fluffy rationale model with three-sided enrollment work. In
this AND sensible activity is utilized. After this work acquired that the GPFC can
lessen the troubles in deciding a fitting enrollment work and fluffy standards. Skra-
balak et al. [63] the motivation behind this exploration was that lessening the no
of miniature break and surface harshness boundary by fluffy rationale model with
Electro Chemical release machining.

6.3 Characteristics of Optimization Techniques

See Table 6.7.
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6.4 A Generic Structure for Process Parameter
Optimization

Identify the problem.

Identify /Analysis of input process parameter 
and output process parameter.

Data collection

Data analysis (Factor analysis, scatter plot, histogram) 

In this process parameter relationship 
model (single response case)

In this process parameter 
rela onship (mul  response case)

Obtained of single objective function based on 
model development.

B

Optimization by these 
techniques (Taguchi, 
RSM, simulated 
annealing, tabu search.

RSM

Taguchi Method

Linear programming

Non- Linear programming

Dynamic programming

Simulated annealing

Determine optimum cutting 
condition

Evaluate prediction result.

A

Optimization Technique

(ANN, fuzzy set)

Statistical regression, ANN, Fuzzy set 
theory

B

A



6 Optimization Techniques for Response Predication … 89

6.5 Conclusion

In this paper, a literature review of optimization techniques that use for response
prediction in metal cutting operation.

• Lagrange’s strategy, mathematical programming, objective programming, and
dynamic programming these wide ranges of streamlining methods applied in the
past for enhancement of different machining measure.

• But Today’s in serious market most recent improvement strategies are effec-
tively applied for increment profitability and nature of item. A survey of writing
on enhancement strategies has uncovered that there are, specifically, effective
mechanical uses of plan of test based methodologies for ideal cycle boundary.

• Taguchi strategy and Response surface technique is generally applied. These are
precisemethodology of demonstrating and assurance of ideal or close ideal cutting
conditions has indicated a fascinating potential with regards to both item and cycle
quality improvement of metal cutting.
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Chapter 7
Modelling and Analysis of Barriers
in Lean Green Manufacturing
Implementation: An ISM Approach

Sarita Prasad, Rao A. Neelakanteswara, and Krishnanand Lanka

Abstract Lean and green manufacturing is used in firms to achieve better financial,
operational and environmental performance. Many researchers concentrated on the
integration of these two paradigms in firms. Still, limited researchers have tried to
investigate the barriers for firms which creates hindrance in the way of implemen-
tation of lean-green. This research is an attempt to identify and analyse the barriers
for lean and green manufacturing, also to analyse the relationship among barriers
and their effects on the implementation process. A hierarchical structure model has
developed with the help of ISM (Interpretive Structural Modelling) and the strength
of relationship among barriers have analysed with the help of MICMAC analysis. A
nine-level ISM model for barriers has developed which shows ‘Market competition
and uncertainty’ at the top position and other barriers such as ‘Lack of govern-
ment support to integrate green practices’, ‘Lack of environmental awareness’ and
‘Governmental environmental laws and regulations and deficient enforcement’ are
at the bottom position of the model.

Keywords Barriers · Lean and green paradigm · Lean manufacturing · Green
manufacturing · Interpretive structural modelling ·MICMAC analysis

7.1 Introduction

7.1.1 Background of Lean and Green Manufacturing

Fast changes in market demand, globalisation and awareness about the environment
have forced the companies tomodify andmaintain their processes to adopt a proactive
role towards cleaner process [4]. Nowadays, companies are more focusing on envi-
ronmental management techniques for sustainable development. Several researchers
have conducted a study and demonstrated that lean is very helpful to achieve sustain-
ability in manufacturing system. Dhingra et al. [8] studied the synergies between
lean and green manufacturing. This approach will help the firm to fulfil customer
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volatile demands and sustainmarket competition [27]. Research shows that these two
paradigms havewidely explored separately, but the combined effect of lean and green
study is limited. This kind of research will encourage the organisation to integrate
lean and green strategies to obtain maximum synergies, high profits, clean-corporate
image by reducing environmental waste, improved worker health and safety and
reduced consumer risks. Lean and green manufacturing is the perfect blend of two
approaches which focuses to reduce the non-value added activities in manufacturing
system with the adoption of advanced environmental friendly technology.

Huo et al. [12] have analysed the effect of lean- green manufacturing in the supply
chain. The study found that on the customer side, lean will help the supply chain
to achieve social, environmental and economic sustainability and green will enable
the system to achieve improvement in environmental performance. Whereas in the
supplier side, green will allow the system to achieve higher sustainability as it will
direct improve the social and economic performance and lean will only enhance the
financial performance [3]. Green manufacturing approach focuses on the environ-
mental related issues and also focus on the end of the life cycle of products. These
issues have fetched the attention from various industries practitioners, government
bodies, customers and consumers across the world [15]. Manufacturing firms are
more concerned about the material selection, green design approach, production
with less environmental pollutions, gas emissions, recycling of materials etc. [24].
Lean manufacturing approach helps the firms to achieve profits with a significant
reduction in waste production activities and cycle time with improved quality [23].

Sindhwani et al. [27] investigated the combined approach of lean-green and agile
manufacturing to address its barriers and limitation. Researchers have developed
various tools to measure the leanness and greenness of the organisations. The chal-
lenge to implement lean and green is not only limited to the approach of implemen-
tation but also includes managerial, workers behaviour, technical and government
rules. These barriers are related to each other in a sophisticated manner and need to
be appropriately analysed. These barriers are having a different impact when imple-
menting lean-green in manufacturing industries. Hence it is important to investigate
the main barriers of lean and greenmanufacturing, their relationship and dependency
among each other.

7.1.2 Need for the Study

The literature survey conducted over lean andgreenmanufacturing resulted in various
articles which discussed the barriers of lean and green manufacturing in various
industries. These studies show the barriers/obstacles experienced by industry practi-
tioners during the implementation of lean and green. It is necessary to understand that
each barrier has its effects which creates hurdles in the path of lean green implemen-
tation. It is important to analyse the effect of each barrier on lean and green imple-
mentationwhichwill help the practitioners to adopt certain correctivemeasures. This
modelling process of barriers will help the industry practitioners to focus on most
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critical barriers and analyse the relationship among these barriers. In the literature,
there are various studies which focus on the drivers of lean and green manufacturing
implementation in various industries. But, the studies related to the identification of
barriers for lean and green manufacturing are limited. Hence it creates a strong need
for a study which identify the significant barriers of lean and green and develops
a model to analyse the relationship among barriers. This approach will provide a
smooth roadmap for lean and green implementation in manufacturing industries.

7.1.3 Research Objective

The main aims of this study are

(1) To identify the barriers of the lean-green manufacturing process.
(2) To develop a hierarchical model to show the relationship among barriers

through ISM model.
(3) To categorise the barriers into four division through MICMAC approach.

The modelling approach will help the researchers and practitioners to analyse the
contextual relationship among these barriers and make their strategies accordingly.
The literature review conducted in the study will show the contributions of many
researchers in the identification of barriers for lean and green manufacturing. Later,
MICMAC analysis is used to categories the barriers in four parts. The MICMAC
analysis helps the firms to analyse the dependency among barriers.

7.1.4 Organization of Paper

The paper is structured into eight sections. Section 7.2 comprises of literature review
about lean green barriers and various approaches used for modelling. Section 7.3
comprises identification of barriers from literature. Section 7.4 consist of the discus-
sions of study. Section 7.5 comprises the description of the methodology. Section 7.6
consist the actions towards the elimination of barriers. Section 7.7 consist of manage-
rial implications. At last Sects. 7.8 and 7.9 comprise the conclusions, future study
and limitations of the study.

7.2 Literature Review

The literature review comprises of studies related to the ISM approach applied to
identify and analyse the relationship among barriers of lean-green implementation
in organisations. This study aim was to prioritise the barriers of lean-green manufac-
turing and also helps to build a better understanding of the lean and green concept and
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their challenges. Vinodh and Asokan [30] conducted a study to analyse the obstacles
for adaption of lean six sigma with environmental consideration. This study devel-
oped an ISMmodel in which barriers like lack of commitment from themanagement,
lacking in training programmes and poor education and funding constraint for green
process appeared at the bottom position. Other barriers such as challenges during
the adoption of environmental strategies, strict government rules and policy, poor
attitude to achieve sustainability, communication gap and inadequate monitoring for
defects are found at the upper position in the model.

Cherrafii et al. [6] used a combined approach of systematic literature review and
ISM to analyse the relationship among barriers of green lean implementation. The
study found that less awareness about environmental impact and lack of support
from the government are the significant barriers for green-lean initiatives as it placed
at the bottom of the model. Kumar et al. [15] implemented the ISM approach to
see the connection among barriers to adapt green lean six sigma during the product
development process. Competition and uncertainty found to be the topmost barrier
in the model and lack of support from total top management placed at the lower
position. Thanki et al. [28] analysed the success factor for lean-green implementation
and suggested that support from government is the most significant factor in the
model. Besides, that green disposal initiative and organisational capabilities are also
significant factors for lean green implementation. Prasad et al. [23] analysed the
relationship among enablers for lean manufacturing implementation through the
combined approach of ISM and IRP (Interpretive Ranking Process) for Bulgarian
SMEs. Caldera et al. [3] study propose four critical enablers and six critical barriers
to achieve sustainability in SMEs. The most critical barrier found in the study is the
lack of financial resources.

Ojo et al. [22] discussed the impact of green supply chain management (GSCM)
and its barriers in construction firms. They found that barriers such as unawareness of
public, insufficient knowledge about environmental sustainability, less support from
management, lacking support in legal terms and lacking support from government
are the crucial barriers for GSCM. Yadav et al. [32] conducted a study to identify the
barriers for lean six sigma (LSS) and found that ‘lack of top management attitude’,
‘lack of LSS project training and education’ and ‘lack of strategic planning’ are the
most important barriers. Siegel et al. [26] presented a systematic model to show the
relationship among the critical factors for green-lean practices for small and medium
enterprises (SMEs). The study shows that the lack of metrics and measurement is
the most important challenge for green lean implementation in SMEs. Tiwari et al.
[29] found lack of customer focus, absence of lean management, inadequate capital
investment, leadership and resistance to change are the critical lean barriers in the
Indian automobile industry.
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7.3 Barriers Identification

Barriers can be explained as an obstacle or hurdle which slow down the progress
of work. The organisation faces many barriers during the implementation of lean-
green manufacturing. These barriers have selected from the previous study through a
systematic literature review (SLR). Five steps of review are followed as (1) problem
description/ objectives, (2) locating studies, (3) articles selections, (4) in-depth anal-
ysis of articles and (5) results of the study.Barriers identified in the study are explained
below:

1. The necessity of high investments/fund constraint
Lean and green implementation requires advanced technology and proper
design structure in the manufacturing system. Adoption and implementation
of these techniques require a high amount of investment in the manufacturing
process.

2. Lack of top management involvement in adopting green lean initiative
The role of topmanagement in the successful adaption of any new techniques is
much necessary and important. Top management of firms can provide support
to the lower level structure of the firm to implement green lean techniques. Top
management plays an important role in design ideas and strategic decisions in
the firm while implementing lean and green.

3. Lack of communication and cooperation between depart-
ments/Information gap
The communication among employees of various departments in the manufac-
turing firm and exchanging information with each other are very important in
any firm. The communication and cooperation between departments can help
to build an efficient base for lean and green manufacturing.

4. Resistance to change due to past failures
It is necessary for any organization to bewell prepared for the required changes
in the manufacturing process while implementing lean and green techniques.
Employees of anymanufacturing firms having tendency to resist the changes in
the daily routine work pattern while implementing new techniques. Manufac-
turing companies should consider on these internal challenges which comprise
the structural (machines, technology etc.) and infrastructural (business pattern/
practices) changes.

5. Lack of training
The implementation process of lean and green require proper training and
consultancy to the employees of the firm to know the basic knowledge and
ethics of green and lean manufacturing. The implementation of green and lean
manufacturing requires the equal involvement of managers as well as workers
in the firm.

6. Lack of Human resource
Human resource is an important resource for any industry. Availability of
workers, rawmaterials and technology are important parameters for the imple-
mentation of lean-green techniques. Unavailability of any of the resources can
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results in a big hurdle in implementation. Support from well-trained workers
can enable the manufacturing system to execute the planned tasks on time with
better decision making.

7. Lack of government support to integrate green practices
Thegovernment canhelp thefirm to implement newadvancedgreen techniques
in the firm.Government policies, rules and regulations canmandate the firms to
implement such strategies in the production process and reduce the emissions.
The greening of themanufacturing process can be influenced by several factors
such as rules and regulations, trade regulations and policies.

8. Lack of awareness in customers/customer non-involvement in greening
Customer choice is the prime important factor in any business. Companies
always design and manufacture the products in such a way that it fulfils the
customer needs. Environmental awareness among customers can significantly
force the manufacturing firm to adopt new green techniques. In this way, pres-
sure from the customer can make the firm to adopt lean and green techniques
and produce economic products with environmental consideration.

9. Market competition and uncertainty
In today’s world of uncertain customer demands and market competition,
it is very difficult for a company to implement lean and green techniques.
Uncertainty in the market always acts as a major obstacle for any new tech-
niques. Themarket uncertainty can create several competitive priorities such as
quality of products, flexibility, responsiveness, quick delivery and new product
development with environmentally friendly use.

10. Poor supplier commitment
The supplier can help the firms to make the supply chain sustainable with
lean initiatives. Collective efforts by the supply chain members can help the
implementation of lean and green in a manufacturing firm.

11. Lack of technical expertise/technical barriers (poor R&D)
Poor technical expertise can create a barrier in terms of adoption of new green
and lean techniques.

12. Lack of information technology implementation
Technology up-gradation can help the firms to change the organizational
features and to become more competitive in the market. The lack of infor-
mation technology implementation in the organization creates a big hurdle in
the adoption of lean and green techniques.

13. Lack of environmental awareness
Awareness about the environmental impact can motivate the manufacturing
firm to implement new green and lean techniques. This will also help the firm
to achieve economic, environmental and social sustainability.

14. Lack of management skill and knowledge/poor team management
The implementation of lean-green approach requires skilled management with
proper team coordination. Resistance from top management and poor team
management can create a hurdle in the implementation of the lean green
practice.
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15. Lack of ethical standards and corporate social responsibility
Corporate social responsibility canmake a firm to bemore responsible towards
the environment and also it encourages the firm to be socially accountable.

16. Lack of recycling and reuse efforts of the organisation
Adoption of recycling and reuse practices are important for firms to become
economic and environmentally sustainable.

17. Lack of organization encouragement
Lack of encouragement from the organization can hinder the information flow
in the supply chain.

18. Poorly organised culture in adopting the green and lean system.
19. Governmental environmental laws and regulations and deficient enforcement
20. Restrictive company policies towards product/process maintenance/Poor

infrastructure.

7.3.1 Locating and Selection of Studies

The articles were searched using string related to the main theme of research. Search
string includes Lean paradigm, Green paradigm, Lean and Green manufacturing,
Barriers, Obstacles, Challenges and Failures. This search string used in electronic
engine databases such as Elsevier (sciencedirect.com), Emerald (emeraldgrouppub-
lishing.com), IEEE (ieeexplore.ieee.org), Taylor and Francis (taylorandfrancis.com),
Inderscience (inderscience.com), Web of Science (apps.webofknowledge.com) and
Google Scholar (scholar.google.com). A total sample of 120 articles was selected
those belongs to lean and/or green manufacturing. However, only 70 papers of this
sample discussed the barriers and drivers for lean and green implementation. In this
way, a total of 20 papers have further considered for the study. The main purpose
of this research is to identify and analyse the generic barriers of lean and green
manufacturing which can be applicable to various industries such as manufacturing
industry, service industry etc. The structure of the research is shown in Fig. 7.1.

7.3.2 Analysis and Synthesis

In this study, the thematic approachhas beenused to synthesis the qualitative research.
With this approach, 20 barriers have selected for study; summarised in Table 7.1.
In the study, many barriers are identified from lean and green separately since no
prior work has published in this direction. These barriers are further discussed with
experts from industry and scholars to modify it and make it more relevant and suit-
able to consider for lean and green barriers. Many researchers explained in their
studies that the combination of these two concepts would inherit the same barriers
and challenges as they faced individually, as these concepts share various similarities
(Ng et al. [21]). Campos and Vazquez-Brust [4] have described the integrated tool
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Fig. 7.1 Structure of research approach

approach of lean-green techniques which can implement together to achieve environ-
mental performance and operational efficiency. Therefore this study also supports the
implementation of an integrated approach of lean-green in organisations to achieve
sustainability performance. It will be very tough for the companies to remove all the
barrier for the first time during the lean and green implementation. As these barriers
can affect each other during the implementation process. This direct the research
to know and analyse the dependency relationship among different barriers in the
organisation.

7.4 Methodology

7.4.1 Interpretive Structural Modelling

ISM method is used to develop a model which form a hierarchical level structure to
depict the relationship and interaction between variables of the study [15]. It provides
the most straightforward way to develop a complicated structure model on the basis
of complex variables. The steps in the ISM model approach is as follows [6, 15, 18,
23]:

• Identification and selection of variables (barriers) for the study.
• Defining the contextual relation among barriers with the help of the experts’ team.
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Table 7.1 Barriers in lean and green implementation

S. No. Barriers References

1 The necessity of high investments/fund
constraint

Mudgal et al. [20], Luthra et al. [16],
Giunipero et al. [11], Mathiyazhagan et al.
[18], Jayant and Azhar [13],
Drohomeretski et al. [10], Salonitis and
Tsinopoulos [25], Dhull and Narwal [9],
Kumar et al. [15], AlManei et al. [2],
Cherrafi et al. [6]

2 Lack of top management involvement in
adopting Green lean initiative

Massoud et al. [17], Mudgal et al. [20],
Luthra et al. [16], Giunipero et al. [11],
Mathiyazhagan et al. [18], Jayant and
Azhar [13], Ojo et al. [22], Salonitis and
Tsinopoulos [25], Dhull and Narwal [9],
Mittal et al. [19], AlManei et al. [2]

3 Lack of communication and cooperation
between departments/information gap

Massoud et al. [17], Mathiyazhagan et al.
[18], Abdullah et al. [1], Kumar et al. [15],
Cherrafi et al. [6]

4 Resistance to change due to past failures Mudgal et al. [20], Abdullah et al. [1],
Salonitis and Tsinopoulos [25], Mittal et al.
[19], AlManei et al. [2], Cherrafi et al. [6]

5 Lack of training
courses/consultancy/institutions to train,
monitor and mentor the progress specific
to each industry

Mathiyazhagan et al. [18], Jayant and
Azhar [13], Dhull and Narwal [9], Kumar
et al. [15], Cherrafi et al. [6]

6 Lack of human resource/poor quality of
human resources

Luthra et al. [16], Mathiyazhagan et al.
[18], Dhull and Narwal [9], Kumar et al.
[15], Cherrafi et al. [6]

7 Lack of government support to integrate
green practices

Luthra et al. [16], Mathiyazhagan et al.
[18], Jayant and Azhar [13], Ojo et al. [22],
Cherrafi et al. [6]

8 Lack of awareness in customers/customer
non-involvement in greening

Luthra et al. [16], Mathiyazhagan et al.
[18], Jayant and Azhar [13], Mittal et al.
[19], Kumar et al. [15]

9 Market competition and uncertainty Luthra et al. [16], Giunipero et al. [11],
Jayant and Azhar [13], Dhull and Narwal
[9], Kumar et al. [15]

10 Poor supplier commitment/reluctant to
change towards green and lean in the
supply chain (unwilling to exchange
information)

Luthra et al. [16], Kasim and Ismail [14],
Mathiyazhagan et al. [18], Drohomeretski
et al. [10], Dhull and Narwal [9]

11 Lack of technical expertise/technical
barriers (poor R&D)

Luthra et al. [16], Mathiyazhagan et al.
[18], Jayant and Azhar [13], Abdullah
et al. [1], Dhull and Narwal [9]

(continued)
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Table 7.1 (continued)

S. No. Barriers References

12 Lack of environmental awareness/lack of
knowledge about environmental impacts

Massoud et al. [17], Mathiyazhagan et al.
[18], Jayant and Azhar [13], Ojo et al. [22],
Cherrafi et al. [6]

13 Lack of management skill and
knowledge/poor team management

Carleysmith et al. [5], Kumar et al. [15],
Cherrafi et al. [6]

14 Lack of ethical standards and corporate
social responsibility

Mathiyazhagan et al. [18], Jayant and
Azhar [13], Dhull and Narwal [9]

15 Lack of recycling and reuse efforts of the
organisation

Mathiyazhagan et al. [18], Jayant and
Azhar [13], Cherrafi et al. [6]

16 Lack of information technology
implementation

Luthra et al. [16], Jayant and Azhar [13],
Dhull and Narwal [9]

17 Lack of organization encouragement Luthra et al. [16], Dhull and Narwal [9],
Mittal et al. [22]

18 Poor corporate culture separating
environmental and continuous
improvement decisions/poorly organised
culture in adopting green and lean system

Luthra et al. [16], Mathiyazhagan et al.
[18], Cherrafi et al. [6]

19 Governmental environmental laws and
regulations and deficient enforcement

Massoud et al. [17], Kasim and Ismail
[14], Dhull and Narwal [9]

20 Restrictive company policies towards
product/process maintenance/poor
infrastructure

Mudgal et al. [20], Giunipero et al. [11],
Mathiyazhagan et al. [18]

• Structured Self Interaction Matrix (SSIM) is developed to show the pairwise
comparison between barriers.

• SSIM is converted into an initial reachability matrix and further analysed for
transitivity rule. The rules of transitivity can be explained as if variable X is
having a relationship with variable Y and variable Y is having a relationship with
variable Z; then, variable X will also have a relation with variable Z.

• After checking the transitivity rule, final reachability matrix (FRM) is developed.
• Level partition of variables.
• A digraph is drawn with the help of FRM.
• After removal of transitivity links, resulting digraph is represented as final ISM

model by mentioning the statements in place of variables nodes.

7.4.2 Questionnaire Development and Data Collection

ISMmethod depends on the data collected based on the experts’ opinions and sugges-
tions. In this study, twelve experts were approached belonging to various manufac-
turing companies. In the initial stage, all experts were explained about the lean and
green approach, benefits, importance and objective of this study. After the frequent
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emails, six experts showed interest in this study. Similarly, five professional from
academia related to the subject also approached in which two accepted to participate
in the study. Hence a total of eight members experts’ team was selected to contribute
to this study. The expert team consist of one production manager, two environmental
manager, one waste management manager, two operation general manager and two
academic professors specialised in sustainable supply chain management and lean
green six sigma. All the experts from industry are having experience of implemen-
tation or part of the process of implementation lean- green manufacturing in the
company. Experts participated in this study having experience of more than ten years
in management practice. ISM approach requires the data collected from experts in
terms of the relationship among factors (barriers). For this purpose, the contextual
relationship among barriers was accomplished with the data collected from experts.

7.4.3 SSIM Development

SSIM is generated by using ‘Leads to’ type relationship among barriers to show
the pairwise relationship. This relationship is denoted as four symbols to see the
dominance relation among barriers. These four symbols are ‘V’, ‘A’, ‘X’ and ‘O’.
Developed SSIM is shown in Table 7.2.

• Symbol ‘V’ shows that barrier i will affect the barriers j.
• Symbol ‘A’ shows that barrier j will affect the barrier i.
• Symbol ‘X’ shows barriers i and j are equally affected by each other.
• Symbol ‘O’ shows barriers i and j are not affecting each other.

Table 7.2 SSIM matrix for lean green barriers
S.No. 20 19 18 17 16 15 14 13 12 11 10 9 8 7 6 5 4 3 2 1
1 V A V V V V V A A V V V V A A A V V X
2 V A V V V V V X A V V V V A A A O V
3 X A X A A A V A A A V V V A A A O
4 V A V X V V V A A V V V V A A A
5 V A V V V V V V A V V V V A X
6 V A V V V V V V A V V V V A
7 V X V V V V V V X V V V V
8 A A A A A A A A A A X V
9 A A A A A A A A A A A
10 A A A A A A A A A A
11 V A V A X X V A A
12 V X V V V V V V
13 V A V V V V V
14 A A A A A A
15 V A V A X
16 V A V A
17 V A V
18 X A
19 V
20
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7.4.4 Initial Reachability Matrix (IRM)

IRM is obtained after the transformation of SSIM matrix values into binary
numbers (Table 7.3). The conversion rules of all notation ‘A’, ‘V’, ‘X’ and ‘O’
into 1 and 0 are explained below:

1. In SSIM matrix if value (i, j) is V, then value of (i, j) coordinate will 1 and (j, i)
coordinate will 0.

2. Similarly, if in SSIM matrix value (i, j) is A, then then value of (i, j) coordinate
will 0 and (j, i) coordinate will 1.

3. If in SSIM matrix value (i, j) is X, then value of coordinate (i, j) and coordinate
(j, i) will be 1.

4. In SSIM matrix value (i, j) is O, then value of coordinate (i, j) and coordinate
(j, i) will be 0.

Table 7.3 Initial reachability matrix

S. No. 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20

1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

2 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

3 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

4 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

5 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

6 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

7 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

8 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

9 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

10 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

11 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

12 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

13 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

14 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

15 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

16 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

17 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

18 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

19 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

20 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
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7.4.5 Final Reachability Matrix (FRM)

FRM matrix is obtained after checking the rule of transitivity in initial reachability
matrix [6]. The developed final reachability matrix is shown in Table 7.4. This matrix
is further analysed to develop reachability and antecedent set for every variable.
Reachability set of a variable comprises the variable itself and all the variables which
it helps in achieving it. The antecedent set also includes the variable itself and all
the variables which are helping to achieve it. If a barrier got same set value for
reachability and intersection set, then it is considered as a top-level barrier in ISM
model. The same procedure is followed until all barriers will get ranks. The level
partitioning can be seen in Table 7.5.

7.4.6 Level Partitioning

In the FRM, the reachability set and antecedent set were found for each barrier [31].
On one hand, the reachability set includes the barrier itself with all the other barriers
which it helps to achieve. On the other hand, the antecedent set includes barriers
itself with all the other barriers which are helping to achieve to it. The barriers with
the same reachability and intersection set considered as the first-level barrier in ISM
modelling. This process is continued until all the barriers obtained a rank. The level
partitioning for the study can be seen in Table 7.5. This levelling process helps to
develop the digraph which can finally be converted into ISM model after removing
the transitivity links.

7.4.7 Formation of ISM Model

Based on FRM, a digraph was drawn. In the next step, all the transitivity links have
removed and node numbers have replacedwith corresponding barriers. The final ISM
model is shown in Fig. 7.2. The study suggests that ‘lack of government support to
integrate lean green practices’, ‘lack of environmental awareness’ and ‘government
environmental laws and regulations and deficient enforcement’ are the most critical
barriers for lean and green manufacturing implementation as it comes at the bottom
position of ISM model. ‘Market competition and uncertainty’ has identified as the
top position barrier in ISM model.
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Table 7.5 Level partitioning

S. No. Reachability set Antecedent set Intersection set Level

1 1, 2, 3, 4, 8, 9, 10, 11, 13, 14,
15, 16, 17, 18, 20

1, 2, 5, 6, 7, 12, 13, 19 1, 2, 13 VII

2 1, 2, 3, 4, 8, 9, 10, 11, 13, 14,
15, 16, 17, 18, 20

1, 2, 5, 6, 7, 12, 13, 19 1, 2, 13 VII

3 3, 8, 9, 10, 14, 18, 20 1, 2, 3, 4, 5, 6, 7, 11, 12, 13,
15, 16, 17, 18, 19, 20

3, 18, 20 IV

4 3, 4, 8, 9, 10, 11, 14, 15, 16,
17, 18, 20

1, 2, 4, 5, 6, 7, 12, 13, 17, 19 4, 17 VI

5 1, 2, 3, 4, 5, 6, 8, 9, 10, 11,
13, 14, 15, 16, 17, 18, 20

5, 6, 7, 12, 19 5, 6 VIII

6 1, 2, 3, 4, 5, 6, 8, 9, 10, 11,
13, 14, 15, 16, 17, 18, 20

5, 6, 7, 12, 19 5, 6 VIII

7 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11,
12, 13, 14, 15, 16, 17, 18, 19,
20

7, 12, 19 7, 12, 19 IX

8 8, 9, 10 1, 2, 3, 4, 5, 6, 7, 8, 10, 11, 12,
13, 14, 15, 16, 17, 18, 19, 20

8, 10 II

9 9 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11,
12, 13, 14, 15, 16, 17, 18, 19,
20

9 I

10 8, 9, 10 1, 2, 3, 4, 5, 6, 7, 8, 10, 11, 12,
13, 14, 15, 16, 17, 18, 19, 20

8, 10 II

11 3, 8, 9, 10, 11, 14, 15, 16, 18,
20

1, 2, 4, 5, 6, 7, 11, 12, 13, 15,
16, 17, 19

11, 15, 16 V

12 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11,
12, 13, 14, 15, 16, 17, 18, 19,
20

7, 12, 19 7, 12, 19 IX

13 1, 2, 3, 4, 8, 9, 10, 11, 13, 14,
15, 16, 17, 18, 20

1, 2, 5, 6, 7, 12, 13, 19 1, 2, 13 VII

14 8, 9, 10, 14 1, 2, 3, 4, 5, 6, 7, 11, 12, 13,
14, 15, 16, 17, 18, 19, 20

14 III

15 3, 8, 9, 10, 11, 14, 15, 16, 18,
20

1, 2, 4, 5, 6, 7, 11, 12, 13, 15,
16, 17, 19

11, 15, 16 V

16 3, 8, 9, 10, 11, 14, 15, 16, 18,
20

1, 2, 4, 5, 6, 7, 11, 12, 13, 15,
16, 17, 19

11, 15, 16 V

17 3, 4, 8, 9, 10, 11, 14, 15, 16,
17, 18, 20

1, 2, 4, 5, 6, 7, 12, 13, 17, 19 4, 17 VI

18 3, 8, 9, 10, 14, 18, 20 1, 2, 3, 4, 5, 6, 7, 11, 12, 13,
15, 16, 17, 18, 19, 20

3, 18, 20 IV

19 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11,
12, 13, 14, 15, 16, 17, 18, 19,
20

7, 12, 19 7, 12, 19 IX

(continued)
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Table 7.5 (continued)

S. No. Reachability set Antecedent set Intersection set Level

20 3, 8, 9, 10, 14, 18, 20 1, 2, 3, 4, 5, 6, 7, 11, 12, 13,
15, 16, 17, 18, 19, 20

3, 18, 20 IV

Fig. 7.2 ISM model for barriers in lean green implementation
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Fig. 7.3 MICMAC analysis

7.4.8 MICMAC Analysis

The MICMAC analysis is developed to investigate and analyse the dependency and
driving powers of barriers [15]. The value of powers of each barrier was calculated
in final reachability matrix. The MICMAC analysis is shown in Fig. 7.3. In this
figure, barriers were categorised in four cluster or quadrants. These four quadrants
are autonomous, dependent, independent and linkage.

1. Autonomous barriers: Barriers with low driving and dependence power fall in
the autonomous category. No barriers were found in this category.

2. Dependent barriers: Barriers with high dependence power and less driving
power come under the dependent category. It includes Information gap, poorly
organised culture in adopting the green and lean system, process mainte-
nance/Poor infrastructure, lacking in terms of ethical standards, lack of aware-
ness in customers/customer non-involvement in greening, market competition
and uncertainty and poor supplier commitment/Reluctant to change towards
green and lean in the supply chain (unwilling to exchange information).

3. Linkage barriers: Barriers with high dependence power and high driver power
come under linkage. It includes resistance to change due to past failures, lack
of Organization Encouragement, lack of technical expertise/technical barriers
(poor R&D), lack of recycling and reuses and lack of information technology
implementation.
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4. Independent barriers: Barriers withmore driving power andweak dependence
powerwill come under independent. It includes lack of support from the govern-
ment, lack of environmental awareness, governmental environmental laws and
regulations and deficient enforcement, lack of training courses, the necessity of
high investments/fund Constraint, lack of commitment from the management
side and poor management skill and knowledge/Poor team management.

The categorisation of barriers based on MICMAC analysis is essential for the
organisation, as it will help to define the role of each barrier. This analysis will help
to describe the impact of one category barriers on the other category barriers. As per
MICMAC analysis, the barriers belongs to the independent will support the barriers
belongs to linkage. Similarly, barriers of independent and linkage categories will
support the barriers of the dependent category.

7.5 Discussion of Findings

Nowadays, sustainability has gained a lot of attention by academician and industrial
experts [6]. The integrated lean-green paradigm will encourage the organisation to
achieve sustainability [7].Although this integrated strategy is beneficial for the organ-
isation, it faces varies challenges during the implementation of lean-green (Cherrafii
et al. [6]). Without better understanding and knowledge of these barriers, the organ-
isation cannot effectively implement lean and green in their projects. This research
finds the significant barriers facing by the organisations during the implementation
of lean green. Barriers were further analysed through the ISM approach with the
help of the expert team, which consist of academic and industrial professionals. The
research finding of the study is given below.

• Lack of support from the government in the integration of lean-green prac-
tices, lack of knowledge about environmental impact, government environmental
laws/regulations and deficient enforcement found as the primary barriers for lean
green implementation. Cherrafii et al. [6] conducted a study to find barriers in
the green lean implementation process and found that environmental practices
are influenced by stakeholders group, management and government involvement.
Government rules and regulations, schemes to support lean and green practices
and promotional advertisementwill help the organisations to be aware of its impor-
tance and benefits. It has also observed that despite the willingness of adoption
the green techniques in organisations, the adoption and implementation level is
low due to lack of knowledge about the benefits that can be the low cost-efficient
product from environmental practices.

• MICMAC analysis shows that no barriers are autonomous barriers; it means this
study confirms that all barriers included in the research play an important role.
So the barriers selected in this study can act as an essential challenge towards the
implementation of the lean-green project.
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• In the study, some of the barriers identified belong to human resource manage-
ment. These barriers include lacking in training courses for employees, lack of
monitoring to see the progress of industry, lack of top management involvement,
and lack of management skill and knowledge/Poor team management. It is clear
from the study that a skilled worker will help to implement the green lean tech-
niques in organisations. Studies show that lack involvement of human resources
will lose the opportunity to achieve sustainable benefits from lean and green
manufacturing [6].

• The study also includes financial barriers such as the necessity of high investments
and fund Constraint. To implement a new approach/technique some initial funds
are required. These funds constraint barrier is considered as an essential barrier
in academic literature [2, 9, 10, 25]. So the findings of the research are common
from the reported literature. Fund constraint includes mainly the difficulty to get
bank loans by the organisations to adopt new green techniques due to lack of
support from the government.

• Barriers related to managerial aspects, employee behaviour and technological
advancement are also challenging for the organization, which need to be over-
come by the firm. Barriers such as Resistance to change due to past failures,
Lack of technical expertise/technical barriers (poor R&D) and Lack of commu-
nication/cooperation between departments are the barriers which need to explore
more by the firm’s management.

7.6 Elimination of Barriers

This section comprises of remedial actions suggested by the experts and researchers
to eliminate or decrease the effect of barriers in the organisation. The development of
the circular economy can overcome the lack of support provided by the government,
lack of environmental awareness, governmental environmental laws and regulations
and deficient enforcement. Circular economy deals with the conceptualisation of
integrated thinking of economic profit and impact on environmental performance
[3]. The lean and green initiative requires proper training for employees [6]. It is
necessary to educate and train management people as well as workers to ensure the
commitment and teamwork management in the organisation.

The organisation can implement various strategies to become internally capable
of implementing lean and green manufacturing. One strategy can be the collabora-
tion work with a research organisation, academic institution and getting guidance
support from the government to conduct training courses, to get assistance towards
the process and to find opportunities for funds. This can help the organisation to
minimise their cost in terms of consultation charge, which incurred while getting
technical assistance. Also, it will help to improve the skill and knowledge of workers.
The necessity of high investments/Fund Constraint barriers can be overcome by the
development of financial institution which can provide funding to organisations to
start implementing lean and green manufacturing.
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Support from the government to use an integrated approach of lean-green and
making rules, regulation and policies will also help the organisations to get insur-
ance from the bank to compensate with the risk involved during the adaption
process. Application of new techniques can help the organisation to implement 3R
(reduce/reuse/remanufacture) policies which encouraged the organisation to be envi-
ronmentally sustainable. Use of information technology will also help the system to
be aware of the waste in the system and to know the customer preferences towards
sustainability. The communication between the departments, better policies, infras-
tructure and supplier support will help the companies to identify the problem in the
system, also to monitor and develop action plans to see the progress until achieving
goals.

7.7 Managerial Implications

Based onMICMAC analysis in the study, it is found that driving and linkage barriers
for lean green manufacturing have to be properly determined by the management
and should be removed at the earliest. The developed ISM model will help the
management to prioritize these barriers through a hierarchical structure of the model.
Barriers that belong to dependence category also influence the other barriers and can
affect the implementation process of lean and green in the company. Based on ISM
method andMICMAC analysis, the firm’s management can avoid these barriers with
the help of below implications:

• Beginning Phase—Management should have to train the firm’sworkers and create
awareness about the benefits of these techniques which includes environmental
friendly practices. The lean and green approach will help the firm to face the
competition in the global market.

• Continuous improvement in manufacturing system—Management should have
to focus on the non-value-added activities which contain various emissions also.
These activities and generated waste have to be continuously monitored and
reduced with the help of advance technology.

• Customer orientation—Management should have to appreciate customer choices
and awareness about environmental impacts. Firms need to share information
about the firm’s efforts towards adaption of lean and green strategies in the supply
chain.

The implementation of lean and green techniques should be observed in three
main phases of product development. These phases are the design and planning
phase, development phase and production phase. The removal of driving barriers can
help the firms to integrate the lean and green techniques in the planning phase. After
that managing the linkage barriers can help the firms to implement the integrated
approach in the development phase. At last, the removal of dependant barriers will
help the firm to implement lean and green manufacturing in the production phase.
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7.8 Conclusions

In the literature review,many researchers have reported about the integrated approach
of lean and green manufacturing and barriers for its implementation [3, 6, 15, 19, 26,
27]. Very limited studies have focused on the solutions for these barriers which can
help the organizations to implement lean and green manufacturing in the firm. The
study analyses the barriers of lean green implementation and their relationship among
each other through ISMmodelling approach. This study proposes possible solutions
to eliminate these barriers frommanufacturing organizations. A systematic literature
review has conducted as the first step towards this study to identify the potentials
barriers of lean and green manufacturing. The barriers are the hurdles in the way of
implementing the lean-green approach. In this study, twenty barriers were identified
and further analysed with ISM approach to see their relationship with each other
[7, 15, 18].

ISM approach used to analyse the contextual relationship among variables
(barriers) to see their importance towards lean green implementation process. These
barriers which create hurdles in the implementation process of lean and green manu-
facturing can be considered as a major challenge for managers and technical experts
in the manufacturing industry. Based on the input received from the expert’s team,
an SSIMmatrix was developed which is the first step of the ISM approach. The ISM
approach modelled the barriers into nine levels. ISM approach develops a model
which shows that Market Competition and Uncertainty, Poor supplier commitment
and Lack of awareness in customers barriers acquire the topmost levels in ISM
model. It shows that these barriers have less impacts on the implementation process
of lean and green manufacturing. These barriers are having less impact than the other
barriers of the study. Kumar et al. [15] found in the study that market competition and
uncertainty gives very less impact to other barriers. Kumar et al. [15] also suggested
that lack of awareness in customer about the environmental impact and poor supplier
commitment barriers are comparatively easy to eliminate from the manufacturing
system.

In the third and fourth level, a total of four barriers are placed namely: Lack of
ethical standards and corporate social responsibility, Lack of communication and
cooperation between departments, Poor corporate culture separating environmental
and continuous improvement decisions and Restrictive company policies towards
product. Barriers at the same level show an equal impact on the lean and green
manufacturing implementation process. The barriers found at the bottom position
in the ISM model are crucial for the lean and green. The barriers found at the
bottom positions are Lack of support from the government in the integration of lean-
green practices, lack of knowledge about environmental impact, government envi-
ronmental laws/regulations and deficient enforcement. These barriers are driving the
other barriers during lean and green implementation. Cherrafi et al. [6] concluded
that lack of government support to integrate lean and green practice and lack of
knowledge about environmental impact are the primary barriers for lean and green
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manufacturing implementation. Support from the government can help the organi-
zations to be more aware of the importance and potential benefits of lean and green
practices.

These barriers are further analysed byMICMACapproach to recognise the driving
and dependence power of these barriers. In this process, these barriers were further
categorised into four types as independent, dependent, linkage and autonomous. The
categorization of barriers is based on the driving and dependence power of barriers.
Study shows that eight barriers are classified as independent barriers, seven barriers
are classified as dependent and five barriers are classified as linkage barriers. The
result from MICMAC analysis shows that all the barriers included in the study are
important and hence can be considered as a significant challenge for the organisation
while implementing lean and green manufacturing.

The results and finding of this study will help various organisations to develop
theoretical knowledge about lean and green and its implementation to achieve
economic and environmental sustainability. The developed model through the ISM
approach can be helpful for management and industrial professionals to measure
the impact of barriers and take preventive action to avoid them. This study will
also be helpful for policymakers to formulate and develop such policies which help
and support the organisation to become sustainable. Due to the generic approach of
study, these barriers identification will help many organisations in various sectors
such asmanufacturing, service, healthcare and transport. These all sectors are getting
pressure from customers and market competition to operate more sustainably and
produce the product in a greenway.

7.9 Future Study and Limitations

In the future perspective, several other barriers can be find based on the geographical
location of the industry, specific to the industry and the firm’s size. The limitation of
the research is that the model developed in the study is solely based on expert judge-
ment and opinions of experts. The opinions of the expert can be biased. The result of
this study is not specific to one particular industry, so the barriers for other industry
may be different. The study can be validated to a particular industry, company size
or country. This study includes twenty barriers for lean green implementation, but
in the future study, these can be extended with further analysis. This study can also
be validated through structural equation modelling (SEM) with empirical analysis.
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Chapter 8
Soft Computing Techniques
for Predicting Aeration Efficiency
of Gabion Stepped Weir

Aayushi Verma, Subodh Ranjan, Umesh Ghanekar, and N. K. Tiwari

Abstract The paper investigates the modeling performance of aeration efficiency
(E20) of gabion stepped weir with varying steps (no step, one step and two steps)
by using soft computing techniques. The output values of aeration efficiency are
computed using Random Forest (RF) and Artificial Neural Network (ANN). The
actual aeration efficiency is taken by conducting experiments in laboratory flume
and taking mean size, porosity, discharge, drop height and Reynolds number as input
parameters. For comparing the results by these soft computing techniques standard
statistical parameters such as coefficient of correlation (CC) and root mean square
error (RMSE) are utilized. RF obtained the coefficient of correlation and root mean
square error value of 0.8738 and 0.0649 compared to the values of 0.9357 and 0.0550
respectively attained by ANN. The findings of this paper will help in selecting better
modeling technique for predicting the aeration efficiency of gabion stepped weir.

Keywords Aeration efficiency · Artificial neural network · Gabion stepped weir ·
Random forest

8.1 Introduction

Aeration is a mass transfer of oxygen from atmosphere to a liquid or substance.
For improving the aeration efficiency (E20), the hydraulic structures can be used
as the essential elements as they create strong turbulent mixing along with bubble
entrainment at the structure but they block the longitudinal movement of marine life
flow and disrupt the movement of chemical and physical material, impacting the
water environment. Aeration efficiency and aeration performance of gabion stepped
weir is studied by many investigators [1, 5, 8; and many others].
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Soft computing models, such as Artificial Neural Network (ANN), Genetic Algo-
rithms (GA), Gaussian Processes (GP), Random Forest (RF), Multi-linear regression
(MLR), Support Vector Machines (SVM), and etc. have been extensively used in
past few years by investigators in several parts of civil engineering. These models
are applied to predict efficiency of aeration under various flow conditions and dimen-
sions. Soft computing technique has been implemented as a substitute to traditional
regression equations provided in the literature for modeling complex problems.
Recently, many investigators such as [2, 3, 6, 7], have applied soft computingmethod
for their studies.

Two soft computing models are used to predict aeration efficiency of gabion
stepped weir models and are compared with each other. The present study examines
the predicting potential of Random Forest and Artificial Neural Network for gabion
weir.

8.2 Random Forest

Random Forest adds to bagging another layer of randomness. Successive trees in
bagging don’t rely on previous trees; each constructed individually using a data set
bootstrap sample. In the end, prediction is made by a simple majority vote. Besides
creating each tree using specific data bootstrap sample, RF alters how the regression
trees are developed. Compared to many other classifiers, this rather counterintuitive
strategy is reliable against over fitting, including neural network, support vector
machine and discriminant analysis, and results in very good efficiency. The number
of trees to grow, and the number of features to create a tree at each node are two
user-defined parameters essential to produce a RF regression. RF algorithm can also
be used during themodeling stage to define the value of each variable. To evaluate the
relevance of an input variable, a random noise is substituted for each variable in turn.
The resulting degradation in the consistency of the model is a variable-importance
indicator. The degradation inmodel quality is evaluated for out-of-bag validation data
by the variation in root mean square error. In this study, we applied RF regression to
predict the aeration efficiency of gabion stepped weir.

8.3 Artificial Neural Network

Artificial Neural Network (ANN) is a computational method based on the biological
nervous system but much of the biological complexity is overlooked. It is accom-
plished by the ANN with a large amount of highly integrated processing elements
(neurons), operating in tandem to solve particular problems, such as forecasting and
pattern recognition. Feed forward ANNmodel is used in this paper in which the data
is processed in forward direction only. ANN includes a difficult task of selecting
parameters including the number of hidden nodes, number of iterations and learning
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Table 8.1 Values of
user-defined parameters of
ANN

Hidden layer node Momentum Learning rate Training time

6 0.1 0.2 6000

rate. Determining suitable network architecture for a specific problem is necessary,
because the topology of the network impacts the computational complexity and
generalization capabilities. The three layers (input, hidden and output layer) in ANN
are connected with no feedback connections. After trying various network structures,
the number of nodes in the hidden layer is decided, as no theory is available up till now
to know the hidden layers essential for any given task. During the training process,
the user defined parameters are adjusted to get the optimal results. The values for
user-defined parameters are mentioned in Table 8.1.

8.4 Experimental Setup

The data for this study are taken by the experiments performed in the hydraulics
laboratory of Department of Civil Engineering, NIT, Kurukshetra by [4] using a
rectangular steel flume of 25 cm width (26.4 cm at the outlet end), 30 cm height and
4m length. It has a storage tank at the downstream end of length 125 cm, width 60 cm
and depth 60 cm. For recirculation of water, a 2HP pump is used which provides a
range of 0.5–6 l/s. On the upstream side, a tank is attached with a metal screen which
acts as a barrier to control the turbulence. Discharge is calculated by cipolletti weir
on the downstream side.

The gabion stepped models consist of following dimensions: Model 1 has no step
gabion weir with dimension 52 cm × 24 cm × 25 cm; Model 2 has one step gabion
weir with dimension 26 cm × 24 cm × 12.5 cm of each step; and Model 3 has two
step gabion weir with dimension 17.33 cm × 24 cm × 8.33 cm of each step.

8.5 Data Set

The data used in this paper consists of 63 observations, out of which 65% of total data
set was taken for training data set and remaining 35% data are taken for testing data
set. Discharge, Porosity, Mean size of material, Drop height and Reynolds number
has been used for input, and aeration efficiency is used as output. The characteristics
for data set are specified in Table 8.2.
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Table 8.2 Characteristics of training and testing dataset

Input parameters Units Training data

Minimum Maximum Mean Standard deviation

Discharge (q) m3/s/m 0.0066 0.0236 0.01736 0.0069

Drop height cm 0.9 17.82 10.12 3.854

D50 mm 15.6 40.8 27.22 10.376

Porosity % 21 41.2 29.2325 6.2888

Re – 6625 23,625 17,400 6953.93

Efficiency (E20) % 0.04 0.76 0.219 0.1688

Testing data

Minimum Maximum Mean Standard deviation

Discharge (q) m3/s/m 0.0124 0.0234 0.0191 0.0042

Drop height cm 2.5 14.7 9.075 3.845

D50 mm 15.6 40.8 27.3478 10.8257

Porosity % 21 41.2 28.687 6.76

Re – 12,416.67 23,416.67 19,108.7 4213.707

Efficiency (E20) % 0.07 0.62 0.1804 0.119

8.6 Result and Discussion

In this study, values of RF and ANN models are used for calculation of correlation
coefficient and root mean square error by using training and testing dataset. Perfor-
mance of the models in training and testing set are stated in Tables 8.3 and 8.4. The
result suggests better performance of ANN in terms of correlation coefficient (CC)
and root mean square error (RMSE) in both training and testing data set compared
to RF with this dataset. A significant improvement in accuracy by ANN regression
shows that it can be used in prediction of aeration efficiency of gabion stepped weir.

Figures 8.1 and 8.2 shows the relation between actual data set and predicted
data set of aeration efficiency of Gabion stepped weir for training and testing set,

Table 8.3 Performance of
soft computing techniques
using training data

Techniques CC RMSE

RF 0.9920 0.0299

ANN 0.9924 0.0268

Table 8.4 Performance of
soft computing techniques
using testing data

Techniques CC RMSE

RF 0.8738 0.0649

ANN 0.9357 0.0550
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Fig. 8.1 Actual versus
predicted values for training
data set
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Fig. 8.2 Actual versus
predicted values for testing
data set
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respectively. From Fig. 8.2 it can be seen that few of the values are far off from the
line in the case of ANN.

Figure 8.3 shows the variation of predictive values and actual values of aeration
efficiency (E20)with number of dataset. From this plot it is clear that Predictive values
byANN approach is in good agreement with actual experimental performance; while
RF is deviating at few of the dataset of the two soft computing methods.
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Fig. 8.3 Variation in predictive values by RF and ANN in comparison of actual value
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8.7 Conclusion

The present experimental work has been conducted to predict the aeration efficiency
of gabion stepped weir with different number of steps and with three different size of
the gravel material. The predicted values of aeration efficiency through gabion weir
were computed using RF and ANN by taking mean size, porosity, discharge, drop
height, Reynolds number as input parameters. ANN gives the better result among
the two modeling techniques used with CC 0.9357 and RMSE 0.0550 compared to
RF with CC 0.8738 and RMSE 0.0649. Hence ANN can be successfully used in
estimation of aeration efficiency of gabion stepped weir.
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Chapter 9
Performance Evaluation of Availability
of Complex Repairable System
and Selection of Optimal Performance
Parameters Using Particle Swarm
Optimization

Ajay Kumar and Devender Punia

Abstract In this research study, the steady and transient state availability is modeled
using Markov Methods and Particle Swarm Optimization (PSO) has been imple-
mented for selections of optimal parameters for a complex repairable screw manu-
facturing system. The considered system is modeled structurally representing its
various constituent elements/components and their interconnections. The various
failure and repair rates of the various elements of the considered system are calcu-
lated practically studding the maintenance records of the past history. Performance
analysis of availability is done to observe the dependency/criticality of the various
failures and repair rate. The transient state analysis is carried out to calculate the
mean time to failure of system. The PSO gives the optimal availability at various
combinations of performance parameters at various particle size and iterations. The
results of this paper will be valuable for the maintenance engineer and plant staff to
achieve best possible feasible/optimum system performance by selection of appro-
priate performance parameter for maximizing the availability of system and to plan
appropriate maintenance strategies.

Keywords Maintenance strategies · Modeling · Complex systems · Repair and
failure rates · Performance analysis · Particle swarm optimization · Availability

9.1 Introduction

Increasing the demands of industrial revolution with the advancement depends upon
the functioning of complex machinery and equipment. The necessary concepts
and tools of industry provide discipline by reliability engineering and repair it’s
performed by raising the utilization of its resources. In the process industry required
that different components or equipment used whenever needed. If the equipment fail
sometimes it is impossible to recover it, which leads to overall system failure. A high
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level of complexity characterized by today’s technological system like nuclear power
plant, aircraft, and production industries like chemical, screw, thermal etc. Industri-
alization got to expand newly products and make better modern products to raise
meet consumer demands so on survive and increase during a vicious competitive
environment. Product quality and reliability are critical carrying capacity factors and
hence the most concerns of process industries. Kumar [17] studied the availability
optimization of rice processing plant and device a maintenance plan for maximum
profit. Weichert et al. [37] analyzed a progress within the process industry and also
the developed available data due to themarkovprocess, improveproductionprocesses
by large attention in optimization methods and integrating machine learning. Singhal
and Sharma [33] discussed an article produce a new technique for behavior analysis
of systems through fuzzy Kolmogorov’s differential equations and Particle Swarm
Optimization. Markov modeling has been formulated of differential equations and
uncertainty in data of system in fuzzy environment. KDEs (Kolmogorov’s Differ-
ential Equations) are derived and then their solutions are obtained by Runge–Kutta
4th Order Method. The PSO (Particle Swarm Optimization) improved the solutions
obtained above. Li et al. [18] discussed probabilistic and a systematic availability
for periodical investigation system which may obtain instantaneous availability and
average availability of periodical investigation system under repair-time distribu-
tions. Agrwal et al. [1] analyzed anEPBTBM is utilize formaking an irrigation tunnel
by RAM (reliability, availability and maintainability). Dahiya et al. [4] discussed a
system of sugar industry in which a mathematical model is formulated and reliability
approach is used. The formulated mathematical model considers failure and repair
rates as exponential distribution. The differential equations are expanded by using
Markov method and reliability. Sharifi et al. [29] analyzed that work on a system
including k-out-o-n subsystemalongwith common cause failures and short circuit for
the components in various subs in adding to components failures. System availability
has affected by these two failures show by Markov model. Wu et al. [38] proposed
a semi-Markov multi-state repairable system is take part uncertainty model with a
reduction on transition time. To search out the optimal number of transition times
of integer nonlinear programming is solved by algorithm. Kumar [10] developed a
computational software for evaluation of availability of pre heat exchanger using the
PSO and make comparison of the results with other optimization technique. Kumar
[11] studied themulti-condition degradedmanufacturing production systemand opti-
mized the performance parameters using PSO. Bolvashenkov et al. [2] presented the
Markov technique to the comparison between analyses of various sorts of adhesion
electric motors for evaluation the reliability correlated expense of the propulsion
systems. Determine of reliability correlated and average availability developed by
the Markov technique for considering aging process of electrical motors and vehicle
operational conditions. Liu et al. [19] proposed a Markov approach is expanded to
deal with variety generation during a two-stage system. Supported the presented
mathematical model, determine transient quality performance by analytical formulas
also including the setting time, quality loss and real-time product quality. López-
Campos et al. [20] studied a strategy to initiate e-maintenance plans that incorporate
the database of tools for RCM, CMMS and results from the CBM. Tsarouhas [35]
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analyzed a tool to look at the present operations management of the industry system.
When reducing production costs then, engineers and managers are going to be ready
to make the proper resolve about the system, productivity and optimizing capacity.
Velásquez and Lara [36] studied the primary of reliability investigation,it has been
involved to the preparation and design of short circuit. Kumar et al. [16] analyzed the
various reliability compute like reliability, profit function, availability and M.T.T.F.
Laplace transformation, supplementary unsteady technique. Qiu et al. [23] studied
optimal maintenance polices and availability of a system is going through period-
ical inspections and find out analytical result of system are derived. Kumar et al.
[14] used probabilistic approach for a Markov-Birth–Death process with the help of
mathematical formulation is find out analysis of availability, performance modeling
and developed a model of fabric finishing system. Kumar and Tiwari [15] proposed a
PSO approach is apply to find out optimization and performance analysis for CSDGB
filling system. Markov Approach is to performed mathematical modeling and expo-
nential distribution for failures and repairs rates. Goyal and Ram [6] determined the
measures reliability of a series and parallel system with mathematical model has
been designed and the system is analyzed under the observation of preventive main-
tenance and equipment failures. Kumar and Garg [12, 13] examine the performance
analysis of brewery plant and optimize the availability function using particle swarm
optimization technique. Ram and Manglik [26] presented a multi-state is repairing
manufacturing system of a mathematical model with several of failures like partial,
human, catastrophic and common cause is associating waiting time to repair. Laplace
transformation and supplementary variable technique is used for determine reliability
measures like availability, reliability, MTTR, MTTF, sensitivity analysis. Malik and
Goel [21] studied cost and availability analysis is containing of two module system
and these modules can work in reduced and complete capacity. Sabouhi et al. [28]
discussed the result of component stability and repair on the reliability and avail-
ability is too significant of three common types of plants that is STPP, GPPP and
CCPP. Repair rate, steady-state analysis and failure rate analysis of plants are derived
from the mathematical expression. Rao and Naikan [27] an availability modeling is
proposed a MSD technique and is to analyze the dynamic conduct of repairable
system. Ram and Kumar [25] studied the Laplace transformation, variable tech-
nique, Markov process theory and reliability models are determined for paper mill
plant system. He et al. [7] analyzed periodic preventive maintenance and periodic
inspection of a system is to find and correct hidden failures that give to raise cost per
unit time. Singh and Rawal [32] Laplace transforms and supplementary is used to
study the system.Maintenance cost has been discussed by different operation of reli-
ability namely MTTF, state transition probabilities, availability and profit function.
Manglik and Ram [22] determined the reliability is used by Laplace transformation.
Khanduja et al. [9] presented the maintenance planning and steady state action is
for the bleaching system. A probabilistic approach is used for Markov birth–death
process to find outmathematicalmodeling. Soro et al. [34] determined the availability
is developed by a model and function of multi-state degraded system is for reliability
function and production rate subjected to imperfect preventive maintenance and
minimum repair. Sharma and Kumar [31] composite industrial system is achieved
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high performance by the modification of RAM (reliability, availability and main-
tainability) analysis. Genetic algorithm and Lambda-Tau methods are applied for
system to expression for RAM analysis. Sharma and Kumar [30] carried out design
change for RAM analysis is to acquire increase mean time to failures or minimum
failures and system behavior is find out by Markov model. Dhillon and Shah [5]
studied the production of a system with three-state devices is affected by common
cause failure, human error, maintenance policies and redundancy. He and Wang [8]
studied the optimization problems are by a CPSO (co-evolutionary particle swarm
optimization approach). Chen and Trivedi [3] presented a joint optimization of main-
tenance policy and inspection rate is by SMDP, and condition based maintenance
of optimal maintenance policy is searching by Markov decision program (MDP)
algorithm. Levantesiet. al. [24] carried out a systematic method is for calculating the
performance of non-parallel production lines along with deterministic processing
times.

9.2 System Description

MetalGatheringMachine is produced the perfect “gainflow”ofmetal employingheat
and up-setting effect applied both parallel on work-piece. It provides with homoge-
nous and accurate gathering results. These machines are engaged for the assembly
of wide selection of head forming like beads, collar and flange, required with in the
manufacturing of parts like valves heads, Flange Bolts, and bobbins etc. The Metal
Gathering Machine system is consisting of the following five elements:

Subsystem (A): This subsystem includes of one unit (heating unit). Failure of unit
considered as the total failure of the system.
Subsystem (B): It includes of one unit (upper clamping unit). Failure of unit
considered as the total failure of the system.
Subsystem (C): It includes of one unit (lower clamping unit). Failure of unit
considered as the total failure of the system.
Subsystem (D): It includes of one unit (temperature controller). Failure of unit
considered as the total failure of the system.
Subsystem (E): It includes of one unit (work piece holder). Failure of unit
considered as the total failure of the system.

These elements D1–D5 are arranged in series configuration and the block diagram
is presented by Fig. 9.1.

9.2.1 Notation Used

Table 9.1 shows the notations used symbolically for the performance analysis and
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Fig. 9.1 Block diagram of
metal gathering machine
system

HEATING UNIT (A)

UPPER CLAMPING UNIT
(B)

LOWER CLAMPING 
UNIT(C)

TEMPERATURE 
CONTROLLER(D)

WORK PIECE

HOLDER (E)

Table 9.1 Notations assumed in performance modelling of metal gathering machine system

Notations used in metal gathering machine

State Block
diagram

Transition
diagram

Full capacity
(without
standby)

Full capacity
(with standby)

Reduced
capacity

Notations Figure 9.1 Figure 9.2 ABCDE – –

State Failed state Failure rates Repair – –

Notations abcde α1–α5 β1–β5 – –

modelling of the Metal Gathering Machine system which are used for generation of
transition/Probability state diagram.
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Fig. 9.2 Transition diagram of metal gathering machine system

9.2.2 Assumptions

In order to carry out performance modelling of Metal Gathering Machine System of
a Screw manufacturing system, it is assumed that:

1. Failure and repair rates follow the decaying exponential curve and are
independent of each other.

2. Only single element or their component fails at any particular instant of time
keeping other element in good working state.

3. In case of presence of standby unit the failure of every element is through a
reduced capacity working phase

4. If a system recovered it will be considered perfectly working state.
5. Switch-over devices for standby unit are considered almost perfect.

9.2.3 Data Collection

Failure rate is a function of time and presented as the proportion of total quantity
of failures (N) and time (t) duration. In accordance with the behavior of bathtub
curve, during early phase of its working, the failure rates are more. During the
normal life of system operation, it reduces to a steady value which can be assumed
steady state and due to wear and tear; it rise again at the end. The proper values
of such failure and repair rates are collected practically for the particular element
from the process history record, daily operation reports, maintenance report sheet
etc., available in the considered Screw manufacturing plant for a period of six month
after observations and discussions with maintenance engineers which are given in
Table 9.2. The availabilitymatrix explores the possibilities of an assortment of proper
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Table 9.2 Failure and repair
rates of metal gathering
machine system of a screw
manufacturing plant

Subsystems Ranges of failure
rates

Ranges of repair
rates

Heating Unit 0.00322–0.00722 0.033–0.073

Upper clamping
unit

0.00164–0.00564 0.017–0.057

Lower clamping
unit

0.00163–0.00563 0.019–0.059

Temperature
controller

0.00321–0.00721 0.032–0.072

Work piece
holder

0.00421–0.0082 0.041–0.081

selection of failure/repair rates and corresponding availability levels of the elements
of a Screw manufacturing plant.

9.3 Performance Modelling

A system or component can be one of three states failed, working or reduced state.
The probabilities are related with these states on the basis of a continuous or discrete.
The steady state analysis is used for evaluation of probability of being in same state
or the other at any time. In availability and reliability analysis, the major perfor-
mance measures variables are failure probability, the probability of being returned
to an available state, repair rate and failure rate. The Markov analysis, one of the
most widely used reliability analysis methods is developed by Andrei Andreyevich
Markov, who was a Russian mathematician, is applied under the constraint that
process is homogenous.

9.3.1 Structural Modelling

For operational illustration of the Metal Gathering Machine System, a transition
diagram using the notations as represented in Table 9.1 is drawn, which represents the
probabilities of all feasible states (full working condition, reduced working condition
and failed condition).

Markov graph has been used to draw the transition diagram of considered system
which pictorially exhibits the Markov process and different possible probability of
the state is represented by nodes of branches in transition diagram of theMetal Gath-
ering Machine System. Markov model is denoted by a probability matrix whose
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typical element Pij represents the transition probability from the state ‘i’ to a mutu-
ally exclusive state ‘j’. Figure 9.2 shows the transition diagram of Metal Gathering
Machine System.

9.3.2 Mathematical Modelling

The Chapman-Kolmogorov difference-differential equations corresponding to the
transition diagram as given in Fig. 9.2 are formulated using mnemonic rule. These
equations are:

(d/dt + α1 + α2 + α3 + α4 + α5)P0(t) = β1P1(t) + β2P2(t) + β3P3(t) + β4P4(t) + β5P5(t) (9.1)

(d/dt + β1)P1(t) = α1P0(t) (9.2)

(d/dt + β2)P2(t) = α2P0(t) (9.3)

(d/dt + β3)P3(t) = α3P0(t) (9.4)

(d/dt + β4)P4(t) = α4P0(t) (9.5)

(d/dt + β5)P5(t) = α5P0(t) (9.6)

With initial condition at time t = 0.

Pi(t) = 1
= 0

for
for

i = 0
i �= 0

Steady state availability of Metal Gathering Machine.
By putting d/dt = 0 at t → ∞ in Eqs. (9.1–9.6) the steady state probabilities are

given as:

P1 = α1/β1P0 (9.7)

P2 = α2/β2P0 (9.8)

P3 = α3/β3P0 (9.9)

P4 = α4/β4P0 (9.10)
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P5 = α5/β5P0 (9.11)

P0 = (β1P1 + β2P2 + β3P3 + β4P4 + β5P5) / (α1 + α2 + α3 + α4 + α5)
(9.12)

∑
P = 1

P0 + P1 + P2 + P3 + P4 + P5 = 1 (9.13)

On putting the values of P1, P2, P3, P4, P5, in term of P0 in Eq. (9.13) and we get

P0{1 + (α1/β1 + α2/β2 + α3/β3 + α4/β4 + α5/β5)} = 1

P0(1 + Z) = 1

The formulation of steady state availability for Metal Gathering Machine System
(Av) may be estimated by adding the probabilities of working states only.

Availability (Av) = P0 = 1/(1 + Z) (9.14)

9.4 Performance Analysis

Equation 9.14 provides the overall availability (Av) of the system availability as
function of its failure rates (αi ) and repair rates (βi ) which includes all possible
working states. The maximum availability of the system is considered for all feasible
values of (α1, βi ). Table 9.3 provides the decision matrices corresponding to each
element of a Metal Gathering Machine System of a Screw manufacturing industry.

9.5 Result Discussion

The steady state analysis is shown in Table 9.3 and Fig. 9.3, it is noted that effect
of failure and repair rates of Heating unit for the longer span of time availability of
the system. With the increase of failure rate from 0.00322 to 0.00722, the system
availability decrease by 7.56% and for the increase of repair rate from 0.033 to 0.073,
availability of the system gain by 3.74%. For the system Upper Clamping unit, with
the increase of the failure rate from 0.00164 to 0.00564, the system availability
decrease by 13.70% and with the increase of repair rate from 0.017 to 0.057, the
availability of the system increase by 4.77%.With the increase of the failure rate from
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0.00163 to 0.00563 for the Lower Clamping unit, the system availability decrease by
12.44 and increase of repair rate from 0.019 to 0.059, the availability of the system
increased by 4.07%. In case of Temperature Controller sub system, the increase
of the failure rate from 0.00321 to 0.00721, the system availability decrease by
7.75% and the increase of repair rate from 0.0032 to 0.0072, the availability of the
system increased by 3.9%. From the table it can be concluded that for the subsystem
Work piece Holder, the increase of failure rate from 0.00421 to 0.00821, the system

Table 9.3 Decision Matrices Of The Elements Of A Metal Gathering Machine system

Heating unit

β1

α1 0.033 0.043 0.053 0.063 0.073 Constant
values

0.00322 0.6744 0.6849 0.6916 0.6962 0.6996 α2 = 0.00164
β2 = 0.017
α3 = 0.00163
β3 = 0.029
α4 = 0.00321
β4 = 0.032
α5 = 0.00421
β5 = 0.041

0.00422 0.6609 0.6741 0.6827 0.6886 0.6930

0.00522 0.6479 0.6637 0.6740 0.6811 0.6865

0.00622 0.6354 0.6536 0.6655 0.6739 0.6801

0.00722 0.6234 0.6438 0.6573 0.6667 0.6738

Upper clamping unit

β2

α2 0.017 0.027 0.037 0.047 0.057 Constant
values

0.00164 0.6744 0.6910 0.6990 0.7036 0.7066 α1 = 0.00322
β1 = 0.033
α3 = 0.00163
β3 = 0.019
α4 = 0.00321
β4 = 0.032
α5 = 0.00421
β5 = 0.041

0.00264 0.6487 0.6738 0.6860 0.6932 0.6980

0.00364 0.6248 0.6574 0.6735 0.6831 0.6896

0.00464 0.6027 0.6418 0.6615 0.6734 0.6813

0.00564 0.5820 0.6269 0.6499 0.6639 0.6733

Lower clamping unit

β3

α3 0.019 0.029 0.039 0.049 0.059 Constant
values

0.00163 0.6744 0.6881 0.6950 0.6992 0.7019 α1 = 0.00322
β1 = 0.033
α2 = 0.00164
β2 = 0.017
α4 = 0.00321
β4 = 0.032
α5 = 0.00421
β5 = 0.041

0.00263 0.6513 0.6722 0.6828 0.6893 0.6937

0.00363 0.6297 0.6569 0.6711 0.6798 0.6856

0.00463 0.6095 0.6424 0.6597 0.6705 0.6777

0.00563 0.5905 0.6285 0.6488 0.6614 0.6700

(continued)
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Table 9.3 (continued)

Temperature controller

β4

α4 0.032 0.042 0.052 0.062 0.072 Constant
values

0.00321 0.6744 0.6854 0.6924 0.6972 0.7007 α1 = 0.00322
β1 = 0.033
α2 = 0.00164
β2 = 0.017
α3 = 0.00163
β3 = 0.019
α5 = 0.00421
β5 = 0.041

0.00421 0.6605 0.6744 0.6833 0.6895 0.6940

0.00521 0.6471 0.6638 0.6744 0.6819 0.6873

0.00621 0.6343 0.6534 0.6658 0.6745 0.6808

0.00721 0.6220 0.6434 0.6574 0.6672 0.6745

Work piece holder

β5

α5 0.041 0.051 0.061 0.071 0.081 Constant
values

0.00421 0.6744 0.6837 0.6901 0.6947 0.6983 α1 = 0.00322
β1 = 0.033
α2 = 0.00164
β2 = 0.017
α3 = 0.00163
β3 = 0.019
α4 = 0.00321
β4 = 0.032

0.00521 0.6635 0.6746 0.6823 0.6880 0.6923

0.00621 0.6529 0.6658 0.6748 0.6814 0.6864

0.00721 0.6427 0.6572 0.6674 0.6749 0.6807

0.00821 0.6328 0.6489 0.6602 0.6685 0.6750

availability decreased by 6.16%. Similarly with the increase of repair rate from 0.041
to 0.081, the availability of the system increased by 3.54%.

The Transient state analysis is done using Ranga Kutta approach considering the
tome duration for a year. TheMean time between failures is calculated to be 255 days.
The variation of availability of Metal Gathering Machine system with time is shown
in Table 9.4 and Fig. 9.4.

The Particle SwarmOptimization technique is used for finding out the best combi-
nation of failure rate and repair rate considering the availability function (Eq. 9.14)
as objective function. The numbers of iterations are considered from 50 to 2000
in interval of 50 and numbers of particles are considered from 16–20. The results
are shown in Table 9.5. The optimum availability achieved is 77.9% which is at
16 numbers of particles and 100 numbers of iterations as shown in Table 9.5. The
corresponding failure and repair rates are given in Table 9.5.
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Fig. 9.3 Effects of elements failure and repair rates on availability of Metal Gathering Machine
system

9.6 Conclusion

With an increase in the complexities of real industrial systems, maintenance decision
making has become a challenge for maintenance managers. In the present study, the
Screw manufacturing industry is considered to study the performance analysis of
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Table 9.4 transient state
variation of availability

Time (days) Availability

0 1.0000

30 0.8211

60 0.7650

90 0.7396

120 0.7225

150 0.7080

180 0.6947

210 0.6818

240 0.6692

270 0.6567

300 0.6444

330 0.6322

360 0.6201

MTBF = 255

Fig. 9.4 Variation of
availability with time for
material gathering machine
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availability. The different approaches Markov method and particle swarm optimiza-
tion is utilised in present study. In this study the availability function of considered
system is optimised using different combination of failure and repair rates. In the
transient state analysis it is clear that after some time the behaviour of the system
become steady state. From the PSO table result the plant engineer can select ant
combination of failure or repair rate considering the economic criteria for optimum
availability of the system. The result of this study will be beneficial for planning the
maintenance schedule of considered industry.
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Chapter 10
A Study on Characterization of Green
Metal Matrix Composites Reinforced
with Melon Shell Ash Particulates

Yatan Nagpal, Pardeep Sharma, and Rohit Sharma

Abstract Composite materials can be used to reinforce agricultural waste in
different engineering fields. Use of these wastes as reinforcement results in envi-
ronmentally friendly, cost-effective product growth. In present work, melon shell
ash (MSA) was used as a reinforcement; while Al7% of SiMg alloy was a metal
matrix for the production of composite material. Different weight percentages of 0,
3, 6, 9 and 12 ofMSAparticles of size 30µmwas used to develop compositematerials
for investigation. X-Ray fluorescent (XRF) resolute the characterization of prepared
MSA powder which revealed the presence of SiO2, K2O and Al2O3. Scanning elec-
tron micrographs (SEMs) have been investigated for the homogeneous dispersion
of MSA particles in the developed materials. The hardness and tensile strength of
material was improved from 47.9 VHN to 74 VHN and from 160 to 201MPa respec-
tively; with increase in the MSA contents from 0wt% to 12 wt%. Also, a decrease
in impact energy from 18 to 12 J, ductility from 8.3 to 5.5 was observed with the
increase in MSA contents. Wear resistance improved by increasing the content of
MSA particles. Developed material can be used in the automotive industry where
the material’s properties can be changed to meet certain requirements.

Keywords Aluminium alloy · Composites ·Melon shell ash ·Microstructure ·
Ultimate tensile strength (UTS)

10.1 Introduction

In the field of materials production, agricultural waste resulted in low-cost metal
matrix composites, resulting in positive effects on both the environment and human
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beings [1, 2]. Aluminummetalmatrix composites (AMMCs) have shownwidespread
attention over the last few decades. In today’s scenario, with the rapid develop-
ment of composite materials, there has been an enormous growth in the manufac-
turing, aviation and automotive industries. The main objective to manufacture metal
matrix composite was to combine the desired properties of high strength metals with
ceramics, high elastic modulus, ductile properties etc., in order to produce the new
material with the intermediate mechanical characteristics between matrix alloy and
ceramic reinforcement [3, 4]. Composite materials have presented a good mixture of
mechanical, chemical and tribological characteristics that cannot be accomplished
by traditional aluminum metal matrix [5]. Aluminium composites possessed certain
physical properties such as low density, increased fatigue strength, light weight, high
rigidity, low cost and relevant characteristics [6]. AMMCs find use in rail brake disk,
diesel piston, hydraulic brake system components, connecting rod, etc. [7].

Several reinforcements such as AlN, Si3N4, graphite, SiC, B4C, TiC, zirconium,
Al2O3, TiB2 etc. have been used to manufacture AMMCs. Aluminium strengthened
with SiC, Al2O3 or B4C is commonly used MMCs with improved properties at
reduced production costs that have motivated various engineers to use AMMCs for
different purposes such as pistons, brake rotor, drive shafts etc. [8]. These AMMCs
showed improved mechanical, tribological properties and improved corrosion resis-
tance [9, 10]. Al–Si alloy has become popular in recent years due to its extensive
use in ship and aeronautical radar systems due to improving mechanical characteris-
tics, lower density, strong heat dissipation characteristics etc. than pure Al [11]. The
availability of reinforcement such as SiC, Si3N4, Al2O3 (synthetic reinforcement) in
various application is well known; but they are not produced on a large scale in some
of the developing countries like India. The import of these synthetic reinforcements
from developed nations includes high foreign currency exchange due to which they
are available at a relatively high cost in local market [12].

In order to overcome the high cost of chemical replacements, there is an alternative
way to explore various types of agricultural waste, such as coconut shell, baggase,
rice husk, bamboo leaf, ground nutshell etc. for the manufacture of AMMCs [13–
15]. Agricultural waste is also available at a very low cost, with the advantage of
being environmentally friendly. Such agricultural wastes have a high content of
refractory materials; hematite (Fe2O3), silica (SiO2), alumina (Al2O3) [16]. Various
researchers developed AMMCs by taking these agricultural wastes as reinforcement
material [17–22]. Melon shell is another abundantly available agricultural waste
across various region of India. Melon shell is an agricultural waste; the dumping
of which resulted into damage of land and environmental threat to human beings
too where it is dumped [23]. However, melon shells can be utilized effectively by
converting the melon shell into ash powder under controlled burning conditions.
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10.2 Literature Review

Hassan and Aigbodion [24] prepared an egg-shell particle reinforced Al-Cu-Mg
matrix composite by stir casting process. The mechanical properties were checked
experimentally and the findings showed an improvement in the tensile strength and
hardness of the composite with the addition of egg shell particles at different weight
percentage (2–12) while the impact strength was found to be reduced.

Shanmugavel et al. [25] prepared Al alloy-red mud reinforced metal matrix
composite by powder metallurgy process and further studied the optimization and
wear behavior of composite. The experimental test was performed and an investiga-
tion was carried out indicating an improvement in the wear resistance of composite
to the addition of red mud as reinforcement.

Dwivedi et al. [26] developed A356 aluminium alloy SiC and FA reinforced
hybrid matrix composite by electromagnetic stir casting process. The experimental
analysis consisted of the preparation of five composite samples at various wt% of
the SiC and FA particles respectively and microstructure and mechanical properties
of the composites have been investigated. The findings showed an improvement in
the tensile strength and hardness of the composite with the addition of SiC and FA
as reinforcement, while overall impact strength, fatigue strength and density were
found to be reduced with a substantial increase in SiC and FA as reinforcement. The
microstructural behavior showed a uniform distribution of the two reinforcements in
a small clusture matrix.

Kumar et al. [27] prepared Al-4.5wt%Cu with Bamboo Leaf Ash (BLA) rein-
forced matrix composite by stir casting technique. The mechanical and tribolog-
ical properties were investigated and results were analyzed that showed an increase
in hardness of a composite with decrease in density with addition of BLA as
reinforcement. The results also showed the enhancement of wear resistance of a
composite.

Abdulwahab et al. [19] developed A356 aluminium alloy composite reinforced
with MSA by stir casting method. The tribological behavior of a composite was
determined and the findings showed an increase in wear resistance of a composite
on addition of wt% of MSA as reinforcement.

Suleiman et al. [28] fabricated Al-12wt%SiMSA reinforced matrix composite by
stir casting technique. The experimental analysiswas done andmechanical properties
were investigated and analyzed. The results showed that hardness and tensile strength
were found to be increasedwhile%elongation and impact strengthwere substantially
reduced with increase in wt% ofMSA as reinforcement and wear resistance was also
enhanced with addition of MSA as reinforcement.

The present work was therefore based on the use of MSA by strengthening it
with Al6101 alloy to produce AMMCs by casting process. In the case of AMMCs,
different percentage reinforcements (0–12% in step 3%) of MSA particles(30 µm)
were varied. Tensile strength, percentage elongation, hardness, energy impact and
rate of wear were evaluated for various AMMCs developed. The microstructures of
the AMMCs formed have been investigated by SEM.
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Table 10.1 XRF analysis of melon shell ash

Oxides SiO2 K2O Al2O3 LOI CaO Fe2O3 SO3 Na2O ZnO MnO MgO

wt% 84.00 5.00 3.30 2.30 2.35 1.32 0.65 0.53 0.47 0.38 0.35

10.3 Experimental Procedure

10.3.1 Preparation of MSA

MSA powder was formed after a proper heat treatment (30 h in furnace) frommelon.
Melon shell had been processed in a perforated metallic drum for the development
of MSA, which is further processed at 620–680 °C for 3 h. Heat treatment was done
for reducing the carbonaceous and volatile constituents present in MSA powder [18,
23]. The obtained MSA powder was ball milled to reduce the particle size to 30 µm.

10.3.2 Elemental Analysis of MSA

Various elements present in carbonized MSA were determined by XRF. Proper
amount of MSA powder was measured by weighing balance and after grinding this
was compacted in a hydraulic depression to develop pellet. Developed pellets were
tested by Energy Dispersive X-Ray (Spectroscopy) (EDX) at 1.2 mA current and
25 kV voltages. It will take approximately 20 min for stimulation in the presence of
X-rays. Various elements present in carbonized MSA are shown in Table 10.1.

10.3.3 Development and Testing of Composites

Aluminium alloy Al6101 of commercial grade was taken as metal matrix. Table 10.2
depicts various elements present in metal matrix used in present work.

Themanufacturing of AMMCs takes place by orthodox casting route. An accurate
amount of metal matrix was heated in an electric furnace equipped with graphite
stirrer. Preheating of MSA powder takes place in a separate electric furnace and
is blended with the molten base alloy. The mixture was then stirred for 15 min at
550 RPM with the help of stirrer operated by an electric motor. A semi-automatic

Table 10.2 Chemical composition of base metal Al6101

Aluminum Al
6101

97.6% 0.06% 0.03% 0.10% 0.50% 0.35% 0.03% 0.30–0.70% 0.10%

Element Al B Cr Cu Fe Mg Mn Si Zn
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muffle furnace was constantly operated at 780 °C during the whole blending. From
the graphite crucible, the molten mixture was placed in a preheated (460° C) steel
mould. An appropriate time was provided to the molten mixture to get it solidifies
in steel mould. Different characterizations were performed on the heat treated (T-
6) composite. All AMMCs at different percentage reinforcement were developed
adopting the same procedure. The Scanning Electron Microscope was applied for
the metallographic investigation of the developed composites. X-ray diffractometer
(XRD)was used to obtain peaks and patterns according to the composition.Mitutoyo
make (MVK-H1, England) Vickers hardness tester was used at a load of 500 g for a
dwell time of 20 s at ten different locations for evaluating hardness of all samples.
ASTM E08 standard [29] was implemented for the preparation of tensile specimen.
The assessment of UTS was made by computerized universal testing machine. The
impact toughness was evaluated on Izod Impact Machine. Samples for wear testing
were developed as per ASTMG99-95 principle. The evaluation ofwear on developed
composites was accomplished by Pin-on-disc tribometer at 55–65% humidity and
35 °C temperature. The pins used on tribometer (in present work) had 6mm diameter
and 50 mm height. After the 30 min run, the pin (individually for each composite)
was removed from the tribometer and the surface was prepared for metallographic
analysis. The end surface of worn pins was first cleaned and then polished with 400,
600, 800, 1000, and 1200 grit size abrasive papers respectively. The wear rate was
computed by loss of weight per unit time. An electronic weighing balance (± 0.1 mg
resolution) was used for the investigation of loss in weight in a developed composite.

10.4 Results and Conversation

10.4.1 MSA Evaluation

Various elements present in carbonized MSA were evaluated by XRF and is given
in Table 10.1. Silica (84.00 wt%) has maximum percentage followed by K2O (5.00
wt%), Al2O3 (3.30 wt%), CaO (2.35 wt%), Fe2O3 (1.32 wt%) and Na2O, SO3, ZnO,
MgO, MnO were present as traces in very small quantity respectively (Table 10.1).

10.4.2 Microstructure of Composites

As-cast Al6101 alloy micrograph is displayed in Fig. 10.1a. It is revealed from the
Fig. 10.1a, that silicon; the main constituent of the alloy was spread uniformly and
found soluble in aluminium metal matrix. Figure 10.1b–e shows the micrographs of
various reinforced composites with 3–12 wt% of MSA particles.

It is revealed fromFig. 10.1b that the light blackportion of silicawasMSApowder;
it was the major constituent of MSA powder as verified in the XRF. Figure 10.1c–e
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Fig. 10.1 a SEM micrograph of 0 wt% reinforced MSA particles, b 3 wt%, c 6 wt%, d 9 wt%,
e 12 wt% reinforced MSA particles

shows themicrostructures of composites developedby6, 9, and12wt%ofMSAparti-
cles respectively. These micrographs showed the same behavior with increased light
black portion of SiO2 as thewt%ofMSApowder increased.Agood bonding has been
observed betweenMSA particles and base alloy along with the non-considerable gap
in between the base alloy andMSA particles [30, 31]. All the manufactured compos-
ites showed few discontinuities with uniform dispersal of MSA particles in the base
alloy. MSA particles showed both good preservation and interfacial bonding with
aluminum metal matrix at various wt% of MSA particles (Fig. 10.1b–e). The wetta-
bility ofMSA particles was improved by the addition ofmagnesium in small quantity
during stirring. MSA particles showed increased dispersion with increasing wt% of
reinforcement (Fig. 10.1b–e). These observations are in agreement as obtained in
previous research [32].

The results of XRD analysis for 12 wt% MSA reinforced composite in the form
of diffractogram is shown in Fig. 10.2. Peaks were matched using Match (phase
identification from powder diffraction version 2) software and the possible phases
were identified. As observed that aluminium has larger peaks than SiO2, K2O, Al2O3,
CaO etc. which are main constituents of MSA powder. XRD pattern confirms that
the SiO2, K2O, Al2O3 particles present in MSA ash neither react with aluminium
matrix nor produce any other compound except SiO2, K2O and Al2O3.

10.4.3 Hardness Analysis

An increase in wt% of MSA particles in the composite has a positive sign for hard-
ness. Figure 10.3 exhibit the variations in hardness values at different MSA parti-
cles percentage composition. The hardness of the Al6101 alloy was 47.9 VHN and
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Fig. 10.2 XRD pattern of Al6101 alloy reinforced with 12 wt% MSA particles

Fig. 10.3 Variation of
micro-hardness with weight
percentage of MSA particle
addition
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increased to 74 VHN at 12 wt% of MSA particles. This enhancement in hardness
could be attributed because of presence of hard and brittle element such as SiO2,
Al2O3, Fe2O3, K2O etc. in the MSA powder as revealed in the XRF analysis.

The dislocation density at the interface has been increased due to the difference
in the thermal expansion coefficient of base alloy and MSA material, which in turn
increases the strength of the composites [33, 34].

10.4.4 Tensile Strength and Percentage Elongation

UTSvariation for various composites (MSAparticlewt%) is shown in Fig. 10.4. Such
MSA particles support the tensile behavior of the reinforced composites. When the
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Fig. 10.4 Variation of tensile strength and percentage elongation with weight percentage of MSA
particle addition

load is applied to these composites, the reinforced particles serve as a barrier to
disruption. Same results had been observed in case of rice husk ash [35–38]. Tensile
strength of the composites increased as MSA particles acts as filler and showed
higher resistance to the applied load. Figure 10.4 presents that the volume fraction
of MSA particulates has a negative impact on the ductility of the composites.

This decrease may be due to the emergence of brittle form, hard particulate matter
or clustering of MSA particles in the composites. Previous authors have obtained the
same results [39, 40].

10.4.5 Impact Toughness

Impact strength of base alloy and composites has been depicted in Fig. 10.5. MSA
particle additions have a negative impact on the impact strength of the composites.
The interfacial cracking and particle cracking of the MSA reinforced particles were
the prime mechanism of impact fracture [41]. The natures of particles were brittle
and hard along with the poor tendency against the resistance to severe-crack propa-
gation [16]. It is clear that addition of 3–12 wt% of MSA particles negatively affect
fracture toughness of reinforced composites. Similar results were revealed by other
researchers too [30, 31].
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Fig. 10.5 Variation of impact toughness and wear rate with weight percentage of MSA particle
addition

10.4.6 Wear Properties of Composites

Figure 10.5 revealed that the MSA particle has a positive impact on the wear resis-
tance. The wear resistance of developed materials is significantly larger than the base
alloy (Al6101) due to the reinforcement; which was having higher SiO2 content that
was treated as a load deportment constituent. High content of MSA particulates;
limits the distortion of the base alloy against the load. Furthermore, the wear rate of
composites at higher MSA particles wt% is lower and similar results for wear rate
were revealed in previous research [38]. The morphologies of Al6101 alloy and the
12 wt%MSA particles reinforced composite was depicted in Fig. 10.6. It is revealed
from the Fig. 10.6 that the chipping and micro cutting were the prime reasons for
material removal in the composite (Fig. 10.6b) at a load of 60 N. Composite with 12
wt% MSA particle also revealed the abrasion marks and a shallow cutting process
found as comparedwith the Al6101 alloywithout any load (Fig. 10.6a). These results
are also in accordance with the previous research [39–41].

10.5 Concluding Remarks

1. SEM micrographs exposed the fairly uniform dispersion of MSA particles in
metal matrix.

2. Hardness improved from 47.9 to 74.6 VHN with the addition of MSA
reinforcement particles (0–12%).
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Fig. 10.6 SEM morphology of Al6101 alloy a without load, b reinforced with 12 wt% of MSA
particles at applied load (60 N)

3. The tensile strength of the composites increased from 160 to 201 MPa,
percentage elongation reduced from8.3 to 5.5%and impact toughness decreased
from 18 to 12 J with the addition of MSA reinforcement particles (0–12%).

4. Wear resistances improved by using MSA as reinforcement particulates. The
wear rates in the composites decreased from 0.017 to 0.0076 g/min with the
addition of MSA reinforcement particles (0–12%).

5. Micro-cutting was the main reason for deterioration in both Al6101 alloy and
12 wt% reinforced composites.

6. Being an agricultural waste MSA can be used as a good alternate to imported
reinforcement such as Al2O3, SiC, TiC, Si3N4, AlN, B4C, TiB2 etc. available,
as it is cheap and environmental friendly too.
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Chapter 11
Optimizing the Three-Body Abrasion
Wear of Quenched and Tempered Steel

Sarika Kumari, Varun Sharma, R. K. Bansal, and Bhuvnesh Bhardwaj

Abstract The present study investigates the wear behaviour of Quenched and
Tempered Steel (Hardox 400) under three-body abrasion wear testing conditions
using dry sand rubber wheel testing rig under dry wear conditions at room tempera-
ture. Design of experiments approach using face centred design was used to investi-
gate the correlations between resultant wear loss and input parameters (viz. Applied
load, speed and flow rate of abrasives) using silicon carbide sand with 100–150 grit
size. The results revealed that, among all the parameters studied, the load was found
to be the most significant parameter affecting the wear rate followed by abrasive flow
rate and the rotational speed of the rotating rubber wheel.

Keywords Quenched and tempered steel · Design of experiments · Face centred
design · Dry sand rubber wheel testing

11.1 Introduction

Abrasion wear is one of the unceasing problems which are highly prevalent in earth-
moving and mining industries. As per different studies, it has been estimated that
around 50% of all wear problems in these industries are because of abrasion [1, 2]. To
cater this issue of three-body abrasion problem, several studies have been reported
related to the identification and implementation of possible solutions [3]. One of
the widely used solutions to address this issue was the usage of abrasion resistant
wear plates which possesses high hardness and extremely high strength, and themost
commonly usedwear plates are JFEEH 400, Hardox 400, 21988/JN/HBW555XCr21
etc. [4, 5]. Different components such as dump truck bodies, stripping shovels,
buckets for earthmoving machineries etc. are manufactured from such plates which
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are subjected to low and high stress three-body abrasion wear conditions [6, 7]. In
order to evaluate the wear performance of these plates under three-body abrasive
wear conditions, dry sand rubber wheel (DSRW) laboratory test has been developed
as per ASTM G65 standard [8]. However, the experimentation carried out using this
test involves the usage of different process variables (such as load, speed, abrasives
type, abrasives size etc.) which have significant influence on the wear performance of
the tested specimens. Hence, owing to the complexity of the problem, various design
of experimentation (DOE) techniques have been proposed and implemented in liter-
ature to identify the relationship of such variables and the material wear performance
[9, 10]. Taguchi method was used by Sahin et al. to develop a mathematical model
for predicting the abrasion wear response of different plain carbon steels in terms of
sliding distance, load and abrasive grain size [11]. Gray-based Taguchi method was
successfully implemented to obtain a relationship between specific wear rate and
different independent variables such as sliding speed, load and percentage variation
of metallic compound in metal matrix composites [12]. Response surface method-
ology (RSM) was effectively implemented by researchers to establish a relationship
between testing variables such as sliding velocity, sliding distance, applied load etc.,
and response variable such as wear volume, mass loss etc. [13]. Several investigators
have used the factorial design based on design of experiments approach to establish
a close correlation between the independent and dependent variables of the abrasion
wear [14]. Although differing in practise, the methods are conceptually the same but
differ substantially in terms of their predicting ability.

Keeping in view the literature reviewed, many of methods currently in use may
have limited reliability and validity. Also, there are only few reports available in open
literature wherein the detailed abrasion wear studies related to wear plates have been
carried out. Thus, this piece of study was carried out to investigate the three-body
abrasionwear performance ofHardox400 steel usingdesignof experiments approach
with face centred design of response surface methodology. The scanning electron
microscopy was done to understand the underlying wear mechanism involved during
three-body abrasion wear of these steels. The results depicted the valid contrast
between the predicted and actual values of the abrasion wear.

11.2 Material and Method

The material used in this study was in the form of wear plates of Hardox 400 steel
possessing the thickness of 20 mm and chemical composition consisting of carbon
(0.32%), Mn (1.46%), Ni (1.50%), Cr (2.50%), Si (0.70%), P (0.025%) and Fe
(balance). The wear plates were received in the quenched and tempered condition
having hardness of 400 HBW and tensile strength of 1250 MPa [15].

Three-body abrasion wear performance of the selected material in the form of
wear rate was evaluated using dry sand rubber wheel test (DSRW), which involve
number of input variables such as load, speed, abrasive flow rate etc. To establish
the relationship between such input variables and wear rate as output variable, face
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Table 11.1 Independent variables and levels of experimentation

Factors Notation Units Levels

− 1 0 1

Load A N 40 60 80

Speed B RPM 100 175 250

Flow rate C gm/min 150 200 250

centred design (FCD) based on response surface methodology was used. The wear
parameters and their levels used in the study are listed in Table 11.1, and the design
matrix consisting of different experimental sets/runs obtained using FCD is shown
in Table 11.2. Dry sand rubber wheel experiments were conducted on Hardox 400
steel specimens of size (76.2 × 25.4 × 12.7) mm as per design matrix shown in
Table 11.2. During each test, the specimens were abraded against silicon carbide
(SiC) abrasives as shown in Fig. 11.1, of the size range 100–150 grit under different
loading conditions, and the results thus obtained in the form of mass loss (gm) are
also shown in Table 11.2.

Table 11.2 Design matrix based on FCD and experimental results

Std. Run A: load (N) B: speed (RPM) C: flow rate (gm/min) Wear (gm)

1 7 40 100 150 0.950

2 6 80 100 150 2.100

3 2 40 250 150 0.597

4 14 80 250 150 1.390

5 16 40 100 250 1.819

6 5 80 100 250 3.060

7 3 40 250 250 1.145

8 19 80 250 250 2.281

9 18 40 175 200 1.233

10 1 80 175 200 2.240

11 12 60 100 200 1.993

12 4 60 250 200 1.292

13 10 60 175 150 1.025

14 9 60 175 250 1.815

15 13 60 175 200 1.526

16 15 60 175 200 1.454

17 17 60 175 200 1.510

18 8 60 175 200 1.500

19 11 60 175 200 1.563

20 20 60 175 200 1.536
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Worn-out Edges 

Sharp and Intact Edges

a b

Fig. 11.1 The optical micro images for a unused, and b used dry sand abrasive particles

11.3 Results and Discussion

For the purpose of this study, the effect of different process variables (load, speed and
abrasive flow rate) on the wear rate of substrate material was evaluated using FCD
based on RSM through Design Expert software. The systematic analysis through
this technique involves the development of design matrix, development and analysis
of mathematical model through regression and analysis of variance (ANOVA) and
finally the optimization of parameters.

11.3.1 Development of Empirical Relation Between Wear
Variables and Wear Rate

11.3.1.1 Validating the Assumptions of ANOVA

The assumption of normal distribution is the first assumption of ANOVA and is
validated through the normal probability of residuals as shown in Fig. 11.2. Since
the residuals for wear rate aremostly lying on the straight line and hence are normally
distributed, this validates the first assumption. The second assumption of constant
variance is depicted through residuals versus the predicted plot shown in Fig. 11.3.
Since there is no predefined pattern in the plot, so the second assumption is validated
[10].

Figure 11.4 shows the Predicted versus Actual plot for the generated model in the
design expert software. Similarly, Fig. 11.5 represents the Residual versus Run plot
for the model generated.
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Fig. 11.2 Normal
probability plot of residuals
for validating first
assumption of ANOVA
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Fig. 11.3 Residual versus
predicted plot for validating
second assumption of
ANOVA
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Fig. 11.4 Predicted versus
actual plot for validating of
ANOVA
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Fig. 11.5 Residual versus
run plot for validating of
ANOVA
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11.3.1.2 Analysis of Variance (ANOVA) for Wear Rate

The analysis of variance for wear rate was carried out at the confidence level of
95% and is shown in Table 11.3. The table shows that the “Prob. > F” value for the
wear rate mathematical model, is less than 0.0001 and is lesser than 0.05, which
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Table 11.3 ANOVA table for wear rate

Source Sum of squares DF Mean square F value p-value Prob. > F

Model 5.770 9 0.641 269.658 < 0.0001

A-Load 2.838 1 2.838 1193.576 < 0.0001

B-Speed 1.035 1 1.035 435.298 < 0.0001

C-Flow Rate 1.647 1 1.647 692.641 < 0.0001

AB 0.027 1 0.027 11.222 0.0074

AC 0.024 1 0.024 9.903 0.0104

BC 0.019 1 0.019 7.997 0.0179

Aˆ2 0.094 1 0.094 39.471 < 0.0001

Bˆ2 0.023 1 0.023 9.521 0.0115

Cˆ2 0.048 1 0.048 20.085 0.0012

Residual 0.024 10 0.002

Lack of fit 0.017 5 0.003 2.477 0.1710

Pure error 0.007 5 0.001

Cor total 5.794 19

Std. Dev. 0.049 R-squared 0.996

Mean 1.601 Adj R-squared 0.992

C.V. % 3.045 Pred R-squared 0.957

Press 0.248 Adeq precision 73.102

implies that the model is significant and depicts the accurate prediction of wear rate.
Also, the value of “Prob. > F” for different model terms and their interactions is less
that 0.05, which states that the terms significantly affect the prediction ability of the
model. Further, the “Prob. > F” value for lack of fit is 0.1710 (greater than 0.05) and
is insignificant. Further analysis of the ANOVA table shows that the R2 value and
adjusted R2 value are close to each other and are within the limit of 20% [16].

The analysis of variance as discussed above clearly depicts the high accuracy of
prediction through the mathematical model developed in Eq. 11.1.

Wear = −1.101 − 0.033 ∗ Load−0.005 ∗ Speed

+ 0.028 ∗ Flow Rate − 3.85000E − 005

∗ Load ∗ Speed + 5.42500E − 005

∗ Load ∗ FlowRate − 1.30000E − 005

∗ Speed ∗ Flow Rate + 4.61817E − 004

∗ Load2 + 1.61292E − 005 ∗ Speed2

− 5.27088E − 005 ∗ FlowRate2 (11.1)
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11.3.2 Effect of Testing Conditions on Wear Rate

The effect of the process variables (load, speed and flow rate) on the wear rate of the
substrate materials was as shown in the singles factor plots in Fig. 11.6.

The interactions between the process variables and the combined behavior of the
variables were depicted as shown in Fig. 11.7.

The effect of process variables (Load, speed and abrasive flow rate) on the wear
loss of substrate material is shown in the form of 3D plots.

Figure 11.8 shows the response surface for abrasion wear loss in terms of applied
load and rotational speed at the constant abrasives flow rate of 200 gm/min. It is
evident from the figure that the wear loss increases with the increase in load from
40 to 80 N. This behaviour could be attributed to the fact that at lower value of load
the mode of abrasion was rolling which changed to sliding/grooving mode with the
increase in load [17]. It is further observed from the figure that the wear loss reduced
with the increase in speed of rotation of rubber wheel however the rate of reduction
is much lower with the increase in load.

Figure 11.9 shows the interaction effect of load and abrasive flow rate on the wear
loss of testing specimens when subjected to the rotational speed of 175 rpm. The
plot depicts that the abrasive flow rate has positive influence on the wear loss, which
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Fig. 11.6 One factor plots a load versus wear, b speed versus wear and c flow rate versus wear
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Fig. 11.8: 3D plot for wear loss in terms of load and speed at the flow rate of 200 gm/min

Fig. 11.9 3D plot for wear loss in terms of load and flow rate (speed = 175 rpm)

could be due to the participation of larger number of abrasive particles in abrasion
of substrate with the increase in flow rate. The interaction of flow rate with the load
shows that the mass loss is on the higher side for higher flow rate for all the load
values changing between 40 and 80 N. Further, the mass loss variation between the
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Fig. 11.10 3D plot for wear loss in terms of speed and flow rate (load = 60 N)

wear curves is somewhat higher for a load of 80 N as compared to 40 N load. This
could be accredited to the dominating effect of applied load at higher values.

Figure 11.10 shows the 3D plot illustrating the interaction effect of speed and
abrasive flow rate on the abrasion wear of substrate material at the constant load of
60N. The plot show that with an increase in speed thewear loss reduces, however, the
flow rate has positive effect on the wear loss. It is further observed that the maximum
amount of wear loss occurred at the minimum speed of 100 rpm and maximum
abrasive flow rate of 250 gm/min.

Figure 11.11 Represents the influence of process variable i.e. speed, load and flow
rate with respect to the wear of the substrate material. Where the corner of the cube
represents the interactions between any two variables w.r.t the wear.

11.3.3 Optimization and Confirmation Experiments

In order to estimate the maximum and minimum wear loss of Hardox 400 steel
within a range of input variables, the optimal solutions are reported in Table 11.4.
Further the confirmation runs were carried out at the optimum testing conditions to
validate the prediction ability of the empirical model. The results obtained are shown
in Table 11.4, which clearly depicts that the percentage error between predicted
and experimental values lies within the range of 5%. This demonstrates that the
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Table 11.4 Optimization results for three-body abrasion test (DSRW)

Test Load Speed Abrasive flow rate Wear loss (mg) % error

condition (N) (RPM) (gm/min) Experimental Predicted

Minimum 40 250 150 0.597 0.576 3.5

Maximum 80 100 250 3.060 2.937 4.0

Fig. 11.11 The cube
representation for the
process variables w.r.t wear
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developed mathematical model predicts the wear loss of substrate material with high
effectiveness and accuracy.

Figure 11.12, represents the optimized ramp results for the wear at maximum and
minimum wear by the model. The desirability for the both the optimized ramp plots
was 1.

11.3.4 S.E.M Images

The S.E.M images were obtained for both minimum and maximum wear rate. It
can be observed that for the load condition at 40 N with speed at 250 RPM with
abrasive flow rate of 150 gm/min, the wear rate tracks were shallow and less craters
channels were formed under the abrasion test as shown in Fig. 11.13a. Similarly,
for the maximum conditions it can be observed that for the load condition at 80 N
with speed at 100 RPM with abrasive flow rate of 250 gm/min, the wear rate tracks
were much higher in number and craters channels were with higher depth formed as
shown in Fig. 11.13b.
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Fig. 11.12 The optimized results obtained from the model for a minimum wear, and b maximum
wear
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Fig. 11.13 The S.E.M. images obtained for a minimum wear rate, and b maximum wear rate
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11.4 Conclusions

The main conclusions of this work are drawn together and are presented as follows:

1. The load, speed and abrasive flow rate shows the significant effect on wear loss
of Hardox 400 steel. Also, the interaction of load and speed, load and flow
rate, and speed and flow rate were also found to be the significant model terms
affecting wear loss.

2. Among all the independent variables, load and abrasive flow rate increased the
wear loss with the contribution of 49.18% and 28.54% respectively. However,
the speed of rotation reduced the wear loss by contributing 17.93% in themodel.

3. The maximum wear loss of Hardox 400 occurred when the load was 80 N,
speed was 100 rpm and abrasive flow rate was 250 gm/min. On the contrary,
the minimum wear loss occurred at the load of 40 N, speed of 250 rpm and flow
rate of 150 gm/min.

4. The confirmation experiments conducted at the maximum and minimum wear
testing conditions shows the excellent prediction capability of the developed
mathematical model.
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Chapter 12
Lean Manufacturing Through PDCA:
A Case Study of a Press Manufacturing
Industry

Kashmir Singh Ghatorha, Rohit Sharma, and Gurraj Singh

Abstract Globalization has resulted in increased market competition. A large
number of choices in the market have affected the behaviour of the customer. They
expect high-quality goods at low prices and with short delivery times. It is, therefore,
necessary for any industry to improve its existing production standards on a contin-
uous basis in order to satisfy the needs of its customers and thus, save their market
share. The continuous improvement projects help in optimizing the use of available
resources through waste reduction which helps in improving manufacturing cost and
product quality. The paper discusses a case study in which the productivity of a press
manufacturing company is improved through a continuous improvement strategy.
The paper is focused on the use of the Plan-Do-Check-Act (PDCA) cycle to improve
the marking standards of a heavy component known as Dish End used in the link
frame mechanical press. A marking jig is designed and manufactured to improve the
marking cycle time of Dish End manufacturing and it has resulted in a reduction of
255 min of the marking process.

Keywords Continuous improvement · PDCA · Lean manufacturing ·Marking
jig · Productivity improvement

12.1 Introduction

The rapid changes in technology and increased product variety have led the industries
to implement continuous improvement strategies to remain competitive.Any industry
needs to focus on continuous improvements in their speed, efficiency, and customer
value in order to satisfy the changing customer demands. The ability to improve the
processes on a continuous basis decides the long term health of any industry [21].
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The continuous improvement efforts can expect incremental improvement over time
or breakthrough improvement all at once [20].

PDCA cycle is an iterative, four-step technique to improve processes, products,
services and to solve troubles on a continuous basis. It is developed by Dr. William
Edwards Deming. It is sometimes called PDSA, the Deming Wheel, or Deming
Cycle. He created a tool that helps in finding out the causes for which product fails to
meet customer expectations, what changes are required to be done, and then testing
the solutions in a continuous feedback loop. The four phases of PDCA are:

(a) Plan: This phase involves the identification and analysis of the problem, devel-
opment of the hypotheses about what the issue may be, and decision about
which one to test.

(b) Do:This phase involves testing of the potential solution specifically on a limited
area first and measurement of the effects.

(c) Check: This phase involves the study of the results obtained in the previous
step, their effectiveness, and decision regarding whether the hypotheses are
supported or not.

(d) Act: Depending on the analysis done in the previous step, further actions are
decided in this phase. For example, if the solution is successful then the next
step is to implement it on a larger scale. But if the solution is not successful
then it is time to think about other potential solutions.

The PDCAcycle is an effective approach for problem-solving. It not onlymanages
change but also ensures that potential solutions are appropriately tested before
committing their implementation on a larger scale. Moreover, it is useful in all kinds
of environments or any kind of industry [5].

Along with a sound methodology, continuous improvement projects also need a
sound analysis tool. The critical examination technique is a very effective way of
analyzing the problem at hand. This technique is used to examine the recorded facts.
In this technique, each element of the process or work currently being done and
documented in the form of a chart passes through a systematic and progressive series
of questions. The aim is to determine the facts for which it is carried out. Based on
the facts found the changes are made in order to develop a new and better method
of doing work. The questioning technique used in this method helps in lowering
the chance of missing any information which may contribute to developing better
ways of doing work. The widely used procedure for conducting critical examination
contains two sets of questions named primary questions and secondary questions.
The primary questions help in finding out the importance of the activity currently
being done while secondary questions help in finding out the alternative ways of
doing work. The critical examination technique is summarised in Table 12.1.

The primary questions cover five main work elements named as the purpose of
work, means used to perform that work, place of work, the sequence of work, and
person involved in the work. The prime focus of the primary questions is to reveal
every aspect of the work so that work should be understood in detail andmore clearly.
This understanding of the work in depth further reveals parts of the work which are
unnecessary or lacks efficiency. The prime focus of the secondary questions is to
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Table 12.1 Critical
examination chart

Work elements Primary questions Secondary questions

Purpose of work What is achieved?
Is it compulsory? If
Yes, then why?

What else could be
done?

Means used How is it done? Why
that way?

How else could it be
done?

Place of work Where is it done?
Why there?

Where else could it
be done?

Sequence of work When is it done?
Why then?

When else could it
be done?

The person
involved in work

Who does it? Why
that person?

Who else could do
it?

find alternatives to the unnecessary work or the inefficient parts of the work found
through primary questions so that a better method can be developed. The analysis
through critical examination technique helps in removing the inefficiencies from the
system and thus, makes the processes standardized.

The standardized work results in a smooth workflow, high quality, rejection-free
production, and optimum efficiency. It eliminates the variability from the processes
resulted from several causes such as unnecessary movements, search for tools, oper-
ator skill variation, and adjustments and thus makes the work predictable. After
the implementation of the standardized work, it is necessary to constantly work for
further improvement of the developed standards. The work should be reviewed daily
to find out the abnormalities and issues which can be eliminated in time to achieve
more precise work procedures.

This case study adopts the PDCA approach to frame the problem at hand, uses
critical examination technique to identify the parts of theworkwhich are unnecessary
and lacks efficiency, and standardized the work processes through the development
of better ways of doing work.

12.1.1 Background of the Case Study

The case study is done at Link Frame Mechanical Press (LFMP) manufacturing
company. The company is engaged in themanufacturing ofmechanical and hydraulic
presses. Themajor target sector of the company is the automobile sector. The position
of the company before the start of the productivity improvement project was as
follows.

The company had experienced an increase in the demand for the Air Tanks and
had forecasted a 20–30% increase in the demand for the next 2 years. On the other
side, the company was facing a problem of high marking time and rework of the
component known as Dish End used in the Air Tanks of the LFMP. The rework was
due to the connection flanges welded on the Dish End which produced a miss-match
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issue with the pipelines at the assembly stage processes. This scenario had forced the
company to improve the existing production capacity and to lower the manufacturing
cost by improving the existing production standards.

This situation gave the authors an opportunity and a case study is done on the Dish
End manufacturing process of the same company to improve the marking time and
rework activities. The PDCA cycle combined with the critical examination technique
is used as a continuous improvement tool in the study to find out the main causes
of the high marking time and rework activities, development of the solution, and its
implementation to remove the existing problem.

12.1.2 Introduction to the Product

The product under study is a Dish End which is a part of the Air Tank used in LFMP.
The various applications of the LFMP are in the automobile sector, defence, white
goods production, shipyard, aeronautical, railways, and nuclear sector. It is widely
used in the automobile sector for forming various sheet metal components used
in different automobiles. This press transforms the rotational force of a motor and
flywheel into a translational force of slide which performs the pressing action. The
major components of this press are: bottom head, moving bolster, slide, uprights,
crown, die cushion, and an air tank as shown in Fig. 12.1. The tie rods are used to
assemble the subassemblies of these major parts during the assembly of the press.
The purpose of the Air Tank in LFMP is to store air for the counterbalance cylinders
of the press. In the Air Tank, two Dish Ends are used. The Air Tank consists of a
long cylindrical shell closed at both ends with the help of Dish Ends welded to it as
shown in Fig. 12.2.

In LFMP, two Air Tanks are used. So, per press four Dish Ends are manufactured.
These Air Tanks are connected to the counterbalance cylinders of the press through
pipelines that connect the flange of Dish End to the flange of the counterbalance
cylinder.

12.2 Literature Review

Seidel and Arndt [19] applied a productivity assurance program for strategic produc-
tivity improvement in complex job shop environments where a multitude of tech-
nological and non-technological factors are involved. The study suggested that this
method as compared to other existing productivity improvement methods is easy to
apply and does not require complex evaluation procedures for the determination of
meaningful parameters on which improvement decisions can be made. This method-
ology consisted of the following main steps: (1) Identifying the general requirements
of high productivity set by a company’s specific type of production process, (2)
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Fig. 12.1 LFMP with air tanks

Analyze the company’s position and productivity levels concerning these require-
ments, (3) Identify opportunities for productivity improvement, (4)Develop improve-
ments, (5) Implement improvements, (6)Monitor the result and go back to step no. 2.
Chandra [22] achieved a saving of 3.35 h in processing time in a manufacturing unit
through the application of work-study. Themain focus was on the application of time
study and method study techniques. The study discussed how these techniques help
in eliminating unnecessary waste and in the design of improved ways of performing
the job in minimum time. Al-Saleh [1] worked in the inspection station of a motor
vehicle for the improvement of productivity. The research work used the time study
and motion study techniques to identify and eliminate the bottlenecks in the inspec-
tion process of the vehicle. The ARENA software was used to estimate the results
that can be achieved through the suggested changes. The methodology adopted in
the study had the following steps: (1) Process mapping, (2) Bottleneck identification
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Fig. 12.2 Air tank

through analysis, (3) Eliminating the bottlenecks through motion study, (4) Standard
time calculations for the new methods developed. The tools used for data collection
are operation charts, flow charts, and man–machine charts. Through motion study,
new hand motions were introduced and the non-value added motions were elimi-
nated in inspection stage 1 of the periodic inspection process. The study achieved
a productivity improvement of 174.8% in the inspection of the vehicle. Hassanali
[6] improved the productivity of a construction equipment manufacturing industry
through the application of work-study techniques. The main focus of the study was
on the improvement of material utilization and worker productivity. The study found
underutilization of the available resources in the yard area. The method study was
used to understand the current operations conducted. The analysis of the existing
operation resulted in the development of the proposed productivity model. The tech-
niques used to collect the data were operation charts, string diagrams, and flow
charts. The development of improved methods through the new productivity model
resulted in the improvement of worker’s attendance and inventory within one month
of the installation of the new model. Hemanand et al. [7] worked in the automotive
industry to improve productivity through the application of lean manufacturing tech-
niques. The target of the study was to reduce the unnecessary motion wastes hidden
at various points of the production process. The methodology adopted includes the
detailed study of the plant layout and process mapping of the plant followed by the
identification and elimination of bottlenecks or wastes. The process flow charts and
time study technique was used for the data collection. The study found a high idle
time of workers and a lot of material handling through manual means. The study
worked on the improvement of the plant layout to reduce the unnecessary motion
waste resulting in the operator idle time and high material handling time. The study
used the gravity feeder to connect all the machines to reduce material handling time.
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The positions of different machines changed to balance the line and eliminate the
operator idle time. A delivery windowwas opened between two stations to reduce the
material handling motions. The study achieved an 11.95% increase in the produc-
tivity of the plant. Marri and Shaikh [12] improved the productivity of the textile
industry through the use of work-study techniques. The aim was to eliminate the
wastes from the current processes. The study used the method study technique to
understand in detail the current operations of the industry to identify bottlenecks and
waste. The time study was also used in the research work to set the time standards
for certain operations. The method study mainly contains the following steps: (1)
Select the area, (2) Record the necessary information, (3) Examine the recorded facts
carefully, (4) Develop the improved methods, (5) Define the developed solutions, (6)
Install the proposed methods, (7) Maintain the result obtained. The data collection
tools used in this method were operation charts, flow charts, string diagrams, man–
machine charts. The critical examination tool was used along with the 5W2H tool
for the identification of facts and developing new solutions. The study improved the
material handling equipment, developed the proper instruction charts for workers,
manuals for machine inspections, installed racks for the different tools, improved
the utilization of space through a new layout, and developed incentive rewards for
labour. Barbole et al. [4] reduced the cost of manufacturing through cost control
techniques. The study was conducted at Piaggio vehicles to reduce the material cost
of the production process. The cost reduction techniques used in the study were
value engineering, kaizen costing, and inventory management. The study concluded
that the cost reduction techniques like quality control, budgetary control, and value
engineering play a vital role in low-cost manufacturing for the industries where
the material cost is 70% of the total cost. Khatun [9] used industrial engineering
techniques like work-study and capacity study for productivity improvement in the
garment industry. The study started with the use of the method study technique in
order to record the detail of current operations along with the time taken by these
operations. The time taken was obtained by the use of the time study technique. The
breakdown method was used in the study to note the various elements (in sequence)
involved in each operation. The study developed a plant layout that helped in efficient
bundle tracking, eliminating lot mix-up, use of self-inspection, and increased worker
efficiency. The study also discussed the role of industrial engineering techniques in
productivity improvement by comparing the two different set of industries. Kumar
and Mahto [10] optimized the assembly line of the packaging industry through the
process analysis technique. In the process analysis technique, the focus is on finding
thewastages and non-value addition activities in the existing processes of the produc-
tion for the sake of improving the current productivity. The ABC classification was
employed in the study for selecting the items which are important for customers in
the analysis process. The study identified bottlenecks in the production line in terms
of workstations. These bottleneck workstations were rearranged in order to eliminate
the waiting time. Kayar and Akalin [8] improved the efficiency of the assembly line
and production through the use of method study. The study was conducted in a textile
company. The method study helped in increasing the production of blouses by 30
numbers per day. The study reported an increase in the efficiency of the assembly
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line by 7.83%. Through method study, new and improved methods were developed
for the production of blouses which lowered the manpower and number of machines
required than the previous methods. The study also improved the utilization of the
work floor area. The research showed that method study is a very important tool
for increasing productivity without an increase in the production cost. Kumar and
Kumar [11] used the concept of standardization in order to implement lean manufac-
turing in the automotive parts manufacturing industry. The study was focused on the
importance of standardized work for eliminating and reducing waste in the manufac-
turing processes and thus improving productivity. The methodology adopted in the
study has the following steps: the study of current processes and flow of material,
documenting the work in proper order through various data collection tools, critical
examination of the recorded facts, use of work standardization techniques to develop
new standards, implementing the proposed standards, and monitoring the results
obtained. The study reported a decrease in the manpower from 4 to 3, a reduction in
work-in-process inventory by 26%, and setups reduced by 66.68%. Pampanelli et al.
[15] applied the lean and green model to improve the utilization of resources and
lower the total cost in terms of energy and mass flow in the manufacturing industry.
The concept of a cross-functional kaizen team at the cell level is used in the study.
The study started from a production cell level and after getting satisfactory results
the study was implemented in other parts of the manufacturing. The prime focus was
to improve the material flow, reduce energy consumption and waste generation. The
methodology used in the study is: (a) Stabilization of the value, (b) Identification of
environmental aspects and environmental impacts, (c) Measurement of the environ-
mental value stream, (d) Improvement of the environmental value stream, (e) Contin-
uous improvement. The study confirms a 30–50% reduction in resource use and a
total cost reduction of 5–10% for energy and mass flow in the manufacturing unit.
Rahman et al. [16] focused on the use of the kanban system for lean manufacturing
in small and medium enterprises. The study also identified the factors which create
problems for implementing the kanban system in Malaysian SMEs. The study was
conducted in the industry manufacturing automotive parts. The observation method
and structured interviews are used for the data collection in the study. The study
identified the following problems in implementing the kanban system: improper
inventory management, lack of participation from top management, employees and
supplier, and lack of quality control and quality improvements. Sayem et al. [18]
developed a quality control model in the apparel industry for productivity improve-
ment by minimizing the rework in the production process. The study was focused on
the identification, quantification, and elimination of the variations and their sources
in order to ensure the production right for the first time. The model developed also
achieved a reduction in cost and throughput time. The methodology used in the
study includes the following steps: current quality system mapping, identification of
defects at different stages, ranking the defects through Pareto analysis, categorization
of the defects through cause and effect, and developing a quality inspection model.
The study achieved a 40%, 50%, and 55% reduction in the rework for the sewing
section, stitching section, and thread section respectively. Athalye et al. [3] worked
in the automobile industry to reduce the cost with the help of industrial engineering
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tools. At first, the importance and use of various industrial engineering tools were
studied through the help of a questionnaire and personal interview techniques. The
study concluded that the use of cost reduction tools has increased a lot than other
methods in the last 10 years. The study was conducted in the stamping unit of the
industry with the aim of reducing the operation cost. The double die hold technique
was used to increase the productivity of the 600 T press. The work reported Rs.
1,877,088 saving annually. Mori et al. [13] discussed the different types of tools
used to improve the productivity of the manufacturing units. The study discussed
the following tools along with their importance and use: Time and motion study
technique, optimum utilization of available resources, parallel work centers, use of
automation, process analysis technique, non-value addition activities and their elim-
ination, Line balancing, 6 s method, 5 s method, direct observation technique, and
cellular manufacturing. Antoniolli et al. [2] worked in the automotive industry which
manufactures the air conditioning systems for the vehicles with the aim of improving
the productivity of the line. The study focused on the standardization technique,
reduction or elimination of non-value addition activities, and continuous improve-
ments in order to eliminate the waste in the manufacturing process. The results show
an increase in the productivity and efficiency of both machines and operators. The
overall equipment effectiveness was increased by 16%. The methodology adopted
consists of the following main steps: (1) Mapping of the existing processes (2) Iden-
tification of wastes, critical points and difficulties in implementing the lean tools
(3) implementing Kaizen and standard work technique for improvements. (4) The
result analysis through OEE. Rosa et al. [17] improved the quality and productivity
of steel wire-rope manufacturing through Lean and PDCA tools. The methodology
used consists of the following steps (a) Mapping of the existing operations by value
stream mapping, (b) Identification of wastes and bottlenecks, (c) Development of
solutions (d) Implementation of upgraded procedures for equipment (e) Eliminate
waste (f) Improve through PDCA. The results obtained show that productivity is
increased by 41%. Neves et al. [14] implemented the lean tools in trimming products
for the sake of continuous improvement and fast adaptation to the changes in the
market. The study focused on the identification of problems and developing answers
through the PDCA cycle, 5 s, 5W2H tools. The target was process standardization,
increasing profit by value addition. The results shows 10% increase in the useful
available time of operators. The methodology used contains 5 stages: (1) Dissection
of manufacturing processes, (2) Identification of waste and quality problems, (3)
Use of root-cause analysis, (4) Application of suitable lean tools, (5) Analysis of the
results obtained.

The review of different case studies on productivity improvement has suggested
that the use of continuous improvement techniques produce different results in
different manufacturing environments. Moreover, no single technique can be consid-
ered as best and it is suggested that the use of a combination of different continuous
improvement techniques produce better results.
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12.3 Methodology Used

The PDCA cycle is used as a methodology for improving the rework in the assembly
stage processes of the Dish End and to lower its high marking time at the fabrication
stage processes. The various steps used in the methodology are shown in Fig. 12.3.

12.3.1 Plan

In this step, the complete data related to the manufacturing process of Dish End and
its use in the Air Tank at the assembly stage processes is collected through direct
observation, feedback from concerned personnel, and time study techniques. The
outline process chart (from fabrication stage processes to assembly stage processes)
of the Dish End is made as shown in Table 12.2. This chart shows the various
manufacturing operations in sequence along with their time taken.

Aftermaking the process chart, the critical examination of each operation involved
in the process is done through the critical examination technique in which series of

Fig. 12.3 Methodology used

Table 12.2 Outline process chart of the dish end per press

Operation Number 1 2 3 4 5 6 7 8 9 10 11 12 13 14

Time
taken
(min)

15 60 360 104 614 708 106 914 105 224 119 112 204 94
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primary and secondary questions are asked about the process at hand to identify the
problems and better ways of doing work. One such example is shown in Table 12.3.
This table shows the critical examination chart made for operation no. 3 of the Dish
End manufacturing. In this chart, operation no. 3 is examined on five main elements
of the work that is the purpose of operation, means used to do the operation, place
where the operation is performed, the sequence of the operation in the process, and
person involved in the operation. Firstly, the primary questions are asked on these
five elements of the work, and these questions helped in understanding the work
performed in the operation, unnecessary part of the operation, and lack of efficiency
in the operation. So, the following primary questions are asked:

(a) What is achieved in the operation? Is it necessary? If yes, then why is it
necessary?

(b) Whatmeans are used to perform the operation?Why the operation is performed
that way?

(c) At what place the operation is performed? Why is it performed at that place?
(d) What is the sequence of the operation in the process? Why is it performed in

that sequence?
(e) Who performs the operation? Why that person?

Secondly, the secondary questions are asked on the five main elements of the
work and these questions helped in finding the alternatives to the unnecessary part
of the work and lack of inefficiencies found through the primary questions. So, the
following secondary questions are asked:

(a) What else could be done to achieve the required value additionmore effectively
and efficiently?

(b) What other means can be utilized to achieve the required value addition more
effectively and efficiently?

(c) Where else the work could be done to achieve the required value addition more
effectively and efficiently?

(d) What another sequence could be followed to achieve the required value addition
more effectively and efficiently?

(e) Who else could do the work to achieve the required value addition more
effectively and efficiently?

In a similar manner, the critical examination of all the operations of the manufac-
turing operations of Dish End is done and individual critical examination charts are
made. Through the critical examination of the operations of the process the following
main points are observed:

(a) On top of the Dish End, a marking operation is donemanually through geomet-
rical instruments by the marker at the fabrication stage (see Fig. 12.4). This
marking operation is done in order to locate the exact position on the Dish End
as per drawing for the welding of connection flange on the Dish End.

(b) The marking operation is done on the marking table and the whole procedure
includes the following steps in sequence: preparation of the marking table, the
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Table 12.3 Critical examination chart of operation no. 3 of the dish end

Critical examination chart for operation no. 3

Questions Answers

1 Purpose

Marking on the top of Dish
Ends in order to locate the
correct area where connection
flanges are to be welded

Is it necessary? Yes

If Yes. Why it is necessary? It is the requirement of the
design. There is a need to locate
the exact position for the
welding of connection flanges
on the Dish End which ensures
proper matching of the
connection flanges of the Dish
End with the piplines of the
press at the assembly stage
processes

What else could be done? The marking is necessary but it
is an old traditional method
which is very slow and not
foolproof. Because of the
manual element in the
procedure chances of errors are
high. So, a fast, accurate and
foolproof method of marking
needs to be developed

2 Means

How is it done? It is done manually with the
help of geometrical instruments
after placing the job on the
levelling blocks set on the
marking table

Why that way? Marking with geometrical
instruments is the basic method
which works on every tailor
made product

How else could it be done? A marking jig can be designed
and manufactured which can
make this manual marking
faster and error free

3 Place

Where is it done? It is done on the marking tables

(continued)
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Table 12.3 (continued)

Critical examination chart for operation no. 3

Why there? Marking tables are necessary in
order to mark correctly through
geometrical instruments

Where else could it be done? Marking jig can be designed
which can eliminate the use of
the marking tables and setting
of the component. The use of jig
can allow marking on any
levelled surface

4 Sequence

When is it done? It is done after the arrival of the
Dish Ends to the fabrication
shop from cutting yard. This is
the first operation performed on
the Dish Ends in the fabrication
shop

Why then? It is a planned sequence
according to the manufacturing
requirement of the component

When else could it be done? No issues with the sequence of
the operation

5 Person

Who does it? Qualified marker

Why that person? Technical person is required for
that task

Who else could do it? He is the best person for the
current situation

setting of levelling blocks on the marking table, setting of the Dish End on the
levelling blocks, locating and marking the center of the Dish End manually
through geometrical instruments, and marking of the area where connection
flange is to be welded on the Dish End.

(c) After marking, in the next operation, the marked area on the Dish End is
removed with the help of a gas cutting operation. This is done to create an
opening on the Dish End for the welding of the connection flange as per
drawing.

() In the next operation, the connection flange is welded on the Dish End (see
Fig. 12.5) inside the opening made in the previous operation.

(e) After welding of connection flange on the Dish End, these Dish Ends are
welded to the sides of the Air Tanks in the next series of operations.

(f) In the next step, the Air Tanks (with welded Dish Ends) are assembled on the
press at the assembly shop. The pneumatic pipeline of the press is connected
to the Dish Ends of the Air Tanks through the welded connection flanges.
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Fig. 12.4 Marking on the dish end

Fig. 12.5 Connection flange welded on the Dish End

In the above manufacturing process of the Dish End, the following two problems
are observed:

(a) The marking operation is very slow and the marker takes around 1.5 h to mark
one Dish End. This means 360 min per press which is a very high cycle time.

(b) At the time of the assembly of the pneumatic pipeline with the connection
flange of the Dish End, sometimes deviation is observed in the alignment of
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the connection flange and the pipeline. This results in the rework activities of
the Dish End in order to eliminate the deviation.

Further analysis of these two problems through direct observation and feedback
from the concerned personnel revealed that the deviation between the connection
flange and pipeline results from the errors in the center location step of the marking
operation. Due tomanual marking, sometimes themarker locates the wrong center of
the Dish End which results in deviations at assembly stage processes. The use of an
old traditionalmethod ofmanualmarkingwith geometrical instruments consume lots
of time. The variation in the skill level of themarkers also contributes to highmarking
time and rework activities. So, it is decided that the manual marking operation must
be replaced with some jig that can locate the center of the Dish End without any error
and makes the marking operation quick and error-free.

12.3.2 Do

Based on the previous findings, a marking jig is designed andmanufactured as shown
in Fig. 12.6 to overcome the problems identified. There were two main requirements
in the design part of the jig:

(a) The jig should locate the center of the Dish End quickly and accurately.
(b) It should be light in weight so that it can be used by a single person easily.

Fig. 12.6 Marking jig
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In order to achieve these two requirements, only two main elements are used in
the jig. These are named as center pad and arms of the jig. The jig has one center pad
and three arms are welded to it. The angle between the arms is 120°. The purpose
of the center pad of the jig is to serve as a template that can be used by the marker
to mark the area on the Dish End for the connection flange. The center pad allows
the marker to mark the area without the use of centering and divider which is a time-
consuming method. Now marker can directly take the impression of the center pad
with a scriber which is an easy and fast method. The purpose of the arms of the jig is
to locate the center pad accurately and fast to the desired area on the Dish End. The
condition for the arms was that their profile should be made in such a way that they
should lock the position of the center pad of the jig exactly at the desired location on
the Dish End. This condition demands exact matching of the profile of the arms and
center pad with the profile of the Dish End. In order to achieve this, the profile of the
center pad and the arms is made through the same die-set in which the Dish Ends
are manufactured. This ensured the complete matching of the jig arms with the Dish
End at the time of marking and avoids any variation in the location of the center of
the Dish End during the marking operation. In order to ensure the lightweight of the
jig, only three arms arranged at 120° with respect to each other are used and these
are effective in locating the center pad of the jig to the required place on the Dish
End fast and accurately.

12.3.3 Check

The marking jig is tested firstly on two sets of Dish Ends as shown in Fig. 12.7. In
order to test the working and accuracy of the jig the following checking procedure
is adopted:

(a) Two dummy sets of the Dish End are manufactured and marking is done on
these two sets through the jig with the new method. The marking time through
the new method and jig is recorded by the time study technique.

(b) Two dummy sets of cylindrical shells are also manufactured for these two
dummy sets of Dish Ends in order to make two dummyAir Tanks by following
the complete procedure which is followed for the real product.

(c) Then these two dummy Air Tanks are used at the assembly shop during the
assembly of the actual LFMP.

(d) In order to check the accuracy of the new method, a complete dummy pipeline
is made between the flange of the counterbalance cylinder of the press to the
connection flanges of the Dish Ends attached to both the dummy Air Tanks.

(e) After the completion of this dummy assembly, the complete procedure is
inspected by the quality control inspector and a final report is generated by
the quality control department of the company.

The final inspection report revealed that the assembly is free from any deviation
and instructed the planning department of the company to make a job order for the
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Fig. 12.7 Marking jig on the
dish end

implementation of the new method for the actual product. The result of the time
study done for the new method showed that the new method of marking takes only
30 min in comparison to 90 min taken by the old method. So, the use of jig and a new
method of marking resulted in a time saving of 60 min per Dish End. The following
procedure is used in the marking of Dish End in the new method:

(a) In the new method, the use of the marking tables and levelling blocks in order
to set the job is optional. The job can be placed on any surface for the marking
operation. So, this new way of marking provides an opportunity to eliminate
the step of marking table preparation.

(b) Unlike the old method, there is no need to locate the center of the Dish End
through geometrical instruments. Because this is achieved through themarking
jig that locates the center itself. So, in the new method, after placing the job on
any levelled surface, the marker has to just put the jig on the job for locating
the center. Thus, the step of the center location is completely eliminated.

(c) After placing the jig on the job, the marker takes the impression of the center
pad of the jig onto the Dish End through a scriber and thus, the time-consuming
method of marking through centering and divider is completely eliminated.

(d) After taking the impression of the center pad, the jig is removed and the
remaining marking procedure remains the same as that of the old method.
A quick comparison between the old and the new method is summarised in
Table 12.4.
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Table 12.4 Comparison of old and new method

Operation Old method New method

1.1 Preparation of marking table Marking table is optional

1.2 Levelling of the job on blocks Levelling is optional

2.1 Location of the center through
geometrical instruments

It is not required as the jig itself locates the
center

2.2 Marking with geometrical
instruments

Marking with the jig and geometrical
instruments

12.3.4 Act

After the successful trial of the marking jig on the two dummy sets of the Dish
End, the new procedure of marking is documented in the form of process charts and
these charts are displayed at all the work stations of the Dish End. A training session
is arranged with all the concerned markers, supervisors, and shop head in which
complete guidance is provided to them regarding the new method. This is done in
order to eliminate any kind of confusion at different work stations. Finally, the new
process is implemented in all the presses. And thewhole process is closelymonitored
for the next 50 Dish Ends in order to collect more information about the problems or
any challenges observed in the new process. The direct observation and the feedback
collected from the concerned personnel revealed that the solution implemented for
the marking operation of Dish End is successful and it has eliminated the deviation
problem and the marking time is reduced significantly.

12.4 Result and Discussion

The aimof the studywas to reduce the highmarking time and rework activities related
to Dish End manufacturing in the case company. In order to achieve that aim, the
PDCA approach was used as a methodology for the case study. In the first stage, the
data was collected through direct observation, feedback, and time study techniques
and a process chart is made which is critically analysed through critical examination
technique. The first stage of the study helped in identifying two main causes which
were responsible for the high marking time and rework activities. The causes were
the manual marking procedure and variations in the skill of the markers. In the
second stage, a marking jig was designed and manufactured in order to eliminate
the manual element from the marking procedure which was time-consuming and
responsible for the marking errors. In the next stage, the proposed solution was
tested and implemented successfully.

The main aim of the proposed solution was to make a foolproof center location
procedure in the marking process because it was identified as a source of error and
time consumption. In order to achieve that the marking jig was designed in such a
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manner that it should locate the center correctly and quickly. This is done through
the three arms attached to the center pad of the jig. These arms locate the center pad
of the jig exactly to the required position on the Dish End. To achieve this foolproof
location of the center, the profile of the center pad and the arms of the jig is matched
perfectly with the profile of Dish End. This is achieved by manufacturing the jig
profile in the same die-set in which the profile of Dish Ends is manufactured.

The marking jig has improved the marking time significantly. In the previous
method, the marking was done manually through geometrical instruments, and on
average 90 min per Dish End and 360 min per press were consumed in the marking
process as 4 Dish Ends are used in a press. Now with the help of a marking jig, the
marking time per Dish End is reduced to 30 and 120 min per press. From the rework
reports collected from the quality department, it is found that per press on an average
15 min were consumed in the Dish End rework activities as shown in Fig. 12.8.

Due to the implementation of the new marking jig, the 15 min of rework per press
is also eliminated. The total savings achieved are given in Table 12.5.

The consistency of the proposed solution was also checked through the time study
of the marking operation of 50 Dish Ends done through marking jig. These 50 Dish
Ends were marked by 5 different markers and each marker had marked 10 Dish
Ends. This was done to see whether the skill of the marker has any effect on the new
method. And it is found that all the markers took similar time (close to 30 min) for
the marking operation. The results of the time study of the new method for 50 Dish
Ends are shown in Table 12.6.
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Table 12.5 Savings per press

S. No. Activity Without Jig With Jig Time saved

Time (min) Time (min) (min)

1 Setup 60 60 0

2 Marking 360 120 240

3 Rework 15 0 15

Total savings 255
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Table 12.6 Time taken by markers with the new method

Time taken per dish end (min)

S. No. 1 2 3 4 5 6 7 8 9 10

Marker 1 29 28 27 29 27 29 30 27 28 27

Marker 2 27 31 29 28 32 28 27 29 27 28

Marker 3 28 30 28 27 27 28 28 29 30 29

Marker 4 29 27 29 29 28 30 29 28 28 28

Marker 5 27 31 30 28 31 28 27 29 27 30
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Fig. 12.9 Comparison of time taken (marker wise) for 10 sets of dish end

The comparison of the time taken by 5 different markers for the marking of 10
different sets of the Dish Ends is shown in Fig. 12.9.

12.5 Conclusion

Continuous improvement activities to improve the existing production standards are
of high priority for any industry in order to sustain itself in a competitive market.
The PDCA is a very effective tool in resolving new and reoccurring problems in any
industry. The iterative approach of PDCA helps in the testing of proposed solutions
and assessing results in awaste-reducing cycle. The study concludes that themarking
jigs can give better results thanmanualmarking processes. Themarking jig developed
for Dish End manufacturing has reduced the cycle time by 255 min per press. The
case study will be useful for other similar processes of different industries and will
help the process engineers in decision making.
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Chapter 13
Optimization of Changeover Time
in a Manufacturing Enterprise Using
Single Minute Exchange of Dies (SMED):
A Case Study

Aditya Bassi, Harkrit Chhatwal, Nishant Bhasin, Shubham Sharma,
and Ruchika Gupta

Abstract This paper presents a case study where the implementation of lean tech-
niques in the changeover time of stereo in a Flexo printing machine were inves-
tigated to study its impact. During this study, the problem with high changeover
time during printing were investigated through SMED (Single minute exchange of
dyes). The research includes the analysis of current system depicting the existing
problems within the company. The methodology aims to analyse the root cause of
existing problems and thus provide implementation of improvement plan. At the
end of the investigation, a few solutions were successfully implemented. The results
demonstrates the steps taken to optimize the changeover time which was reduced to
around 29 min. Thereby, an improvement of 10% was achieved. Hence, decreasing
the changeover time resulted in increased productivity and processing time in the
manufacturing unit.

Keywords SMED · Quick change over time · Internal and external activities · 5S

13.1 Introduction

Lean management was originated from Toyota production house and as stated by
many authors it works on exaggerating the products value by streamlining the oper-
ations in a production setup. Lean methodologies can be enforced in the manufac-
turing sector in various ways such as reduction in defects, shortening of the lead
time and reducing the changeover time. There are variety of lean methodology tools
like identifying and sorting of Value Added and Non-Value-Added activities, 5S,
SMED (Single Minute Exchange of Dies), Kaizen, Standardized Work and JIT (Just
in time).

In these modern times, application of lean six sigma has spread all around the
globe. These techniques are often implemented in the manufacturing industry in
order to reduce the cost of production, maintain the product quality and sustaining a
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good customer relation. One of the tools which we used in our research project was
SMED. It is an approach to reducing output and quality losses due to changeovers.
C/O (Changeover) time is the amount of time consumed between the last piece of
present product and the first piece of the next product. Reducing the changeover time
helps the big,medium-sized and small-scale industries tomeet the customers demand
and thus leads to increase in their profits. In thismethod the process is studied bydoing
videography and examined onmultiple occasions. After this process, all the activities
are listed down and are segregated into internal (when the machine is running) and
external activities (when the machine is stopped). The aim is to convert as many
internal activities to external ones in order to reduce the overall time of production
and hence meet the customers demand. 5S (Sort, set in order, Shine, Standardize and
sustain) is a method that consists of five Japanese words which focuses on setting
everything in order and sustaining the workplace clean. This eventually allows the
workforce perform their job in a systematic manner without risking their life.

This paper aims to present the implementation sequence and level of importance
regarding Lean-SMED techniques at a non-woven bag manufacturing firm.

13.2 Research Background

These days, organizations need to make the products as indicated by the necessities
and prerequisites of their customers. Apart from that, customers also desire their
product to be delivered on time and for that the lead time for the production is
the key. For that, lean production system must be in place as it gives an edge to
the companies who implement them in this highly competitive market. For a lean
system, the removal of non-value adding activities and wastes is very imperative.
Ohno [1] describes waste as any activity that does not value to the product from the
customer’s point of view. To reduce such non-value activities or wastes, there are a
variety of tools that can be used like 5S, Value Stream Mapping and SMED.

Single Minute Exchange of Dies, or simply SMED assures a less changeover
time and efficient transition of the machine setup usually less than ten minutes as
explained by Shingo [2]. The Changeover time is the total amount of time elapsed
between the last product produced in the previous run of the machine to the first
different product produced in the next run. This amount of time is spent on cleaning
and altering preparing the machine setup for next product. A setup can be defined
as the transitioning of a machine to produce a product to a different product. Sousa
et al. [3] describes that implementation of SMED involves a deep analysis of each and
every setup operation. Setup operations can be characterized as Internal and External
Setup. A literature review by Yash and Nagendra [4] covers the implementation of
SMED by saying that it may represent the key factor for providing more flexibility
and enhanced product flow in the manufacturing unit. Moreover, the main steps
for implementing SMED includes judging the current state process, separating the
internal and external activities and streamlining the process of changeover.
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Goubergen and Landeghem [5] categorized three reasons for reducing setup times
which includes Flexibility, Bottlenecks and Costs minimization. Flexibility is due to
the large variety of products and any manufacturing company should react quickly
according to the customer needs in order to maintain its reputation in the market.
Bottlenecks should be minimized to maximize the availability for producing more.
Costs minimization is very important as in any manufacturing unit, the production
costs are directly proportional to the machine performance.

A critical evaluation of Shingo’s methodology on SMED by McIntosh et al. [6]
argues that the application of improvement techniques in some of the stages of SMED
does not always prove to be effective.Whereas, a study by Abraham et al. [7] demon-
strated the effectiveness of SMED by reducing the setup time of a press machine by
75%. This was achieved by identifying the bottlenecks and eliminating the non-
value-added activities from the existing process leading to significant improvement
in productivity.

SMED is one of the ideal methods to strengthen the output and minimize the
quality loss in anymanufacturing process as said byProf.NagarajA.Raikar [8].Apart
from the value-added benefits, decreasing the changeover time results in additional
advantages such as cost reduction, standardization, and better workload as showed by
Ribeiroa et al. [9]. The Overall Equipment Efficiency (OEE) increases by decreasing
the equipment downtime with Changeover as explained by Rahul and Naik [10] in a
case study.

There are many more examples of the application of SMED that can be found to
prove that this tool can be applied in a plethora of industries. One such example can
be of a pharmaceutical company by Gilmore and Smith [11] where the setup time
was reduced from 28.8 to 8.25 h with the help of SMED.

13.3 Methodology

The Lean six sigma project being reported here was carried out Planet Green Innova-
tionswhich is part of SterimedGroupof companies. The companywas recently facing
major problems in the management of their inventory specifically the maintenance
of their inventory levels. During the operations of the ongoing project, Changeover
times were considered as the scope for improvement where some Lean Six-Sigma
tools were applied and appropriate suggestions were given for improvement. The
technique which was used is called SMED. The steps taken in the project are explain
below.

13.3.1 Data Collection

Data collection is the initial phase of any Lean Six Sigma project. It is that phase
where we are able to identify the customer and the requirements for the product and
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Table 13.1 Translation matrix

V.O.C CTQ CTQ measure CTQ specification

Huge pending orders Change over time Overall production rate Reduction in change over
time by 22%

Fig. 13.1 Project charter

services. This phase plays a vital role as it helps in identifying the goals and aligns
the project by laying the groundwork that will allow the team to remain focused.

Oneof thefirst phases of data collection is to identify theVOC(Voice ofCustomer)
and the various steps required to convert it into CTQ (Critical to Quality). The
conversion of VOC to CTQ is depicted below in Table 13.1. The table showcases
the company’s demand to increase the Overall Production rate to complete the huge
existing and Pending orders and aims at achieving it by reducing the changeover
time by approximately 22%.

Once the translation matrix is generated, next step is to construct a project charter
whichwill exhibit the ProblemStatement,Goal Statement and the benefits of carrying
the project. The project charter shown in Fig. 13.1 displays the problem statement
whichmentions a large changeover time in themanufacturing, consequences ofwhich
are reduction in productivity and decrease in company’s revenue. Furthermore, the
goal statement definesminimization of stereo changeover by 10% in order to increase
the operation productivity.

13.3.2 Data Analysis

Often many tend to avoid the analyse phase as we are able to identify the problems
earlier only in our project. But this phase is important because it clearly defines how
well the process is currently performing and identifies how much the process can be
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improved. We are able to develop hypotheses which helps us to validate and identify
vital root causes of the problem in hand (Fig. 13.2).

One of the prime Lean six sigma tools used to find the root cause of the problem
is the Ishikawa or the Fishbone diagram. It is a drill down process which enables
us to point out the factors, causes and sub causes of the desired problem. In other
words, we can say it helps in identifying the root cause of the given problem we look
to find solutions for.

The cause and effect diagram depicted factors which effected the most on the
inaccurate inventory levels. The major factors are:

• Material not available—one of the problems the operators tends to face is the
unavailability of the material (cloth roll) at the appropriate time. This leads to
increase in the non-value-added time and decreases the productivity.

• Operator Training—Lack of training plays a vital role as an unskilled worker
will obviously take more time for setting up the new stereo and the roller on the
machine.

• Unavailability of tools—During the setting up of the new stereo and the roller
there are certain tools which are required. Often, they are not found because of
misplacement. This causes delay and increase in change over time (Fig. 13.3).

Furthermore, in the analysis phase of the project we noted down the changeover
time for stereo change for the month of June. The above table represents the data
that was collected for the month of June. Every day the number of changeovers used

Fig. 13.2 Cause and effect diagram
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Stereo Changeover time (June) Average Changover time per day Date Changeover time
32 33.3 02 June 2020 33.3
37 03 June 2020 27
31 04 June 2020 34
25 27.0 05 June 2020 28.3
29 06 June 2020 25.5
27 07 June 2020 34
30 34.0 08 June 2020 29.8
34 09 June 2020 35
38 10 June 2020 36
29 28.3 11 June 2020 37
28 12 June 2020 35.5
28 13 June 2020 34.3
26 25.5 14 June 2020 28.5
25 15 June 2020 25.5
35 34.0 16 June 2020 34
33 17 June 2020 26
31 29.8 18 June 2020 32.5

28.5 19 June 2020 33.5
36 35.0 20 June 2020 34.5
37 mean 31.8
32
35 36.0
37
36
40 37.0
35
38 35.5
33

30.5 34.3
38
29 28.5
28
25 25.5
26
33 34.0
35
23 26.0
29
27 32.5
38
35 33.5
32
33 34.5
36

Fig. 13.3 Changeover times

to vary depending upon the number of daily orders. We first noted the timings for
every changeover and later took the each day in order to understand and represent
it in a more productive manner. We plotted a graph represents the recorded time for
changeover over the given month of June. The vertical axis represents the average
changeover time on a specific day while the horizontal axis showcases different days
of the month. On calculations the linear changeover time for the month of June came
out to be 31.8–32 min. On further analysis and study of the manufacturing process
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Fig. 13.4 Changeover time graph

we aimed at reducing this changeover time by 10% which will be able to make
significant change in the productivity of the unit (Fig. 13.4).

13.3.3 Improvement Scope

One of the first steps in the improvement phase is the listing down of all the activities
which takes place in the production of the certain product. Table 13.2 showcases all
the steps which are performed in the production operation.

Once all the activities were stated, we then identified and segregated the External
Activities. Moreover, we were poised to find out all the waste activities (Tables 13.3
and 13.4).

13.3.4 Implementation and Control Phase

After the identification of the all the steps and the internal, external and waste activ-
ities certain solutions were proposed according to the problems faced by the enter-
prise. Table 13.5 will showcase all the improvement solutions suggested and how
these measures will bring change (Fig. 13.5).

The following images shows the implementation of the tag system in the industry.
It can be clearly depicted that tags are now used on the cloth rolls specifying appro-
priate information required by the operator which will help him in identifying the
rolls from the inventory.

Once the recommended solutions were proposed and started to get implemented
in the unit, our next step in the project was to again calculate the changeover times
after a period of 2–3 months to observe howmuch reduction we were able to achieve
with our suggestions.

Figure 13.6 displays the changeover time readings in a graphical format. The
vertical axis represents the average changeover time on specific days while the
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Table 13.2 Production operation

S. No. Steps

1. Stock roll material was brought from the store

2. Two people pick up the ink tray from the machine and then place it down on the floor

3. They filled the ink back to the barrel which will not be used for the next job

4. The operators then started cleaning the floor where the tray was kept

5. The machine operator collected the stereo and altered it to the required dimensions

6. On the back of the stereo double-sided tape was applied and extra tape was removed

7. The operator observed the stereo for air bubbles and removes the bubbles with the help
of a sharp pin

8. The required stereo cylinder was searched and picked as per job specifications

9. There was a search for Allen keys on the shop floor

10. One of the operators unscrew the stud bolt and the already placed cylinder was
removed

11. The new required cylinder was then cleaned as it was already containing an old stereo

12. Then the operator pasted the new stereo on the cylinder

13. The empty cloth roll was removed from the machine

14. After this there was a weight for the new stock material to arrive

15. The shaft and the hub were attached to the new cloth Rolland it was put back on the
machine

16. After the preparation of the stereo on the cylinder, it was linked back to its position on
the flexo machine

17. Then one operator tights the stud bolt using Allen key while the other prepares the
require ink colour

18. The required ink tray was then cleaned with the help of thinner

19. This tray was put back to its location on the machine and was then filled with required
ink

20. The gap between the stereo and the cloth was adjusted on the machine

21. The machine was then started and the operator continuously checked the printed face
by measuring with scale

22. While doing this he observes any problem with the printed material and stops the
machine if required

23. The machine was again started with the appropriate adjustment

horizontal axis depicts the various days. On analysis and calculations, the average
changeover time came out to be 28.91–29 min (Fig. 13.7).

The following graph depicts a comparison between the mean changeover time
at the initial phase and the mean changeover time after the implementation of the
desired suggestions. The difference came out to be in the region of 10% from the
earlier figure of 31.90–32 min to 28.91–29 min.



13 Optimization of Changeover Time in a Manufacturing Enterprise … 197

Table 13.3 Internal activities

S. No. Internal activities

1. Two people pick up the ink tray from the machine and then place it down on the floor

2. They filled the ink back to the barrel which will not be used for the next job

3. The operators then started cleaning the floor where the tray was kept

4. The machine operator collected the stereo and altered it to the required dimensions

5. On the back of the stereo double-sided tape was applied and extra tape was removed

6. The operator observed the stereo for air bubbles and removes the bubbles with the help
of a sharp pin

7. The required stereo cylinder was searched and picked as per job specifications

8. There was a search for Allen keys on the shop floor

9. One of the operators unscrew the stud bolt and the already placed cylinder was removed

10. The new required cylinder was then cleaned as it was already containing an old stereo

11. Then the operator pasted the new stereo on the cylinder

12. The empty cloth roll was removed from the machine

13. After this there was a weight for the new stock material to arrive

14. The shaft and the hub were attached to the new cloth Rolland it was put back on the
machine

15. After the preparation of the stereo on the cylinder, it was linked back to its position on
the flexo machine

16. Then one operator tights the stud bolt using Allen key while the other prepares the
require ink colour

17. The required ink tray was then cleaned with the help of thinner

18. This tray was put back to its location on the machine and was then filled with required
ink

19. The gap between the stereo and the cloth was adjusted on the machine

Table 13.4 External and waste activities

S. No. External activities Waste activities

1. Sometimes cleaning of extra ink tray Cleaning up of the floor where the ink tray
is kept

2. Stock roll material was brought from the
store

Excess amount of tape is first applied and
then it is removed which is considered as a
waste activity

3. The machine was then started and the
operator continuously checked the printed
face by measuring with scale

There is always a search for stereo cylinder
to start a new job

4. There is a search for Allen keys as the
shop floor is always messed up

5. A waiting for the stock material is
observed
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Table 13.5 Recommended solutions

Recommended solution Implementation

1. Preparation of Stereo while the machine is
running

The machine operators can prepare the stereo
for the next order while the flexo printing
machine is running. This will eventually save a
lot of time in changeovers

2. Implementation of 5S Implementation of 5S can help in solving a
variety of problems in the industry
• One of S in 5S is set in order. Set in order
can be achieved by allotting proper slots for
the tools to be kept

• Furthermore, we proposed the idea of
installing of a proper rack for the rollers to
be kept in a systematic manner so that it
becomes easy to identify it

• Another solution we recommended was
introducing of tags which will be applied on
each cloth roll stating specific information
about the cloth roll

3. Systematic dispatch of material from store After careful analysis we suggested the firm to
start a timely routine about at what time and
what quantity of material can be dispatched
from the store. This was suggested after we
found that there was inadequate space available
on the shop floor and thus it will lead to less
claustrophobic WIP inventory

4. Proper training Proper training should be given to the
workforce to follow the system introduced

5. Weekly Maintenance of machine A proper schedule is suggested for weekly
maintenance of the machines in order to reduce
the stoppage of production due to machine
breakdown

Fig. 13.5 Tag system
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Fig. 13.7 Comparison graph
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13.4 Conclusion

The SMED technique of Lean Six Sigma tools was very helpful in conducting this
project. Cause and effect diagram was an vital tool to identify the root causes of
the problem and played significant part in completion of the project. On successful
closure of the project we were able to reduce the mean changeover time by 10 %.
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Chapter 14
Study of Development of Various
Morphological Phases and Its Effects
on the Thermal Coated
Specimen—A Review

Sonia Dangi, R. S. Walia, N. M. Suri, and Sumit Chaudhary

Abstract Thermal spray coating techniques have been widely used for improving
the surface properties of the specimen like corrosion resistance, hardness, friction
resistance, wear resistance, erosion resistance etc. All these properties not only
depend on the type of coating material but also on the surface morphology. The
work material during thermal spray came across critical operating conditions like
high temperature, pressure. Moreover, the coating morphology also depends on the
size, type and shape of the coating material. This showed a noticeable effect on
the performance of the coated surface. The different characterization techniques are
available to study the morphological properties of the coated samples. In this review,
the effect of various parameters on the surface morphology of thermal spray coating
has been studied.

Keywords Morphology · Thermal spray coating · Tribology · SEM · Porosity ·
Cracks

14.1 Introduction

Coating techniques for protecting the substrate material form atmosphere have been
used from ancient times. The advanced coatingmethods not only protect the substrate
but enhancing the performance of the substrate. The advanced coating techniques
enable multiple effects like protection from corrosion and erosion, reduction in
wear, achieve desired friction by inducing desired hardness, atmospheric inertness,
depositing desired material over the substrate and reinforcing the substrate material
etc. [1–5]. There are various coating methods like PVD, CVD, Sol–gel, Electro-
plating and Thermal Spray each having its advantages and drawback in the field
of application [6]. Some of the coatings are easy to achieve and cost-effective but
the purpose is to provide a layer of desired material for atmospheric protection or
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aesthetics. The material subjected to dynamic load, erosion, wear and friction has
to be coated such that the coating should service the adverse working conditions
[7–10].

Thermal spray coating emerged as one such coating techniques in which the
coating material has been sprayed over the substrate material at high temperature
(upto 15,000 °C), the flow of particles is assisted by high velocity gas/air. Classi-
fication of various thermal spray coating techniques is depending on heat source
i.e. plasma spray coating, high velocity oxyfuel coating (HVOF), arc spray coating
[11–15].

The most common thermal spray coating method is Plasma spray coating, in
this method the temperature of the heat source is more than 15,000 °C. The molten
accelerated particles of coating material move towards the substrate and strike the
substrate with a governed speed. The continuous bombardment of the particles on the
substrate resulted in the formation of a dense layer of coating [16–18]. The coating
density in the case ofHVOF and arc spray coating is less as compared to plasma spray
coating. High heat in the case of plasma spray coating resulted in stress induced to the
specimen. The thermal spray coating can be applied to a wide variety of substrate and
coating material such as metals, ceramics, polymers, composites etc. The multilayer
coating of the same or different compositions can also be achieved via thermal spray
coating [19, 20].

The mechanical, thermal, tribological, electrical and chemical performance and
properties of the coated specimen depend on the coating parameters, coatingmaterial
and another important parameter is the coating morphology [21–23]. Most of the
major properties and performance of the coating depends on the morphology. In this
review article the impact of coating morphology on the various properties of the
coated specimen has been discussed. The review focuses on the different thermal
spray coating methods applied for coating the variety of substrate materials.

14.2 Mechanism of Coating Build-Up

The principle of material deposition is quite similar for all the coating methods.
The heat source in the form of arc or flame has been used for depositing the desired
coatingmaterial over the substrate surface. The temperature of the flamemay go upto
15,000 °C and the high velocity of carrier gas assists the impact of coating material
over the substrate [24, 25]. The flame generatedmoved towards the substratematerial
through the nozzle. The coating material is supplied to the heated flame and forced
towards the substrate. The coatingmaterial having thermal energy due to heat transfer
from the flame and kinetic energy due to the momentum transfer by the carrier gas
strikes the substrate in solid, semi-solid or molten state and gets deposited over the
surface of the substrate [26–29].

In the case of cold spray coating, the coating material doesn’t melt so the coating
is achieved by plastic deformation due to the impact velocity of heated material.
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Whereas, in the case of thermal spray coating, the coating material gets melted and
the molten material gets deposited due over the substrate surface [6, 30].

The substrate surface should be clean from physical and chemical impurities
as the coating material and the substrate may have mechanical interlocking and
metallurgical bonding. The first layer of material deposited on the substrate governs
the thermo-physical properties of the coating. The multiple passes of the flame result
in multilayer coating over the surface [31–33].

14.3 Morphological Development for Thermal Spray
Coatings

The coating material has a very vital role and it affects the quality of the coated
specimen largely. The mechanical and chemical properties of the coating material
affect the coating but it has been observed morphology of coating material before
coating plays a very important role the determining the properties of coated speci-
mens. Themorphological development of coating dependsmainly on substratemate-
rial, coating material, gas dynamics and coating process. Figure 14.1 shows all the
major parameters affecting the coating process. Moreover, the morphology of the

Fig. 14.1 Parameters affecting coating morphology
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coating deposited on the specimen also affects the mechanical, chemical, thermal
and tribological performance of the coated specimen.

14.3.1 Morphology of Coating Material

The morphology of coating material is one of the very crucial parameters which
affects the performance of the coating. The coating material having the same particle
size and chemical composition reported different mechanical, chemical, thermal,
tribological, electrical behavior as therewas somemorphological difference observed
among the coating materials used. The particles which are deposited by complete
melting are least affected by their initial morphology [28]. Still, the effect of initial
morphology for those particles has also been reported by the researches. There might
be a possibility that the particles don’t get melted completely and deposited by
the mechanical action, in that case, the initial morphology of particles governs the
morphology of coating and the performance of the coating. The particle morphology
may provide the solidification front for the coating. The solid particles assist the
grain growth and directional solidification of the molten material [34, 35].

The particle morphology may affect the direction of motion, the velocity of parti-
cles through the feedmechanismor spray gun. The particles having non-aerodynamic
morphologymay create an obstacle in themovement, the actual mass flow rate in this
case decrease and cause clogging of the spray gun. The particles having spherical
morphology move smoothly without many obstacles whereas the annular particles
experience large drag created by the carrier gas. The hard coating material having
annular morphology causes the wearing of spray gun as the sharp edges present on
the annular morphology to strike the spray gun and plough the material of gun due to
the high drag force created by the carrier gas. This affects the accuracy of the process
which is minimum in the case of spherical morphology [36–38].

The annular morphology coating material has a larger surface area as compared
to spherical morphology. These materials show a higher heat transfer rate i.e. it gets
heated in cold quickly. The peak temperature obtained in case of annular morphology
maybe higher than the sphericalmorphologybut these particles lose heat very swiftly,
as a result, the solidification rate is very high which results in smaller grains [28]. The
bigger size coatingmaterials can’tmelt completely, the grain growth in such cases has
been governed by the initial morphology of the particles. The annular morphology
assists the heat transfer rate as the morphology of coatingmaterial becomes spherical
the heat transfer rate decreased. The slower heat transfer rate may be responsible for
the bigger grain size but the presence of voids on the coated samples resulted in
decreased elastic modulus and toughness [39–41].

The density of coating also depends on the plastic deformation of the under-
melted coating material. The coating material having higher plastic deformation,
the coating produced might be more closely packed and the voids eliminated. This
results in a very dense coating. The substrate initial temperature also governs the
morphology of the coating. If the substrate initial temperature is less than 200 °C,
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the bonding of coating on the substrate would not be strong due to the poor wetting
of the substrate surface and the morphology produced would be irregular [42, 43].
The partial melting of coating material may result in decreased efficiency as there is
a possibility of rebounding of particles from the substrate surface (Fig. 14.2).

14.3.2 Morphology of Coated Material

The thermal spray coating over the substrate surface is generally obtained by either
spherical, elliptical, or any other annular splats combing together to create a lamellar
microstructure. The molten or semi-molten droplets of coating material strike the
substrate with high velocity. The molten droplets may be micro or nano in size which
strikes the substrate and the cohesion between the substrate and coating material
assists the formation of a stable layer of coating over the surface. The morphology
of coated material primarily has deposited material, voids, porosity, semi-melted
material. Each having a different effect on the performance and properties of the
coating. The lamellar microstructure is governed by the process parameters such as
morphology and size of coating material, the velocity of particles, flame tempera-
ture, angle on impingement etc. The molten coating material has a huge affinity for
agglomeration, such agglomeration result in the enhanced size of the coatingmaterial
over the surface. The morphological characteristics observed in the thermal spray
coated specimen shown in Figs. 14.3 and 14.4 are voids, porosity, delamination,
spalling, interface contamination, cracks, unmelted particles, pull-outs, oxidation,
metal inclusion [26, 44–48].

14.3.2.1 Porosity

The porosity in thermal spray coating may go upto 8–10% depending upon the type
of process, solidification rate, initial morphology of particles. Porosity in the case
of plasma spray coated was observed more than HVOF thermal spray coating. In
the case of plasma spray coating, there might be a lesser impact of coating material
on the substrate or splashing of the molten material from the surface due to a high
melting point, which resulted in higher porosity [49].

As the deposition in case of thermal spray coating is lamellar i.e. the deposition
is such that one layer gets deposited over the other. Due to the impact of accel-
erated coating material, the previous layer of deposition gets flattened over the
surface and the porosity present in the previously coated layer disappears, hence
the density of coating increases. The deposition of more and more layers over the
surface enhances the density of the coating [50–54]. There have been some crakes
and porosity observed on the interface of the respective layers that is generally termed
as voids. These voids affect the mechanical, chemical, thermal, and electrical prop-
erties of the coated material. The globular voids present at the parting line may be
carried to the upper surface of the coating and form open pores. These voids act as
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Fig. 14.2 SEM micrographs of the various coating material (left) and obtained thermal sprayed
coatings (right): Cr3C2–50NiCrMoNb (a, b), Cr3C2–25NiCr (c, d), Cr3C2–25NiCr (e, f), Cr3C2–
37WC–18NiCoCr (g, h) and WC–10Co4Cr (i, j) [66]
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Fig. 14.3 Typical ceramic coating microstructure (1) delamination (2) spalling (3) interface
contamination (4) transverse crack (5) inter-lamellar pores (6) inter-lamellar cracks (7) unmelted
particles [44]

Fig. 14.4 Schematic illustration ofmetallic coatingmicrostructure (a) unmelted particles (b) oxides
(c) debris (d) fine particles (e) porosity [26]

launchpad oxidation of the material. The vapours from the chemical reaction formed
and produce porosity in the coating. the dirt and inclusion of foreign material is also
responsible for voids generation. The inter-lamellar pores due to rapid solidifica-
tion resulting in micro-cavities. These pores may act as a crack propagation site and
the rate of reaction at these sites increases drastically when working under elevated
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temperature and pressure. The pores provide a site for air hence decrease the thermal
and electrical conductivity of the coating [55–57].

14.3.2.2 Cracks

The cracks can be commonly observed in the thermal spray coating. The cracks
may be present on the interface of substrate and coating are known as delamination.
Such types of cracks are produced due to less impact of coating material striking on
the substrate so the cohesive forces become weak and result in delamination. The
transverse cracks may also be observed in the coating which is perpendicular to the
substrate surface. The coating obtained is in the form of lamellar i.e. deposition of
one layer of coating over the other. There might be a possibility of cracking at the
inter-lamellar site. Such cracks are very critical as they reduce the fatigue life of the
coating [58, 59]. These cracks get widen heat treated as observed by Lui et al. shown
in Fig. 14.5 [60].

The cracks reduce the fatigue life of the coating and the coated specimen. These
cracks widen and propagate to the surface resulting in sudden failure of the coating.
These cracks may also act as the site for the accumulation of internal stresses in

Fig. 14.5 Morphological investigation of LZO thermal spray coating a, b as sprayed c, d thermal
exposer at 1300 °C for 2 h [43]
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Fig. 14.6 Microstructure of coated Babbitt alloy [65]

the coating. The voids formed due to cracking may be responsible for accelerated
oxidation of the specimen [61].

14.3.2.3 Unmelted Coating Material

The highmelting pointmaterial or large size coatingmaterial doesn’tmelt completely
and gets deposited on the substrate surface. Another reason may be the refractoriness
of the material which reduces the heat transfer from the source to the material or the
low-temperature heat source [62–64]. These unmelted particles cause stress concen-
tration in the coating. The localized oxidation had also been observed at the site of
unmelted particles shown in Fig. 14.6. The unmelted particles strike the lamellar
with a high impact compared to the fully molten material. This results in increased
microhardness and density of the coating [65].

14.3.2.4 Oxidation

The atmospheric contamination observed mainly in a metallic coating known as
oxidation. The oxidation of substrate or coating may occur at different stages of
thermal spray coating. The uncleaned substrate may prove to a carrier for the initial
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oxidation at the interface of the substrate and coating. The coating material came
across an elevated temperature which increases the rate of oxidation. The coating
material sprayed over the substratemay reactwith the carrier gas and cause oxidation.
The lamellar sites proved to be one of the very common locations for oxidation [67–
69]. The oxidation of particles continues thereafter at the sites such as pores or
cracks, where the atmospheric gasses could react with the substrate material. The
mechanical, chemical, electrical, thermal properties etc. had been hugely affected by
oxidation [70, 71].

14.4 Conclusions

The thermal spray coating has very wide applications right frommechanical compo-
nents to aerospace applications, automobile,medial equipments, electronics and elec-
trical etc. The effectiveness of coating not only depend on the substrate or coating
material alone, but also on the microfeatures like morphological characteristics of
coating material and coating obtained.

The morphology of coating material affects its followability through the nozzle,
heat transfer rate, melting of the particle, impact velocity, mass flow rate etc. All
these have some impact on some splat formation and other properties of the coating.
The splat formation and shape have a major impact on the solidification and lamellar
formation.

The coating gets deposited over the surface in the form of multi-layer lamellar
and the density of coating enhances when the depositing layer strikes the previously
deposited lamellar. There are some characteristics like voids, porosity, delamination,
spalling, interface contamination, cracks, unmelted particles, pull-outs, oxidation,
metal inclusion observed in the thermal spray coating, each having an impact on the
various properties of the thermal spray coating.
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Chapter 15
Parametric Study on Stainless Steel 316L
by Die Sinking EDM for Biomedical
Application

Preeti Chauhan, M. A. Saloda, B. P. Nandwana, and S. Jindal

Abstract The electric discharge machine has been acknowledged as a better tech-
nique formodification of the surface for biomedical implants. It hasmany advantages
over previously used techniques. Machining by EDM holds many advantages like an
increase in wear resistance due to microstructural changes, deposition of oxide and
carbide layer over workpiecewhich enhances the corrosion resistance ofmaterial and
porosity of material also increases which encourages ingrowth of tissue and trans-
portation of body fluid into it. Increases in surface roughness of elements increase the
surface area available for interaction with the bone so higher surface roughness (SR)
of biomaterial shows better bone fixation with it than smoother surfaces. In growth
of tissues is revealed with higher SR. The parametric study was performed, aiming
at increasing the SR of SS 316L for biomedical use and graphite as an electrode was
used. Effect of variation in Current (Id), pulse on time (Tp) and servo voltage (Vd)
on SR were studied. Taguchi method was used to evaluate maximum SR. ANOVA
was used to identify the most significant factor.

Keywords EDM · Biomedical · Graphite · SS 316L · SR · Taguchi

15.1 Introduction

EDM is used in manufacturing, automotive and aerospace industries for production
of complex geometries and finishing of parts [1]. Even nowadays some nonconduc-
tive material can also be machined for example zirconia and alumina but it requires
coating of conductive material over it to initiate sparking. Once the spark is initi-
ated hydrocarbon oil degenerates into hydrogen and carbon which helps in further
sparking and material gets removed. Material from workpiece is removed using
thermal energy by erosive effect. It is different from other traditional machining
techniques as it does not have physical contact between tool and workpiece which
eradicates many problem like chatter, vibration, mechanical stresses which reduces
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chances of tool failure [2] and even delicate parts can be easilymachined likewashing
machine agitators. It has wide application in production ofmould, dies [3, 4], medical
equipment, optical instruments, thin-walled separators in nuclear industry [5] and
sports equipment etc. EDM is replacing other traditional machining methods like
drilling, grinding, polishing and milling etc. [6]. Figure 15.1 shows important output
and input parameters of EDM. Figure 15.2 explains classification of spark erosion
machining.

In EDM as shown in Fig. 15.3 replica of tool is formed on workpiece. Material
from workpiece is removed using thermal energy produced by sparking between
workpiece and tool filled with dielectric fluid between them. EDM is mostly used
method for the production of close tolerance shapes, 3D complex shapes. Thermal
energy causes the vaporization of material from workpiece and material is removed.

Advantages of EDM machining are:

• Complicated shapes can easily be made by EDM machining.
• Elements with close tolerances can be manufacture by EDM
• Material with any hardness and toughness can be easily machined by EDM.
• As there is no contact between workpiece and tool so material can be machined

without any distortion.
• EDM machining is more suitable for delicate material which cannot take stress

of traditional machining methods.
• Mirror surface finish can also be obtained by EDM machining by introducing

powder additives in dielectric fluid.

Fig. 15.1 Important output and input parameters for the EDM process [7]
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Fig. 15.2 Classification of spark erosion machining [8]

• Due to chip formation in traditional machiningmethods burs are left onworkpiece
where as in EDM machining no burs are left on workpiece.

Generally, tool and workpiece are connected with positive and negative polarity
respectively where the tool behaves as cathode and workpiece as an anode. Dielec-
tric fluid is an electrically neutral liquid that has some dielectric constant. As the
dielectric fluid has some breakdown voltage therefore potential applied between tool
and workpiece should be greater than its breakdown voltage otherwise the current
will not flow between tool and workpiece. There is RC relaxation circuit in which
capacitance gets charged due to the supply of DC power voltage and after that, it gets
discharged. When the capacitor discharges its charge between tool and workpiece
with minimum resistance. The spark occurs between tool and workpiece which has
minimum resistance. There is a minimum resistance between the inter-electrode as
there is less gap between these electrodes.

A very large amount of potential is supplied between tool and workpiece when the
capacitor gets discharged after charging. An electric field is generated due to elec-
trostatic force which directs electrons from tool towards the workpiece. The electron
will move towards workpiece in dielectric fluid when the bond energy of electron is
less. Then electron travels with very high velocity and this velocity depends on the
potential which is supplied through the capacitor. The electron will move towards
the workpiece and collide with the molecules. This collision between them results
in the ionization of the molecules. The collision between electron and molecules
generates more positive ions and electrons due to which high concentration of these
ions between tool and workpiece within the minimum electrode gap takes place.
The positive ion moves in direction of the tool while electrons move towards the
workpiece which results in the sparking known as “Plasma Channel”.
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Fig. 15.3 ZNC 250 electric discharge machine

The electron collideswith theworkpiece at a very high velocity. The kinetic energy
of these electrons converts into thermal energy which removes the material from the
workpiece. Thismaterial is removed due to vaporization andmelting. The collision of
positively charged ions is also responsible for material removal but as there concen-
tration is very less so they result in very less material removal. The plasma channel
collapses when the supply of potential between tool and workpiece is stopped. The
pressure is generated which removes molten material from the workpiece.
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From last few years, to increase MRR, tool is given ultrasonic assisted vibration
and tool vibrates, it increases flushing away of debris fromworkpiecewhich increases
MRR and SR remains unaffected. Rotation of tool also increases the MRR. Some
appropriate powder additives in dielectric fluid are being used to improve SR and
decreases tool wear. Water as dielectric fluid is being used over other hydrocarbon
dielectric fluid for safe environment as decomposition of hydrocarbon oil releases
carbon monoxide and methane which is harmful for environment.

15.2 Research Background

Modification of surface for biomaterials is very important for improved surface
morphology. There are various techniques available for surface modification like
CVD, anodising, PVD and nitriding etc. but due to weak adhesion, bond cannot
sustain under repeated loading conditions in corrosive environment and these tech-
niques have become inefficient. Before these techniques coating is required i.e., grit
blasting and shot peening which results in increase of production cost [9]. EDM
has been recognized for Surface modification of biomaterials in recent years [10].
Elements machined by EDM shows good biocompatibility. Human osteoblast cell
reveals better cell proliferation when machined by EDM. EDM machined surface
requires no surface preparation as required by other techniques. Corrosion resistance
and hardness is improved when machined by EDM which is desirable for biomed-
ical implants. EDMmachined samples are preferable substances for MG-63 cells of
human osteoblast as per adhesion and growth is concerned [9, 11, 12].

Texture and nature of implant surface defines the behaviour of cells and tissue
[13]. More is the surface roughness of elements more is the surface area available for
interaction with the bone. Higher surface roughness of biomaterial shows better bone
fixation with it and in growth of tissues is revealed with higher surface roughness
[13–16]. Main aim of increasing surface roughness is to improve cellular activity.
Higher surface roughness obtained byEDMresults in deposition of oxide and carbide
layers on material which enhances adhesion and ingrowth of bone derived cells [17].
EDMmachined surfaces shows improved wear resistance [18, 19]. Porosity of EDM
machined surface is increased [20] which enhances the growth of mineralized tissue
into pore space which allows body fluid to be transported through interconnected
pores [21]. Deposition of oxide and carbide layer after EDM machining results
in increase of corrosion resistance and biocompatibility [9]. Table 15.1 explains
different types of biomaterials.

SS 316L is mostly used biomaterial as shown in Fig. 15.4 due to low cost, excel-
lent fabrication properties, high fatigue resistance, easy availability, good corrosion
resistance, high fracture toughness and good biocompatibility [22–24]. In stainless
steel 316L, L stands for low carbon percentage i.e., 0.03%. Table 15.2 shows SS
316L’s chemical composition. Graphite was used as tool for machining as shown in
Fig. 15.5. Graphite produces more carbide phases on EDMmachined surfaces which
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Table 15.1 Characteristics of metallic biomaterials (grades ranged from 5 excellent score, to 1,
poor score) [27]

Characteristics Stainless steel Co-based alloys Ti-based alloys

Machinability

Conventional 5 1 1

Advanced 5 3 3

Corrosion resistance 2 3 4

Biocompatibility 1 2 3

Wear resistance 2 2 1

Bioactivity 1 1 1

Fig. 15.4 Machined workpiece

Table 15.2 Chemical composition of stainless steel 316L [28]

Elements C Mg Si P S Cr Mo Ni N

Composition % Min – – – – – 16.0 2.0 10.0 –

Max 0.03 2.0 0.75 0.045 0.03 18.0 3.0 14.0 0.10

Fig. 15.5 Graphite electrode
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increases the corrosion resistance of workpiece. Graphite as electrode gives higher
surface roughness [25, 26].

Graphite is non-metal which is commonly used in industries as electrode for
EDM machining. Graphite has high melting point which makes it more stable than
other electrode material. It is comparatively cheaper than other electrodes. It has
low density and can be easily machined into desired shape of electrodes. Graphite
producesmore carbide phases on EDMmachined surfaces which increases corrosion
resistance of workpiece.

15.3 Research Methods

Whole work was carried out on ZNC-250 Electric Discharge Machine. Schematic
diagram of experimental setup is shown in Fig. 15.6. ZNC 250 die sinking EDMwas
used which has 3 axis x, y and z. Range of x, y and z axis is 250 mm, 250 mm and
200 mm respectively. It has maximum capacity of operating platform of 200 mm. It
has maximum processing speed of 200mm3/min. It consumes maximum power of
6 kW. The machine can hold workpiece of maximum of 200 kg and tool of 25 kg.

SR is a measure of texture of workpiece measured after machining was done. SR
is measured by Mitutoyo SURFTEST SJ-210 as shown in Fig. 15.7. SS 316L was
used with dimension 32× 32× 150 mm as work piece material. Graphite electrode
with dimension 20 × 20 × 100 mm was used as tool.

Surface roughness is measured by contact between Mitutoyo SURFTEST SJ-210
and workpiece. Technique used here for measuring surface roughness is post process
technique and measured by stylus profilometer which has diamond stylus tip. It is
moved overmachinedworkpiece and surface roughness ismeasured. This instrument

Fig. 15.6 Experimental setup
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Fig. 15.7 Mitutoyo SURFTEST SJ-210

uses differential inductance method for detection method. It has measuring range of
360µm (− 200µm to+ 160µm). Radius of tip is 5µm. Stylus is made of diamond.
Radius of skid curvature is 40 mm. Drive range of detector is 21 mm. Its least count
is 0.001 µm. Bottom configuration has V-shaped trough. The surface roughness is
measured by Mitutoyo SURFTEST SJ-210 and data stored in it can be recovered by
SPC, Printer or by inserting memory card in it. Here memory card has been used for
retrieval of data. Following steps has been performed for insertion of memory card
into it and for storing data in it as shown in Fig. 15.8.

In EDM Dielectric fluid use here is Divyol spark erosion oil—25. Machining has
to be carried out in absence of oxygen in order to avoid oxidation, when oxidation
occurs it leads to poor surface conductivity of workpiece and hinders the further
machining of workpiece. That’s why dielectric fluid is used as medium to have
oxygen free environment for machining. It should have enough sturdy dielectric
resistance so that is does not break down easily and while sparking it should be
thermally resistant. Most commonly used dielectric fluid are kerosine and deionised
water. Tap water can not be used as dielectric fluid as it ionises easily due to presence
of salts in it. Dielectric fluid flows over workpiece and tool and removes eroded
material from workpiece and helps in further efficient machining of workpiece.

SR has been calculated and examined using Taguchi byMinitab 18. Various steps
in Taguchi has been shown in Fig. 15.9. Orthogonal arrayminimizes number of trials,
so it is most effective as it handles number of variables and vast data. Three different
parameters i.e., Tp, Id and Vd are varied and their effect on SR has been studied and
design matrix for various parameters are shown in Table 15.3. L9 orthogonal array
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Fig. 15.8 a To insert memory card and b to store data perform following functions in instrument

Fig. 15.9 Flow chart for steps in Taguchi design
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Table 15.3 Design matrix S. No. Id Tp Vd

1 10 50 3

2 10 350 5

3 10 650 7

4 14 50 5

5 14 350 7

6 14 650 3

7 18 50 7

8 18 350 3

9 18 650 5

was selected for evaluating maximum SR. Larger the better option was selected.
ANOVA was used to identify most significant factor.

15.4 Result Discussion

Three parameters Tp, Id and Vd are varied and their effect has been studied. In
this study high range of parameters has been opted as the aim is to increase SR
of biomaterial stainless steel 316L for biomedical application. Here Toff has been
kept constant as with various study it was concluded that Toff has very less effect or
variation on SR. Here Toff taken was 40 µs. As high range of Tp and Id has been
opted which causes more material removal and more debris, so to provide sufficient
time for flushing away of eroded material Toff was selected so.

Table 15.4 shows experimental results of machined surface of SS 316L. Larger

Table 15.4 Design matrix

S. No. Independent parameters Response

Id (A) Tp (µs) Vd (V) SR (µm) S/N ratio

1 10 50 3 5.752 15.1964

2 10 350 5 10.061 20.0528

3 10 650 7 11.351 21.1007

4 14 50 5 8.055 18.1213

5 14 350 7 11.530 21.2366

6 14 650 3 13.960 22.8977

7 18 50 7 10.501 20.4246

8 18 350 3 14.277 23.0927

9 18 650 5 18.244 25.2224
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the better option was considered in Taguchi as the aimwas to increase SR of material
for biomedical use.

Main effect of plot for means graph has been obtained by Taguchi method by
software Minitab 18. Main effect plot for means reveals optimization of process
parameters at which one can get optimised result for response. Here SR is response
and current, pulse on time and servo voltage are factors and for optimization of results
higher the better has been chosen. Results of Fig. 15.10 reveals that maximum SR is
obtained at combination of parameter Id 18 A, Tp 650 µs and Vd 5 V.

Figure 15.11 shows how surface roughness is varied when there is increase in
parameters Id and Tp. Here as we can see in the graph when Tp increases from 50 to
650µs for Id 10 A there is increases in SR. similarly for Id 14 A and 18 A for increase
in Tp SR is increasing. This graph clearly shows that SR increases with increase in
Id and Tp.

In Fig. 15.12 interaction plot is shown between Vd and Tp. Here we can see how
graph for SR varies with these two parameters. When Vd increases from 3 to 7 V for
Tp 50 µs there is linear increase in SR. For Tp 350 µs SR initially decreases then
increases for increase in Vd from 3 to 7 V. For Tp 650 µs SR first increases from 3 to
5 V then it decreases from 5 to 7 V. It is concluded that increase in Tp SR. Whereas
for Vd SR increases from 3 to 5 V and then SR decreases from 5 to 7 V.

Figure 15.13 shows interaction plot between Id and Vd for SR. here for Id 14 A
SR increases for increase in Vd from 3 to 7 V. For Id 14 A SR initially deceases then
increases for Vd from 3 to 7 V. For Id 18 A, SR increases with increases in value of
Vd from 3 to 5 V and there is further decrease in SR with increase in value of Vd

from 5 to 7 V. From interaction plots shown above clearly states that SR increases
as Id and Tp increases, whereas with Vd initially SR increases then decreases.

SR plot for 3D surface shown in Figs. 15.14, 15.15 and 15.16 can be seen above.
It can be clearly seen that with increase of Tp and Id, SR. Surface roughness is highly
influenced by Tp and then Id. Vd has very less effect on SR. Only slight change on

Fig. 15.10 Main effect plot for means of SR
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Fig. 15.11 Interaction plot for SR between Id and Tp
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Fig. 15.12 Interaction plot for SR between Tp and Vd

SR can be seen due to change in Vd. From literature survey it was observed that Tp

and Id highly affects SR and increases in value of these parameters increases SR.
That’s why high value of these parameters was chosen as the main aim of this study
was to increase SR which is beneficial for biomedical implants. Maximum surface
roughness has been obtained at peak value of Tp 650 µs, peak value of Id 18 A and
5 V Vd.

From Table 15.5 it was observed that as Tp and Id increases SR increases. Increase
in Vd results in increase of SR but further increase in Vd leads to decrease of SR.

From Table 15.6, it was observed that Tp and Id has p value less than 0.05 which
shows that these two factors are significant and affects the response i.e. SR. Whereas
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Fig. 15.13 Interaction plot for SR between Id and Vd

Fig. 15.14 3D surface graph
for SR between Id and Tp
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Vd has p value which is greater than 0.05 which shows that Vd is not significant
factor and it does effect response much i.e. SR. Tp is most significant factor followed
by Id. Vd has least effect on SR. As Id increases, supplied energy between tool and
workpiece also increases which results in larger crater size of machined workpiece
higher is the value of Id more is the SR. When Tp is increased, supply of energy
duration is increased. Hence energy is supplied for longer duration more material is
melted and crater size produced is large in size and results in increase of SR. Increase
of SR is higher with Tp than Id. Effect of Vd on SR is not significant as change of Vd

has lesser effect on SR.
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Fig. 15.15 3D surface graph
for SR between Id and Vd

Fig. 15.16 3D surface graph
for SR between Tp and Vd

Table 15.5 Rank table for
S/N ratio and control
machining parameters for SR

Level Id Tp Vd

1 18.78 17.91 20.40

2 20.75 21.46 21.13

3 22.91 23.07 20.92

Delta 4.13 5.16 0.74

Rank 2 1 3
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Table 15.6 Rank table for S/N ratio and control machining parameters for SR

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

Id 2 42.445 21.2226 74.78 0.013

Tp 2 62.575 31.2873 110.24 0.009

Vd 2 1.651 0.8255 2.91 0.256

Error 2 0.568 0.2838

Total 8 107.238

15.5 Conclusion

Following conclusions were drawn from experimental results.

• For SR Tp and Id are most significant factors. Out of which Tp has more effect on
SR than Id.

• With increases in Tp from 50 to 650 µs SR also increases because as Tp increases
energy supplied duration increases which results in crater of larger size on
workpiece and hence SR is increased.

• Similarly as Id increases from 10 to 18 A SR increases. As Id is increased energy
supplied is increased which causes higher temperature and larger crater size and
hence SR is increased.

• Vd does not have significant influence over SR, change in Vd has very less effect
on SR. As Vd is increased from 3 to 5 V, there is slight increase in SR. As it further
increase to 7 V, there is slight decrease in SR.

• Maximum SR 18.244 µm is observed at set of parameters Tp 650 µs, Id 18 A and
Vd 5 V.
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Chapter 16
Optimization of Direct Slicing Process
Using DICOMS for Additive
Manufacturing

Ujjwala Singh Thakur, Vivek Kumar Gupta, Ankit Nayak,
and Prashant Kumar Jain

Abstract In this article, processing of Computed Tomography (CT) scan data using
the principle of direct slicing is discussed. Various segmentation algorithms are
compared for fetching the region of interest. Otsu thresholding automates the selec-
tion of global threshold value than any intermediate thresholding algorithm and hence
it is used for segmentation in presented research work. Further respected contour has
been created by selecting the most optimum edge detection technique out of Sobel,
Robert, Prewitt and Canny. Canny edge detection produces more sharper edges.
Thus, an improvised algorithm of Canny is used which is also relevant for preserva-
tion of weak edges. The contour is compared to its Standard Tessellation Language
(STL) file, generated in MIMICS software. The coordinates of the two models are
superimposed at a given slice height and compared for the deviation of sliced area
and perimeter of the two models. Results show that an improvised method of direct
slicing with accurate segmentation and edge detection techniques can obtain the
precise sections, improve the part’s shape and maintain the outward direction of
normal and can therefore overcome the inadequacies of the STL.
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16.1 Introduction

Additive Manufacturing (AM) is a process of layer by layer deposition of material to
fabricate a 3D object. Unlike to subtractivemanufacturing, AMprocess fabricates the
object from Computer Aided Design (CAD) model of defined geometry without use
of specific tooling. The capability to fabricate parts with offers the cost saving unlike
time-consuming conventional manufacturing processes like machining, casting etc.
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The AM system manufactures parts of good quality in minimal overall time. The
manufacturing world has witnessed its evolution since last three decades. Earlier,
AM process was only used for prototyping purpose, popularly known as Rapid
Prototyping (RP). Nowadays, AM has been adopted by many industries to make
functional products to reduce the product development cycle time.

Design of CAD model is one of the main prerequisites step of AM process.
CAD model of required geometry which is to be fabricated are modelled using
CAD software packages such as Solid Works, Pro/Engineer, and Catia. This step is
indistinguishable for all the AM process.

In this step, design of model is done in CAD software and is converted into
Standard Tessellation Language (STL) file format. The STL file format converts
CAD model into triangulated surface data. In AM process, STL file format become
de-facto standard file format which was accepted commonly.

The generated STL file is exported to software which it is sliced into layers to
get contour information. In accordance of basic principle of AM process any model
fabricated layer by layer manner, hence it is necessary to slice the model into layer.
Various open source software available online such as Flash Print, Slicer, Replicator-
G, and RepRap, etc. that slices the given model. Software not only provides contour
information but also set values of different process parameters to get good surface
finish as well as strength.

Standard Tessellation Language (STL) is considered as a de-facto standard for the
Additive Manufacturing (AM) industry. However, aiming at the errors [1] with STL,
alternatives are proposed for input to AM systems. Direct slicing aims at slicing
the Computer Aided Design (CAD) model directly and transferring the resultant
contours to the RP process. This method overcomes all the drawbacks while using
an intermediate tessellation in addition to reduced processing time. CT Scans are
emerging as popular sliced contours due to its well-known connectivity and used
extensively in medical imaging and 3D modeling and virtual prototyping as well.

Direct Slicing can generate precise sliced contours [2] from original CADmodels
and obviates the error-detection and repairing process of STL files. Segmentation and
Edge Detection is applied on the CT-Scans [3] to generate the region of interest after
which the boundaries of ROI is detected. This iteration continues for the subsequent
layers once the contour of one layer is defined. The 3Dmodel is printed by assigning
the contours as a tool path.

Medical image segmentation [4] is a procedure for extracting the “Region of
Interest” through an automatic or semi-automatic process.Most techniques are based
on region and boundary properties. Thresholding [5] is one such technique in which
image is formed from regions with respective pixel value. It comprises a value in
histogram that divides intensities in two parts. The first part is the “foreground”
having pixels with intensities greater than or equal to the threshold and the latter is
the “background” having pixels with intensities less than the threshold. However,
it does not take into account the spatial information of the image which leads to
noise and intensities in inhomogeneities. Otsu method is another technique which
is proposed to automate the selection of threshold value. The goal is to find an
optimum value of global thresholding. It chooses the threshold to minimize the intra
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class variance of black and white cluster pixels. The threshold value that maximizes
the between class variance is chosen to be the optimal threshold.

Once the region of interest is selected, edge detection [6] is done to form the bound-
aries of the objects where the edge separates between the objects and the background,
overlapping objects. Many edge detection methods [6] like the Sobel, Prewitt and
Canny are proposed in the literature. Canny operator generates equally good edges
with smooth continuous pixels and thin edge compared with other operators which
cannot produce smooth and thin edges.

The need for reconstructing the 3D geometry by stacking up the DICOMS has
always been essential for the biomedical applications. Surgeries are done to remove
the cancerous area of bone in bone cancer. If the cancer is near a joint, then the whole
joint has to be removed and replaced with an artificial one. An implant generally
called as prosthesis is assembled generally in the knee joint assembly or the hip point
assembly. The correct implant is designed by the accurately choosing the region and
describing its boundary in the corresponding slices. However, since the whole joint
is removed, the CT-scan of that area will be missing. One method to resolve the issue
is to patch the surfaces homogenously but accuracy is severely affected. Therefore, a
much better alternative is to interpolate the contours in the missing region. Accurate
interpolation leads to the exact reconstruction of the implant.

16.2 Direct Slicing

The CAD model is sliced directly, and the resultant contours are transferred to the
Additive manufacturing process. This process can be used as an alternative to inter-
mediary tessellation files. Rapid prototyping models are widely used for a variety
of applications. It is essential to maintain the integrity of the product throughout its
manufacturing. The requirement of the RPmodels for engineering applications along
with the need for model integrity demands a satisfactory method of defining RP data.
This method should be capable in overcoming the disadvantages of tessellation. The
significance of direct slicing can be seen in producing cylindrical shapes. It takes
less processing time than the tessellation and has smaller file size. It performs better
in obtaining smooth surface geometry and takes less time than the manual finishing.

16.3 Adaptive Slicing

The Direct slicing method overcomes the disadvantages of ST. However, it is ineffi-
cient in slicing themodelwith varying curvatures in horizontal and vertical directions.
One solution to this problem is the adaptive slicing or slicing method for varying
thickness. Various studies have been donewith faceted surfaces for parametrizing the
cusp height to slice STL files. Somemethods are developed to determine the variable
thickness using optimization. An algorithm is developed to design an adaptive slicing
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procedure for a parametric surface. In this process the thickness is calculated on the
basis of maximum vertical curvatures at different points. The Marching algorithm is
also developed for the adaptive slicing of STL files.

16.4 Implementation of Direct Slicing

Several procedures are used for slicing a solid model. The specifications about the
part’s highest and lowest point have to provide in the beginning of slicing algorithm.
The lowest Z coordinate of the part is the bottom and the highest Z coordinate is the
top, when the slicing is done is Z direction. The tags of the slices are put together,
and the function is called consecutively for slicing of the part. The program also
includes an adaptive slicing procedure.

It depends on the alteration of parts. If the section of a part does not undergo any
change in an interval, the layer thickness is modified to maximum layer thickness
which is input parameter. This parameter is not taken into account in case adaptive
slicing is not desired. The section is disregarded if it has the same geometry as
the section corresponding to the standard layer thickness. The section is added to
the assembly of sheet if it is equal to the section corresponding to maximum layer
thickness. The sectioning takes place halfwaybetween the standard and themaximum
layer thickness and a middle section is created if it is not equal.

16.5 Proposed Algorithm

Direct Slicing produces accurate slice contours from original CADmodels. Segmen-
tation andEdgeDetection is applied on theCT-Scans to generate the region of interest
after which the boundaries of ROI are detected. This iteration continues for the subse-
quent layers once the contour of one layer is created. The 3d model is printed by
assigning the contours as a tool path.

Image segmentation is extracting the “Region of Interest” through an automatic
or semi-automatic process. Most techniques are based on the properties of region
and boundary. Thresholding is a technique in which image is formed from regions
with different values of gray level. It consists of a particular value from the intensity
sample data that divides intensities in two parts. The former division is usually the
“main or the front portion” having pixels whose intensities are equal to or greater
than the threshold and the latter portion is the “background” which consists of the
remaining pixels. However, it does not take into account the spatial information of
the image which can lead to noise and in homogeneities. Otsu method is another
technique which automates the selection of threshold value. The goal is to find an
optimum value of global thresholding. It is assumed that an image has two-pixel
classes. It chooses the threshold to minimize the intra class variance of black and
white cluster pixels. Optimal threshold value maximizes the between class variance.
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Once the region of interest is selected, edge detection is done to form the bound-
aries of the objects where the edge separates the objects from its background. Many
algorithms like the Sobel, Prewitt and Canny are proposed in the literature. Canny
operator generates smooth and thin edges with continuous pixels compared with
other operators which cannot produce smooth and thin edges.

In this paper, region comprising the spongial bone in the CT scan are fetched
using two different algorithms. The image obtained after the processes are compared
to the actual image which is derived from MIMICS. The two images are overlapped
over each other in MATLAB and the overlapping area and perimeter in percentage
is calculated and compared for accuracy.

There are two algorithms, developed for the synthesis of images which are as
follows:

16.6 Manual Thresholding

In this algorithm, the range of the region of interest has to be provided in Hounsfield
units by the user through an open interface. Once the range is obtained, the algorithm
performs the thresholding operation by screening the pixels which falls into the range
and discards the remaining area. The screened pixels are stored in a matrix. Once
the thresholding is done, edge detection is performed for getting the boundary. The
perimeter of the binary image is fetched using the BWPERI command in MATLAB.
Thus, the object with its boundary is obtained and converted as a spatial figure in
MATLAB and its coordinates are saved as shown in Fig. 16.1.

Fig. 16.1 Flowchart for the
manual thresholding
operation

Start

Load the image

Input the ROI,range from the user

Local Thresholding

Edge detection using bwperi()

End



236 U. S. Thakur et al.

Fig. 16.2 Flowchart for
Otsu thresholding algorithm Start

Load the Image,
input ROI range from user

Perform Otsu Thresholding

Perform Canny Edge Detection

End

16.7 Otsu Thresholding

In this algorithm, Otsu thresholding with n levels are used initially for segmenta-
tion. Canny operator is then used for the edge detection as shown in Fig. 16.2. The
coordinates of the obtained image are saved in another matrix for further use.

16.8 Improved Otsu Thresholding with Improvised Canny
Algorithm

In this algorithm, an improved Otsu threshold segmentation method [7] is proposed
to get better region of interest. Firstly, multithresh command is used to automate
the value of thresholds. It segments the image into N levels by Otsu thresholding
method. Each level contains the pixels which lie between threshold limits. Once the
level that contains the region of interest is selected by the user, contour density is
calculated for that corresponding image. If number of contours in the image exceeds
a limit, it may be difficult to get the accurate region of interest since the unwanted
regions are included. Hence, further segmentation is done using multithresh and the
iteration is continued for two levels. This process provides the image with accurate
region of interest.

An improvised version of canny edge detection [8] is used to get the contour. The
image initially is noised with a salt and pepper [9] and decomposed to 2D wavelet
transformation, whereby soft thresholding is done to filter and smoothen of the noise.
The inverse of wavelet decomposition is then done to restore the original image with
region of interest. Canny operation is performed in the obtained image. Thus, the
boundary differentiating the object is finally achieved as shown in Fig. 16.3. The
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Start

Input the image and add noise.

Perform Otsu Thresholding

Check for Contour density(Number of contours>10)

Multithresh  to the segmented image.

2D Wavelet Decomposition.

Thresholding 

Inverse 2D wavelet Decomposition

Perform Canny 

End

Fig. 16.3 Flowchart for Improved Otsu and improved Canny algorithm

figure is converted as a spatial figure in MATLAB software and its coordinates are
stored.

16.9 Flowchart of Operations

The flowchart and processes for completing each module is specified in Figs. 16.1,
16.2 and 16.3.

16.10 Experimentation

The images generated by the three processes are generated in MATLAB and stored
with their coordinates in matrix respectively. The original region of spongier and
compact bone of theCT scan is generated by creating amask inmimics [10] software.
The masked image is imported in MATLAB and is stored as a spatial figure and
its coordinates are saved. Each of the figures generated by the above process is
overlapped with the masked image and coordinates are grouped as coinciding or
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Fig. 16.4 Region of compact and spongial bone in DICOM image in MIMICS

distinguishing. Thus, percentage of overlapping area and perimeter are calculated
(Figs. 16.4, 16.5, 16.6 and 16.7).

16.11 Development of Intermediate Planar Contour
and Applications

To view a 3D object from several cross sections, various approaches were made
using different interpolation techniques. There were some surface based theories
proposed for the interpolation. The surface-based approach is detecting two dimen-
sional contours that describe the edges of the interested object on a slice by slice
basis. One surface-based method is to interpolate the cardinal splines when the B
Spline represents the cross section. In this way, a surface is reconstructed by lofting
method. In the cuberille based approach the representation of an object is by creating
a subset of the set of all voxels and representation of the surface is by the set of
directed faces which separate voxels in the object from voxels in the back- ground.
The surface representations are obtained by joining the boundaries by planar surface
elements. As shown in Fig. 16.8. The triangulation process creates a collection of
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(a) (b) (c)

(d) (e) (f)

Fig. 16.5 a Cropped image of bone, b ROI of image, c edge detection of image, d original image
for Otsu and Canny method, e Otsu thresholding, f Canny boundary

(a) (b)

Fig. 16.6 a Simple thresholding, b Bwperi edge detection (images generated in MATLAB)

triangular patches between the pairs of contours so that the union is a closed bounding
surface. It is a good approximation to the original surface.

Intermediate contours are created to achieve the interpolation between the
contours of two slices. Linear interpolation is used to satisfy equal slice thickness and
pixel size. The basic idea of the interpolation is to specify the plane height between
the slices where the contours are desired. Once the plane is specified and described,
the next objective is to interpolate the voxels on the basis of successive slice data.

The need for the reconstructing the 3D geometry by stacking up the DICOMS
have always been essential for the biomedical applications. In bone cancer, Surgeries
are done remove the cancerous area of bone. If the cancer is near a joint, then the
whole jointmust be removed and replacedwith an artificial one.An implant generally
called as prosthesis is assembled generally in the knee joint assembly or the hip point
assembly. The correct implant is designed by the accurately choosing the region and
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(a) 

(f)(e)(d) 

(c)(b)

Fig. 16.7 a Image with salt and pepper noise, b Otsu thresholding, c number of blobs/contours,
d multi thresholding, e wavelet decomposition and inverse wavelet decomposition, f Canny edge
detection

Fig. 16.8 Contours in slice by slice basis

describing its boundary in the corresponding slices. However, since the whole joint
is removed, the CT scan of that area will be missing. One method to resolve the issue
is to patch the surfaces homogenously but accuracy is severely affected. Therefore, a
much better alternative is to interpolate the contours in the missing region. Accurate
interpolation leads to the exact reconstruction of the implant.

The treatment ofmandible bone in case of jaw tumor treatment faces a very similar
kind of problem. The jaw of a side is affected with tumor and has to be removed and
reconstructed. Thereweremany alternatives proposed initially for the reconstruction.
The most popular option was to mirror the part of the non-defective side to the other
side, using the CT-scans and create the whole jaw implant with at most symmetry.
However, human body is not fully symmetrical and hence a mismatch is bound
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(a) (c)(b)

Fig. 16.9 a Start contour/slice no 132, b intermediate contour/slice no 180, c goal contour/slice no
189

to happen. Therefore, interpolating the portion which was removed along with the
tumor and then designing the implant results in better accuracy.

Two successive CT-scans of the femur bone region bone (226-1613 HU) were
opened and read in MATLAB software. Our main interest was the region of the
femur bone portion out of muscle, soft tissue, and bone marrow. The CT-scan was
divided into 10 levels of thresholds using Otsu operator and that level is chosen
which consists the threshold of the bone region. Canny operator was used to perform
edge segmentation. The CT-scans were also processed in MIMICS software to fetch
the bone area and imported to MATLAB and the coordinates of each contour of the
corresponding slice were stored (Fig. 16.9).

16.12 Experimentation

Two successive slices are firstly processed to obtain the contours. A particular region
of interest is selected using the Otsu segmentation. A modified canny edge detection
is applied for creating the contours. The coordinates of contours are stored in the
matrix. Once the slice height, slice number and slice thickness are specified, an
intermediate height between two consecutive slices can be chosen. The algorithm
for developing the contour is explained through the flow chart and the formulations
are explained in Fig. 16.10.

A 3-D object is created by stacking all the contours. The model used to perform
the interpolation between the start contour and goal contours. The contours points
obtained from slices are sorted by head to tail method in an orderly fashion.
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Fig. 16.10 Flow chart
Use of Dynamic Elastic 

Interpolation Model

Distance between a Vertex and a 
Line Segment 

Obtaining the  Displacement 
Vectors

Determine the force field

Using the Iterative Method for 
Generating  Intermediate 

Contours

Obtaining Intermediate Contours 
as final result

16.13 Design

Now the interpolation is divided into four main steps:

• Overlapping the two contours and for each vertex in one contour the nearest line
segment in another contour is determined based on Euclidean distance. Once the
nearest distance is calculated, the orientation dissimilarity is calculated, and the
total distance is thus calculated by combining positional difference and directional
similarity.

• Determining the Displacement vector.
• Determining a “force field” based on the displacement vectors of the two contours.
• Formulate an iterative process to generate the intermediate contours from the start

contour to the goal contour.
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Fig. 16.11 Obtained result a generation of intermediate contour, b overlapping of intermediate
contour with the original image

16.14 Analysis

The intermediate contour was created using the algorithm mentioned previously.
The coordinates of the newly formed contour are saved in a matrix. The contour
was compared with the original contours obtained from the slices that lie between
these two contours for the similarity in orientation and it matched with the contour
number—at a height between—from the initial contour. Moreover, the contour we
obtained from the interpolation had a flexible centroid i.e. it can be shifted. The
contour was overlapped with the contour of the image it resembled the most. In this
case it resembled with Number. The percentage of area and perimeter overlapped
with each other was calculated and the number of coordinates identical to each other
was calculated (Fig. 16.11).

16.15 Results

The images obtained from the three algorithms, were overlapped respectively with
the masked STL image derived fromMIMICS. The overlapping area and the number
of identical coordinates were calculated respectively. It was found that an improved
Otsu and canny method was closest to the actual region of interest compared to the
conventional segmentation and edgedetection techniques (Table 16.1 andFig. 16.12).

It was observed that 91.2% of the area was overlapped with the original image
showing the similarity between the actual image and the generated image was large
and the interpolation estimated the original contour with greater accuracy. The start
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Table 16.1 Compressional study of area developed in three algorithms

S. No. Method Percentage overlapping area Percentage overlapping
perimeter

1. Simple thresholding and
perimeter

73.0091 16.534

2. Otsu and Canny method 74.0862 8.6514

3. Improvised Otsu and
improved edge detection

82.0091 9.16

Fig. 16.12 Obtained result a overlapped area simple thresholding (green)with original image (red),
b overlapped area in Otsu (green) in original image (red)

and the goal image have greater number of coordinates points compared to their
original contours. Large coordinate points give refined image. Moreover, only the
start and the goal contour are only needed to fill the hole region or generating the
intermediate contours. Once the contours are generated, patching can be used to
visualize as 3D model. Step size is used here to create the contours at user input
heights. Step size can also be controlled to give the smoother images (Fig. 16.13).

Fig. 16.13 a Interpolated contour and its actual image, b actual image
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16.16 Discussion

Direct Slicing can generate precise slice contours from original CAD models and
obviates the error-detection and repairing process of STL files. Segmentation and
Edge Detection is applied on the CT-Scans to generate the region of interest after
which the boundaries of ROI is detected. This iteration continues for the subsequent
layers once the contour of one layer is defined. The 3d model is printed by assigning
the contours as a tool path.

In this research work, contours from CT scans are developed, using the principle
of direct slicing. Various algorithms are compared for fetching the region of interest
and the boundary. Otsu thresholding automates the selection of global threshold
value than any intermediate thresholding algorithm and hence an algorithm of its
improvised version is used for segmentation. Further extraction of contour is done
by selecting themost optimum edge detection technique out of Sobel, Robert, Prewitt
and Canny. Canny edge detection produces sharper edges. Thus, an improvised
algorithm of Canny is also used along with the Modified Otsu-Wavelet method.

The designed contour is compared to its STL [11–13], generated inMIMICS. The
coordinates of the two images are superimposed at a given slice height and compared
for the deviation of sliced area and perimeter of the two overlapped images. Results
show that an improvised method of direct slicing with accurate segmentation and
edgedetection techniques canobtain the precise area, improve the shape and therefore
overcome the inadequacies of the STL.

16.17 Conclusions

Advanced Segmentation techniques have been used lately to fetch the accurate region
of interest. Algorithms are improvised byminimizing its drawbacks and inefficiency.
Otsu, which is an automatic local thresholding, can be improvised by implementing
condition of contour density prior to its application.

Canny edge detection, which is sensitive to the noise, can give better results when
image is denoised completely. In this paper, an attempt to improvise the existing
algorithm by rectifying its error was shown. In future, accurate methods can be
proposed as a permanent solution to resolve the defects.
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Chapter 17
Fatigue Analysis of FRP Laminate
Composites

Nitin Johri and Bhaskar Chandra Kandpal

Abstract Fiber reinforced polymer (FRP) laminate composites display anisotropic
behaviour on account of alternating phases of fiber and matrix in suitable weight
fractions. Recent research has focussed on structural analysis of these composites
pertaining to various strengths like tensile, compressive, flexural etc. This paper
attempts to estimate fatigue life of these laminated composites on account of fatigue
damage calculation using “Miner’s Rule”. Modelling of laminated composites is
done inAnsys®Workbench (ACP) as per requiredweight/volume fraction. The struc-
tural response of modelled laminate is done by “Random Vibration Analysis” which
utilises the standard deviation (1σ) of a stress, force or displacement to determine
fatigue life of the laminated structure. The effect of fiber orientation and thickness
of lamina is analyzed on fatigue life of epoxy E-glass laminated composite.

Keywords Fatigue · Standard deviation · FRP · Fiber orientation ·Miner’s rule

17.1 Introduction

Degradation of a material’s mechanical properties or a mechanical component
subjected to cyclic/intermittent loading is known as fatigue. Analyzing fatigue
behaviour of laminated composites is of vital importance. Application of composite
materials for commercial means may involve situations involving cyclic load widely,
e.g., parts utilized in automobile, mass transit, and heavy vehicles. Comprehending
the fatigue behaviour of laminated composites as compared to the determination
of elastic stiffness or strength is rather difficult as the application of conventional
fatigue approaches, like linear elastic fracture mechanics approach or stress versus
cycles curve for laminated composites is not as straightforward. Presence of inherent
heterogeneity and anisotropic nature in composites, being the primary reason for this
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complexity. This result in different damage in composites on account of fatigue as
compared to conventional materials.

Different damage modes characterizing fracture behaviour of composites with an
early onset in fatigue life are fiber fracture, interfacial debonding and delamination,
brittle matrix cracking, polymeric matrix crazing, matrix plasticity, multidirectional
cracking and void growth. This leads to gradual stiffness loss during fatigue deterio-
ration of a composite laminate. Varying zones of damage [1] formed in a fiber rein-
forced composite which behaves as anisotropic material and a conventional isotropic
material on comparison are shown in Figs. 17.1 and 17.2, respectively.

Fig. 17.1 Laminated FRP composite material damage zone: a fiber breakage and localized
debonding;bmatrix crack formation; c principal crack deflection along aweakfiber/matrix interface
[1]

Fig. 17.2 Conventional
(isotropic) material damage
zone [1]
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In case of the isotropic material, the cyclic loading results in initiation of a
single crack propagating in a direction transverse to the axis of cyclic loading
(mode I) whereas in the fiber reinforced composite (FRP) laminates, various damage
mechanisms being subcritical (as shown) leads to a damage zone which is highly
diffuse.

Various composite failure modes like delamination, fiber fracture, longitudinal
and transverse matrix on account of being subjected to cyclic loading are visible in
Fig. 17.3 on account of loading in a longitudinal and cross-ply laminated composite.
The fracture of fiber and matrix accompanied by shear crack growth are seen in
Fig. 17.4.

Fig. 17.3 Composite behaviour under cyclic loading [2]

Fig. 17.4 Crack growth in composites subjected to fatigue loads [3]
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A relative comparison of various composite failure modes like fiber fracture,
delamination, matrix cracking and debonding in terms of stress amplitude versus
cycle curve is seen in Fig. 17.5. This implies the fiber fracture being least affected,
whereas fiber-matrix debonding being highly affected by fatigue loads.

Fiber orientation effect on fatigue failure in cross-ply roving and woven roving
polymer composites is seen in Fig. 17.6. This emphasizes on highest fatigue resis-
tance by longitudinal (0°) fibers in comparison to other fibers. Figure 17.7, illus-
trates a relative comparison of fiber volume fraction effect on fatigue damage in

Fig. 17.5 Relative stress amplitude vs cycles curve for fatigue damage modes [3]

Fig. 17.6 Effect of fiber
orientation on fatigue
damage in polymer
composites [3]

Fig. 17.7 Effect of fiber
volume fraction on fatigue
damage in polymer
composites [3]
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polymer composites, emphasizing reduced fatigue damage on account of increased
fiber content.Various failuremechanisms likematrix cracking, interfacial debonding,
delamination and fiber fracture in terms of percentage of fatigue life are shown in
Fig. 17.8. Reduction in fatigue limit strain with increase in fiber orientation from 0°
to 90° is shown in Fig. 17.9.

Fig. 17.8 Fatigue damage growth in a composite laminate under translaminar loading [4]

Fig. 17.9 Fiber orientation effect on fatigue limit strain [2]
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17.2 Research Background

Ansari et al. [5], explored the effects of various parameters like fiber volume fraction,
fiber orientation, fiber type etc. on the fatigue response of fiber-reinforced compos-
ites. In composite materials, the various types of fatigue damages are initiated on
account of initiation of multiple micro-cracks in the initial stages of the fatigue
growth. Fatigue strength is seen to increase with increasing fiber volume fraction
till a certain level and then starts decreasing due to insufficient resin to grip the
fibers. Fatigue behaviour of laminated composites is based on various factors, e.g.,
constituent materials, manufacturing process, fiber orientation, and type of loading.
Degrieck and Van Paepegem [6], reviewed major fatigue patterns and methodology
for life expectancy for fiber-reinforced polymer (FRP) composites subject to fatigue
loads is presented. Samples are classified into three main categories: fatigue life
models using SN curves and Goodman-type diagrams that take into account the
actual attenuation mechanism, with the onset of some fatigue failure criteria, using
one ormore loss variables.Making progressive damagemodels related tomeasurable
standards and damage—phenomenological model using transverse matrix cracks,
contamination magnitude, etc. and finally residual hardness/strength. Kumar [7],
calculated fatigue life of the components exposed to the sinusoidal periodic vibra-
tion using random vibration analysis, so that the damage content is analyzed by
multiplying the stress amplitude of each cycle in the harmonic analysis by the actual
number of cycles components experience in service. The miner’s rule is seen to
provide a very good assessment considering the complex evaluation of fatigue life
in the random process. Irvine [8], utilized band pass filtering method to perform the
power spectral density calculation in terms of (G2/Hz) for the calculation of power
spectral density functions, which can be used appropriately in random vibration
analysis.

Belmonte et al. [9], investigated the effect of volume fraction of fiber on the fatigue
deteriorationmechanism in a small glass fiber reinforced polyamide composite. Tests
for uniaxial fatigue were performed with different fiber content on the notched spec-
imens. Field emission scanning electron microscopy has been performed for damage
investigation.Mortazavian and Fatemi [10], assessed themean stress effect on fatigue
behaviour of two small glass fibers reinforced thermoplastic composites and stress
concentration effect on the fatigue behaviour of an unreinforced and small glass fiber
reinforced thermoplastics by experimental study. Several mean pressure parameters
have been used to evaluate the ability to interact with average pressure data, including
the revised Goodman,Walker, and Smith-Watson-Topper evaluation. Significance of
effect of stress concentration was seen to be high with or without application of pres-
sure in longitudinal as well as transverse directions. Vasiukov et al. [11], developed
a method involving direct computation of life estimation for fiber reinforced poly-
mers (FRP). This follows simplified direct method (SDM) approach, which allows
estimation of life from a stabilized damage condition. Experimental verification of
the method with different load ratios on standard fiberglass, angle ply and cross ply
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laminate plates with fatigue loads was done. The effects of tension and compres-
sion load types and applied mean stress and quasi-static stress in testing of fatigue
on damage mechanisms and mechanical behaviour in unidirectional carbon/epoxy
laminates were studied in Brunbauer and Pinter [12], in addition with effect of fiber
volume content.

Effect of fiber volume fraction on fatigue behaviour of carbon/epoxy laminate is
investigated in Brunbauer et al. [13]. Unidirectional carbon/epoxy fiber and epoxy
resin samples with varying fiber volume fractions were tested under tension-tension
and quasi-static tensile fatigue loads. The results confirm the increase in strength
and stiffness with increasing fiber content. The fatigue life of glass-fiber reinforced
plastic (GFRP) used in wind turbine rotor blades is estimated by considering the
fiber orientations in Huh et al. [14]. Fatigue limits were estimated and predicted for
composites with linear Goodman and Gerber diagrams. The fatigue behaviour of
GFRP alloys produced by the vacuum bagging process is evaluated by changing the
fiber volume fraction by Mini et al. [15]. The constant-amplitude flexural fatigue
tests were performed at zero mean stress, by variation in the frequency of the test
machine.

The fatigue behaviour of various fiber reinforced polymer composites comprising
fibers such as carbon, glass and basalt fibers, including hybrid such as carbon/glass
and carbon/basalt is studied in Wu et al. [16]. Results suggest that progressive
damage propagation can lead to fatigue failure of composites and that hybrid alloys
of carbon/basalt significantly improve fatigue resistance compared to homogeneous
basalt composites. Suppressed matrix cracking and a low crack propagation rate
were observed in the hybrid-epoxy matrix, resulting on account of various tough-
ening micro mechanisms induced by both rubber micro particles and silica nano
particles. These factors are thought to contribute to a better fatigue life using the
GFRP composite hybrid-epoxy matrix in Manjunatha et al. [17].

Fiber orientation distribution effect on the thickness of the specimen in deter-
mining the fatigue resistance of small glass fiber reinforced polyamide composites
was investigated in Bernasconi et al. [18]. Stinchcomb and Bakis [19], presented the
mechanics of stress redistribution on account of structural damage in the context of
experimental evidence. The fatigue behaviour of many composite material systems
in terms of strength, stiffness and life of composite laminates, both notched and
without notch under different loading modes, are discussed.

The literature reviewed has largely focussed on damage assessment due to fatigue
failure resulting due to cyclic repetitive loads. The vibrations caused due to lack of
straightforward cyclic repetition can also lead to these types of failure and requires
further research.

17.3 Research Methods

Fatigue analysis of a laminated composite Epoxy E-Glass with unidirectional fibers
with a fiber volume fraction of around 50% is attempted with E-Glass fibers
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as reinforcement and Resin Epoxy as matrix of Fiber reinforced polymer (FRP)
composite. The methodology comprises of: creating composite tensile specimens
with different ply thickness and ply orientation configurations (as per Table 17.1) in
Ansys Workbench®, importing Composite model into modal analysis, finding mode
shapes, applying boundary conditions and finally determining the fatigue behaviour
of composite tensile specimen.

Modelling of a tensile test specimen as shown in (Fig. 17.10), is done using design
modeller of Ansys Workbench®. Meshing of specimen is done taking ‘Quadrilateral
Elements’ with an element size of 2 mm (Fig. 17.11). In setup mode of Ansys
Composite Prepost (ACP)module, for a laminate for a constant thickness of 3mm, the
fabric for lamina is defined as “EpoxyE-GlassUD”with ply thickness as stipulated in
(Table 17.1). Solid model (Fig. 17.12) of laminate is made by proper configuration
of laminates as per the specified ply thickness and orientation. Fatigue Analysis

Table 17.1 Fatigue analysis of fiber reinforced polymer composite laminate

Ply orientation (all
plies)

Ply thickness =
0.1 mm (30 plies)

Ply thickness =
0.3 mm (10 plies)

Ply thickness =
0.5 mm (6 plies)

Fatigue life (days) Fatigue life (days) Fatigue life (days)

0 6.84 6.85 6.86

30 0 0 0

0/30 0.01 0.01 0.01

30/0 0.01 0.01 0.01

45 0 0 0

0/45 2.4 2.76 3.13

45/0 2.4 2.76 3.13

60 0.12 0.12 0.12

0/60 2.1 2.43 2.78

60/0 2.1 2.43 2.78

90 191.6 191.09 190.1

0/90 2.07 2.4 2.76

90/0 2.07 2.4 2.76

Fig. 17.10 Tensile test specimen
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Fig. 17.11 Face meshed quadrilateral elements

Fig. 17.12 Solid model of FRP composite laminate

of laminates on basis of ply thickness and ply orientation is done and analyzed
usingMiner’s fatigue damage criteria.Modal Analysis followed by random vibration
analysis in Ansys Workbench® [7, 8] is employed for determining and comparing
the fatigue life of the various FRP Composite laminates configurations.

17.3.1 Miner’s Fatigue Damage Criteria:

The stress amplitude (σ) versus cycles to failure (N) are shown on a logarithmic S-N
curve, where these are related as:

log σ = A logN+ B (17.1)
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Here ‘A’ refers to slope of the log—log S-N Curve and ‘B’ is the coefficient which
refers to value of stress amplitude σ at N = 1 cycle.

As perMiner’s fatigue damage criteria, the damage due to cyclic stresses resulting
in fatigue failure in a mechanical component is given by:

D =
(
n1σ
N1σ

+ n2σ
N2σ

+ n3σ
N3σ

)
(17.2)

Here

n1σ actual no. of cycles at or below the 1σ level
n2σ actual no. of cycles between 1σ and 2σ level
n3σ actual no. of cycles between 2σ and 3σ level.

And N1σ, N2σ, N3σ = allowable number of cycles (from fatigue curve) at 1σ, 2σ,
3σ stress levels.

The values of n1σ , n2σ and n3σ are obtained for 1σ, 2σ and 3σ levels respectively
as:

1
(
Direction veloci ty in maximum node

(
mm
s

))
2π(Directional de f ormation in maximum node(mm))

(17.3)

In statistics the band of equivalent stress amplitude on account of modal analysis
can be considered spread about mean value as 1σ, 2σ and 3σ (σ-Standard deviation)
corresponding to the occurrence level as 68.3%, 27.2% and 4% respectively. Random
vibration analysis is a spectral method which using results from modal analysis can
determine some statistical properties of a structural response like standard deviation
(1σ) of a displacement, force or stress. In this analysis standard deviation (1σ) is used
to determine the fatigue life of structure.

17.4 Result Discussion

A comparative analysis of various laminate configurations of Epoxy-E Glass unidi-
rectional laminate for fatigue life is done on basis of ply orientation, ply thickness
and number of plies (Fig. 17.13). Following points can be inferred from the graph:

• The fiber orientation which can sustain fatigue for the longest duration is [90]°
with a fatigue life of around 191 days.

• The fatigue life is increased hugely while changing the fiber orientation from
[60]° to [90]° with variation being 0.12 days to 191 days.

• The fiber orientations which cannot sustain cyclic/intermittent loads leading to
fatigue failure are [30]° and [45]° with a fatigue life of 0 days.

• Plies with fiber orientations of [60]°, [0/30]° and [30/0]° are also having very
weak response to fatigue with fatigue life of 0.12, and 0.01 days respectively.
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Fatigue Analysis of Epoxy-E Glass Unidirectional laminate 
on basis of ply thickness and ply orientation

Ply Orientation(All Plies)°
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Ply Orientation(AllPlies) vs Ply Thickness = 0.5mm (6 plies) 

Fig. 17.13 Fatigue analysis of Epoxy-E Glass unidirectional laminate on basis of ply thickness
and ply orientation

• Fatigue life is not affected by reversing the ply orientations in consecutive plies
for e.g. [0/45]° to [45/0]°

• For cross-ply laminate [90]° configuration, the increased number of plies seems
to have a favourable effect on fatigue life.

• For ply configurations—[0/45]°, [0/60]° and [0/90]° the reduced number of plies
will have a favourable response to fatigue loads.

• For other ply configurations—[0]°, [0/30]°, [45]° and [60]° the response to fatigue
failure seems not to be affected by increasing/decreasing number of plies/lamina.

17.5 Conclusion

Fatigue loads are responsible for unexpected failure of a wide variety of materials,
which can fail at stresses well below the yield stress owing to cyclic/intermittent
nature of these loads. Composite materials owing to their anisotropic nature responds
to fatigue in a different way as compared to structures made from normal mate-
rials like steel, aluminium, copper etc. which behave in a isotropic manner. A
modelling and simulation of a type of FRP composite laminate is suggested in Ansys
Workbench® using Miner’s fatigue damage criteria for prediction of fatigue life.

Fatigue analysis of FRP composite laminate subjected to cyclic loads is attempted
with some important conclusions emphasizing the effect of fiber orientation in ply on
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fatigue life. As per the simulation results the longitudinal plies with fiber orientation
of 0° though good for static tensile or compressive loading are having extremely low
fatigue resistance as compared to cross ply laminates with a ply fiber orientation of
90°. Also, the fatigue life is not affected by reversing the fiber orientation in a stackup
for e.g. changing the fiber orientation of plies from [0/30]° to [30/0]° and vice versa.
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Chapter 18
Performance Enhancement
of Electro-chemical Discharge Machining
by Process Variants: A Review

Pankaj Kumar Gupta, Tapas Bajpai, Nikhil Jain, and Dharmendra Singh

Abstract Electro-Chemical Discharge Machining (ECDM) process has shown
its potential over the other thermal and chemical energy based non-conventional
methods due to its better capability in micro-feature generation on nonconductive,
hard and brittle materials such as glass and ceramics. In this article, a comprehen-
sive review had been carried out on different process variants which were used
to enhance the process capability of ECDM. The process variants were classified
into two groups based on level of hybridization or modification in the conventional
ECDM. These variants were termed as primary and secondary variants. The article
consists review of various process variants such as Electro-Chemical Discharge
Trepanning (ECDTr), Electro-Chemical Discharge Dressing (ECDDr), Electro-
Chemical Discharge Turning (ECDT), Die Sinking Electro-Chemical Discharge
Machining (DS-ECDM),Wire Electro-Chemical DischargeMachining (W-ECDM),
Electro-Chemical Discharge Milling (ECDMi), Powder Mixed Electro-Chemical
DischargeMachining (PM-ECDM), Rotary Electro-Chemical DischargeMachining
(R-ECDM), Electro Chemical Discharge Grinding (ECDG), Magnetic Field assisted
Electro-Chemical Discharge Machining (MF-ECDM) Ultrasonic assisted Electro-
Chemical Discharge Machining (US-ECDM), etc. These variants were used to
enhance performance of ECDM in various aspects such as material removal rate,
machining depth, surface quality, aspect ratio etc. In the end a possible multi-
hybridization process variant has been proposed by combining of magnetic field
and ultrasonic vibration assistances in ECDM.
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18.1 Introduction

In recent years, a lot of research had focused on advance materials due to their
enhanced physical and chemical properties. These advancematerials had shown their
utility in the field of aerospace [1], medical [2] and in many other industrial applica-
tions [3]. The fabrications of micro-features on such materials are difficult with the
use of unconventional machining methods. Electrical Discharge Machining (EDM),
LaserBeamMachining (LBM) andPlasmaArcMachining (PAM). Electro-Chemical
DischargeMachining (ECDM) had been emerged out as a possible solution to create
micro features on advance materials such as glass and ceramics regardless of their
properties. ECDM process has good capability to create micro-feature on glass [4],
ceramics [5] and composite materials [6]. ECDM process is a hybrid machining
process and uses the principles of ECM and EDM process [7]. ECDM process
removes the material by chemical dissolution and melting [8, 9]. In ECDM process,
tool electrode is partially immersed up to few millimetres in the electrolyte solution
while the auxiliary anode is fully submerged in the electrolyte solution and situated
at some distance away from the tool electrode [10]. Thework-piece is suitably placed
in the electrolyte chamber with the proper fixture on the worktable arrangement. The
potential difference of about 50–60 V is used between electrodes through a suitable
DC power supply [11] as shown in Fig. 18.1. The electrolysis process is occurred
between two electrodes. Hydrogen and oxygen bubbles are formed at the surface of
cathode and anode surface respectively [12]. However, after a certain time the gener-
ation rate of the hydrogen gas bubble near the tool electrode increases more rapidly
and hydrogen gas film formed in the vicinity of the tool electrode [13]. The gas
film behaves as an insulator. It ceases the flow of current and intensified the electric
field around the tool electrode which results in arc discharge [12]. The bombardment
of electrons from the tool electrode results in the melting of the work-piece [14,
15] and followed by subsequent high-temperature etching that removes the material.
Basak and Ghosh [16] proposed a new mechanism of spark generation in the ECDM

Fig. 18.1 Schematic diagram of ECDM set-up
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process. It was found that the discharge location at the tool changes continuously
with the period.

18.2 ECDM Variants

ECDM process has gained immense attention of several researchers due to its
better capability in fabrication of micro-channel [17], micro-grooves [18], channel
engraving and cylindrical hole [19]. ECDM process possess several limitations like
overcut, hole taper, circulation of electrolyte in machining zone after certain depth
[20] and poor MRR. In order to overcome above draw backs some change in process
and experimental set-up are created. These modification or hybridizations are known
as variants. The variants can be classified into two groups. The variants which include
minor or major modification in existing system component of ECDM are classified
as primary variants. On the other hand, the variants which include addition of other
process mechanism while keeping existing system components intact are classified
as secondary variants. Different types of variants are shown in Fig 18.2 according to
their category.

18.2.1 Electro-chemical Discharge Trepanning (ECDTr)

In the ECDM process the drilling depth was difficult to control. Most of the heat
evolved during increase in drilling depth is transferred to the electrolyte and only a
small portion of heat conducted in the material. To overcome this limitation, ECDTr
had been used as an alternative to achieve large drilling depth. In ECDTr process,
the tool is offset by a small amount from the spindle rotation axis [21]. The orbital
motion of the tool assists in the formation of a deep hole. However, crack propagation

Fig. 18.2 Types of ECDM variants
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in the material after achieving a certain depth diminishes the efficiency of the process
[22]. To overcome the above drawbacks, [23] explored the effect of the abrasive tool
electrode and pulsed power supply during ECDTr process. The abrading action of the
abrasive particle helped in material removal with an increase in drilling depth. The
pulsed power supply provides sufficient cooling around the work-piece during the
pulse off period. Thus, it helped in improving the drilling depth and surface quality.

18.2.2 Electro-chemical Discharge Dressing (ECDDr)

ECDDr was used as an alternative for the efficient dressing of worn micro-grinding
tool. The conventional method for dressing is grinding and rolling with the use of
ultra-hard dresser. These methods are not very effective. In ECDDr, the electrolyte
behaves as a dresser. The electrolysis process occurred between the micro-grinding
tool and auxiliary anode. The grains protruded during the dressing do not damage
the grinding face of the tool. Therefore, significant improvement in surface quality
was observed [24].

18.2.3 Electro-chemical Discharge Turning (ECDT)

ECDT is a unique process variant to achieve deep grooves on cylindrical parts with
the rotation of the work-piece. The remnants attached at the bottom of the tool
electrode diminish the machining efficiency and restrict the electrolyte circulation in
a deeper zone ofmachining. The rotation of thework-piece ensures the supply of fresh
electrolyte in the narrower gap between tool and work-piece. Therefore, significant
improvement in the debris removal was achieved, which leads to an increase in the
machining depth. However, at a very high rotational speed, the stability of gas film
was destroyed and a subsequent drop in the MRR was observed [25].

18.2.4 Die Sinking Electro-chemical Discharge Machining
(DS-ECDM)

DS-ECDMprocess was used for the fabrication of a small shallow cavity with the use
of a non-rotating tool. In DS-ECDM operation, the melted work-piece material re-
solidified on the work-piece surface [26]. Therefore, efficient flushing of electrolyte
was the major concern in the DS-ECDM process. The electrolyte concentration and
duty factor were the most influencing parameters to get higher MRR during the
DS-ECDM process [26]. An increase in the electrolyte concentration accelerates the
electrolysis process, which leads to an increase in the MRR. However, beyond a
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certain limit further increase in electrolyte concentration caused a decrease in the
specific conductance of electrolyte, which leads to decrease in MRR. An increase in
the duty factor ensures more amount of spark energy available for a longer period,
which leads to an increase in the MRR.

18.2.5 Wire Electro-Chemical Discharge Machining
(W-ECDM)

W-ECDM process was used for slicing large volumes of material during the fabri-
cation of micro-grooves and other complicated surface profiles on non-conductive
materials. The wire electrode behaves as a cutting tool and feeds toward the work-
piece with the help of feed spool, takes up spool, pulley and stepper motor. Bhuyan
and Yadva [27] explored the effect of pulse on-time and applied voltage onMRR and
kerf width during the Travelling Wire ECDM (TW-ECDM) process. It was found
that an increase in pulse on time and applied voltage increased the MRR and Kerf
width due to more spark energy available for discharge. Yang et al. [28] explored the
effect of mixing of SiC abrasive particles into the electrolyte on overcut and surface
quality during the TW-ECDMprocess. It was observed that abrasive particles caused
a significant increase in the critical voltage of the process and decrease in discharge
energy. Thus, a significant reduction in the overcut was observed. The abrasive parti-
cles induced a lapping action in the process due to their relative motion. Thus, it
helped in refining the micro-crack. Therefore, surface quality was improved.

18.2.6 Electro-chemical Discharge Milling (ECDMi)

ECDMi process was used to create 3D shaped profile structures, micro-grooves [29],
micro-pyramid and micro-channel [30]. The rotating cylindrical shape wheel was
used as a cutting tool. The tool travel rate and tool rotation rate played a major role
in achieving a good quality surface profile. It was observed that higher tool rotation
helped in electrolyte circulation which leads to the formation of a sharp edge micro-
groove profile. An increase in the tool travel rate leads to increased depth of cut
during formation of shallow micro-groves. In order to achieve a good surface profile
of micro-grooves, the material was removed layer by layer with very low depth of
cut. This mechanism of material removal caused electrolyte flushing at deeper and
narrower grooves. Thus, the surface quality of the micro-grooves was improved.
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18.2.7 Powder Mixed Electro-chemical Discharge Machining
(PM-ECDM)

In the PM-ECDM process the distribution of discharge energy around the machining
zone plays a vital role to affect surface integrity and process repeatability. The addi-
tion of conductive powder particles assists in reducing the critical voltage and reduces
the impact of discharge energy around the surface of the work-piece. Han et al. [31]
used graphite powder mixed electrolyte. It was found that the addition of abrasive
particles caused the intensification of the electric field around the tool electrode. The
dynamic behaviour of particles helped in reducing the current density. Thus, surface
quality was improved.

18.2.8 Rotary Electro-chemical Discharge Machining
(R-ECDM)

InR-ECDMprocess rotarymotionwas provided to the toolwith the help ofDCmotor.
In R-ECDM process a gap was maintained between rotary tool electrode and work-
piece. The rotary tool was positioned at the depth of cut while the work-piece is feed
with constant velocity. The machining area was divided between Electro-chemical
dissolution zone and electro-chemical discharge zone. The surface irregularity and
cracks formed during the electric discharge process were removed by the electro-
chemical dissolution. Therefore, this method was used to obtain crack-free smooth
surface [32]. Harugade et al. [33] explored the effect of high speed tool rotation on
overcut and hole taper during ECDM process. The high speed tool rotation assisted
in reducing the contact area between the tool and work-piece. Moreover, better elec-
trolyte circulation improved the heat conduction throughout the work-piece. Thus,
considerable reduction in the overcut and hole taper were observed.

18.2.9 Electro-chemical Discharge Grinding (ECDG)

ECDG process was used to remove material by mechanical abrasion along with the
assistance of ECDMprinciple. The abrasive particle embedded on rotary tool behaves
as a grindingwheel [34]. Themetallic bond is situated in between the abrasive particle
layers. The metallic bond created spark while the abrasive particle induced cutting
action during the ECDG process. In ECDG, the contact area between the tool and
work-piece surface was kept very low so that themaximum abrasion was achieved by
abrasive particles attached on tool. The abrasive particle provided maximum cutting
action during the process which leads to increase in MRR. ECDG process was used
to obtain micro-holes on alumina and borosilicate glass materials [35].
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18.2.10 Magnetic Field Assisted Electro-chemical Discharge
Machining (MF-ECDM)

In the MF-ECDM process, a permanent magnet was fixed at the tool holder. It
caused upward and downward magnetic field action on the tool during the ECDM
process. The magneto-hydrodynamic convection was induced in the process due to
the magnetic field. The magneto-hydrodynamic convection helped in improving the
electrolyte circulation. Thus, the machining efficiency of the process was improved
[36]. Rattan and Mulik [37] studied the effect of the magnetic field on overcut and
hole taper during the TW-ECDM process. It was found that magnetic field assistance
helped in the removal of debris in the vicinity of the tool and work-piece. Moreover,
the stable discharge during MF-ECDM increased the process efficiency. Therefore,
the hole taper and overcut were significantly reduced in the case of the MF-ECDM
process.

18.2.11 Ultra-sonic Assisted Electro-chemical Discharge
Machining (US-ECDM)

The US-ECDM process consists of an ultrasonic generator and transducer to impart
vibration to the tool. The ultrasonic assistance in the ECDM process provides the
drag force on the bubbles. The drag force helps in thinner gas film formation. Thin gas
film imparts small discharge and small micro-holes with good dimensional accuracy
[38]. Rusli and Furtani [39] explored the effect of ultrasonic vibration and electrolyte
level onMRRduring ECDMprocess. At low electrolyte level the ultrasonic vibration
improves the electrolyte circulation. Thus, the MRR was increased.

A summary of researchers who have worked on different ECDM process variant
to improve the surface quality, MRR and dimensional accuracy for micro feature
generation on non-conductive materials like glass, composite and ceramics is given
in Table 18.1.

18.3 Proposed ECDM Variant

Characteristics of different process variants are studied to improve the performance
of the ECDM process. A different type of process variants can be proposed based
on the characteristics in preceding section. In this article, a variant is proposed by
combining the ultrasonic assistance with magnetic field assistance which is shown
in Fig 18.3 and named as Magnetic Field and Ultra Sonic assisted ECDM (MF-US-
ECDM). The magnetic unit is attached to the tool holder and the tool is vibrated
with the help of the transducer. The ultrasonic assistance increases the drag force
on the bubbles and helps in the formation of the thinner gas film. The magnetic
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Table 18.1 Summary of different type of process variants

S.No. Author name Process variant Performance enhancement
in term of

1 Pawariya et al. [21], Chak
and Rao [23]

ECDTr Drilling depth and surface
quality

2 Wei et al. [24] ECDDr Surface quality

3 Furutani and Maeda [25] ECDT Machining depth

4 Khairy and Mc-Geough
[26]

DS-ECDM MRR

5 Bhuyan and Yadava [27],
Yang et al. [28]

W-ECDM/TW-ECDM Surface quality and MRR

6 Kuo et al. [29], Didar et al.
[30]

ECDMi Surface quality

7 Han et al. [31] PM-ECDM Surface quality

8 Kozak and Zybura [32],
Harugade et al. [33]

R-ECDM Surface quality, dimensional
accuracy

9 Chak and Rao [34], Jain
et al. [35]

ECDG MRR

10 Cheng et al. [36], Rattan
and Mulik [37]

MF-ECDM Machining efficiency and
dimensional accuracy

11 Elhami and Razfar [38],
Rusli and Furtani [39]

US-ECDM MRR and dimensional
accuracy

Fig. 18.3 Schematic diagram of MF-US-ECDM set-up
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field assistance caused magneto-hydrodynamic convection in the process. Thus, it
helps in concentrating the spark around the machining zone. Therefore, MRR and
dimensional accuracy may be improved.

18.4 Conclusion

A comprehensive literature review on different process variants results in following
conclusions:

ECDTr is an emerging method for deep hole formation on alumina and quartz.
ECDDr was used for dressing of worn micro-grinding tools. Thus, ECDDr was used
to improve the surface quality. ECDT involves the rotation of the work-piece. There-
fore, fresh electrolyte removes the debris and deeper depth of cut was achieved. DS-
ECDM was proved as an efficient process variant for the small cavity formation and
higherMRRwas attained.W-ECDMwas used for slicingwhile TW-ECDMachieved
higherMRR. ECDMiwas very useful variant for fabrication of 3D shaped structures.
PM-ECDM was an effective approach to attain good surface quality during micro-
feature generation. MF-ECDM improved the electrolyte circulation which results
in lesser overcut and hole taper. US-ECDM develops thinner gas film formation
which leads to better dimensional accuracy and higher MRR. A proposed variant
MF-US-ECDM can be used to obtain advantages of individual process variant.
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Chapter 19
Behaviour of Voided Slab Utilizing Waste
Materials

Maninder Singh, Babita Saini, Abhishek Kumar, Ronak Singh Poonia,
and Katta Vinay Reddy

Abstract Slab is an essential structuralmember in any building and it also consumes
highest amount of concrete. The major problem with concrete construction is that
weight of slab increases with increase in length which limits the span. The use of
cement results in emission of carbon dioxide gas to environment up to a certain extent.
The objective of research is to minimize the possible weight of slab and utilization
of waste material to reduce the consumption of cement. In the present investigation,
plastic balls and thermocol balls were used as void formers and cement was replaced
by industrial waste i.e. ground granulated blast-furnace slag. Five slabs were casted
including one solid conventional slab. Two slabs were casted by replacing 25% of
weight of cement with ground granulated blast-furnace slag (GGBFS). The main
aim was to determine the load deflection and first crack. The results of voided slab
with the void formers of both the materials (plastic balls and thermocol balls) were
compared with conventional slab. It has been observed that reduction in weight of
voided slab with thermocol balls and plastic balls was 11% and 14% respectively as
compared to solid slab. The overall flexural performance of voided slab was found
to be better than conventional slab.

Keywords Plastic balls · Voided · Thermocol · Slag · Flexural performance

19.1 Introduction

In the designing of reinforced concrete structures, the thickness of slab, span between
the columns are very important aspects. Columns and slab are essential structural
member in construction of any infrastructure which consume highest amount of
concrete [1–5]. Therefore, to complete the demand of concrete the utilization of
cement and aggregates also increase. Enormous research studies highlighted that
the manufacturing process of cement adversely impact the environmental ecosystem
[6–14]. On the other hand, the major problem with concrete constructions is that the
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weight of slab increases with increase in length which limits the span. The deflection
of slab increases, as the span is increased. Therefore, the slab thickness should be
increased in order to compensate for high deflection. The increase in slab thickness
increases the slab weight and leads to increased size of beam, column and foundation
which results in increased usage of concrete and steel reinforcement. To avoid above
disadvantages voided slab is suggested instead of conventional slab [15–17].

In last few decades, the one of emerging slab system was introduced in construc-
tion industry i.e. bubble deck slab to reduce the self-weight of the conventional slab.
Themiddle part of the slab has been eliminated by void formers; because the concrete
in the slab is not fully utilized and middle part of slab does not perform any struc-
tural function. Void forms in the middle of slab by means of plastic balls reduce the
slab’s self-weight up to 35%. In plastic voided slabs the amount of concrete required
reduces by 30% or more. The flexible layout allows easy implementation to irregular
and curved plan configurations [18–20]. It allows longer span with less expenses.
Enormous researchers reported that bubble deck slab system has been better than
conventional concrete slab system. However, shear and punching resistance of the
bubble deck slab system is significantly lesser than conventional solid slab. The
ratio of bubble diameter to slab thickness strongly influenced the performance of the
bubble deck floor [21–25]. Void formers are placed in the slab system between the
two meshes of reinforcement which have been arranged at the bottom and upper part
of the internal structure of slab. After observing the issues associatedwith the conven-
tional concrete and solid slab system, this study focuses on behaviour of voided slab
with the utilization of industrial by products. The addition of waste products and
void formers leads to reduction in cost and dead weight of the conventional solid
slab system.

19.2 Methodology and Materials

The experimental study has been carried to compare the behaviour of voided slab
with conventional solid slab. One normal slab and four voided slabs were casted with
thickness 100 mm. Spherical, polystyrene and polyethylene balls were used to form
voids in the slabs having diameter of 50 mm. Two slabs out of four voided slabs were
casted by replacing 25%weight of cement with GGBFS waste which is a by-product
of iron industry. The performance of the slabs was recorded after 28 days of curing
to find their flexural capacities. Variation in load and deflection pattern has been
compared for all the slabs. Reduction in weight of the slab has also been calculated
for all the voided slabs.
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Fig. 19.1 Flow chart of
methodology used START 

PROCUREMENT OF MATERIAL 

TESTING OF MATERIAL

CASTING OF SPECIMEN

NORMAL SLAB VOIDED SLAB 

TESTING

COMPARISON

END

19.2.1 Methodology

Step by step methodology used during this investigation has been illustrated in flow
chart given in Fig. 19.1.

19.2.2 Materials

In this experimental analysis, 43 grade ordinary Portland cement (OPC) with specific
gravity of 3.12 was used as per specifications of IS 8112:2013 [26]. Fine aggregate
(10 mm) was selected as per IS 383:1970 [27] specifications with the specific gravity
and fineness modulus of 2.6 and 3.26 respectively. Corresponding values for 20 mm
coarse aggregates were 2.6 and 6.7. As per guidelines of IS 10262:2009 [28], M25
mix design was taken with proportion of 1:1.3:2.8. The calculated cement content
and water cement ratio were 350 kg/m3 and 0.43 respectively. The polystyrene balls
and low-density polyethylene balls (LDPE) were used in the form of solid spherical
balls and hollow spherical balls, respectively.
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Fig. 19.2 a Spherical shaped polystyrene ball, b Spherical shaped polyethylene ball

19.2.3 Specimen Description

Total 5 voided slab specimens of 500 mm × 500 mm plan area and 100 mm thick-
ness were casted. Polystyrene and polyethylene balls with 50 mm size were used as
shown in Fig. 19.2. Volume of concrete was reduced by provision of void formers.
Percentage of reduction of concrete was 4.18% for spherical shaped void formers of
100 mm thick slab. The steel wire mesh were placed over polystyrene and polyethy-
lene balls to hold the void formers while pouring and compacting of concrete was
done.

19.2.4 Casting of Specimens

Concrete slabs were casted in wooden moulds having length and breadth of 500 mm
each and thickness 100mm. One conventional slab and four voided slabs were casted
for flexural testing as described in Table 19.1. Voids have been created in the slab by
using thermocol and plastic balls of diameter 50 mm. The spacing between the balls
was kept 92mm centre to centre. The concrete can be easily placed and compacted in
the space left between the balls. Clear cover of 20mmwas provided. The mixing was
carried out in mixer to produce a homogenous, uniform in colour and consistence

Table 19.1 Description of specimens

S. No. Description of specimens Symbol

1 Solid Slab SS

2 Polystyrene void former Slab 100VS50T

3 Polyethylene void former Slab 100VS50P

4 Polystyrene void former slab with 25% GGBS 100VS50TGGBS

5 Polyethylene void former slab with 25% GGBS 100VS50PGGBS
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concrete. For compaction of concrete and to remove the entrapped air, needle vibrator
was used. The specimens were kept under water for 28 day curing.

19.3 Experimental Setup

Two steel rollers were provided on the bed of testing machine to support slab. The
center to center distance between the rollers was kept as 450 mm. The load was
applied at the middle one third portion of the slab through two rollers mounted on
the top surface of slab. Loadwas appliedwith the help of hydraulic jack andmeasured
with the help of proving ring which was further calibrated to calculate the exact load
applied. The deflectionwasmeasured using digital deflection gauge. The experiential
setup of flexural testing has been shown in Fig. 19.3.

Fig. 19.3 Flexure testing of slab
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19.4 Results and Discussion

In this study, flexure test on normal and voided slabs has been performed to find
out the load and deflection pattern. The test has been performed after 28 days of
curing. The performance of normal slab and voided slab was compared in terms of
load-deflection performance and first crack pattern. The reduction in weight of the
slab by using polystyrene and polyethylene balls has also been compared with the
weight of solid conventional slab.

19.4.1 First Crack Load

The crack initiation load for all types of slabs has been recorded during flexural
loading test as shown in Fig. 19.4. It has been observed that the first crack load of
voided and GGBS included slabs were lesser as compared to solid slab. The first
crack load of 100VS50T, 100VS50P, 100VS50TGGBS and 100VS50PGGBS slabs
were decreased by 6.90%, 3.45%, 8.62% and 5.17% as compared to solid slab. The
recorded values also depicted that the 25% utilization of GGBS as substitution of
cement decreased the crack initiation load of the slabs. From all the designated slabs
the minimum load for crack initiation was found for 100VS50TGGBS slab, while,
maximum for SS slab.
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Fig. 19.4 First crack load for different types of slabs
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Fig. 19.5 load deflection performance of different types of slabs

19.4.2 Load Deflection Behaviour

The load deflection behaviour of different types of slabs has been recorded after
28 days of water curing as illustrated in Fig. 19.5. It has been observed that the deflec-
tion of voided and GGBS containing slabs were higher than solid slab. Figure 19.5
depicted that the deflection for plastic voided slab with 25% GGBS was more than
other types of slabs. The recorded values depicted that void formers (thermocol and
plastic balls) and GGBS contribute in increasing the deflection of the slabs.

19.4.3 Weight Analysis

Figure 19.6 depicts the comparison of weight for different types of slabs. It has
been observed that void formers (thermocol and plastic balls) and GGBS reduced
the overall weight of the concrete slab. Weight of the thermocol and plastic balls
included slabs reduced by 11.11% and 14.28% as compared to conventional concrete
slab. The inclusion of GGBS as replacement of cement, also contribute into reduction
of weight of concrete slabs. GGBS is lighter in weight as compared to OPC due to
which the reduction in weight was found with the inclusion of slag. The recorded
values depicted that voided slab had maximum weight reduction of 16.66%.
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Fig. 19.6 Percentage of weight reduction as compared to solid slab

19.4.4 Crack Pattern

Figure 19.7 depicts the deflection pattern of conventional solid slab and voided slabs.
It has been observed that most of the cracks were initiated from the outer one third
portion of the slab.

19.4.5 Comparison of Solid Slab with Void Former Slab

The recorded results depicted that the void former slab decrease the toughness, first
crack load and overall weight of the specimens. The deflection for voided slab was
more than conventional solid slab. This may be attributed due to the reduction in
overall fracture toughness. On the other side, the utilization of slag in production of
cementitious matrix save the natural resources, environment ecosystem and reduce
the carbon dioxide emissions.

19.5 Conclusions

In the present study, an experimental work has been carried out to compare the
flexural performance, the first crack load and reduction in weight of voided slabs
with conventional solid slab. The results of present study have been summarized as
under.

1. Effect of void formers on performance of slabs
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Fig. 19.7 Cracking pattern of slab specimens

• Maximum reduction in crack initiation load was found for thermocol voided
slab as compared to other types of slabs. The first crack load of thermocol
voided slabs decreased by 6.9% as compared to normal slab.

• Mid span deflection in plastic void former slab was found maximum as
compared to other types of slabs. The deflection of plastic voided slab was
higher by 5.48% as compared to conventional solid slab.
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• The maximum reduction in weight of slab was found with plastic void
formers (balls).

2. Impact of GGBS on performance of slabs

• Inclusion of GGBS with void formers decreased the first crack load and
weight of slab up to 8.62 and 16.66% as compared to solid slab.

• The addition ofGGBSas replacement of cement improved the load deflection
performance of the slabs.

• The utilization of GGBS waste as substitution of cement solve the problem
of disposal and saves the natural resources and environmental ecosystem.
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Chapter 20
Design Considerations for Body-Powered
3D Printed Prostheses with String
Mechanism for Upper Limb
Disarticulation

Abdul Dhiraj Hussain, Neeraj Radhakrishnan, Mohammed Sarfas,
and Vishal Francis

Abstract In medical field, a prosthetic implant is an artificial device that replaces a
missing body part/organ, which may be lost through trauma, disease, or a condition
present at birth. Prostheses are intended to restore the normal functions of themissing
body part therefore, it is essential to design and fabricate them as per the patient’s
specifications. This requirement of fabricating customized prostheses is an important
issue that needs to be addressed. Moreover, In the case of children, there is a need for
a periodical change of prosthetics due to the growth of their bones. These situations
pose difficulty in adaptation of prostheses for the economically weak and rural area
patient’s. 3Dprinting technologyprovides a platform to fabricate any complex shaped
polymeric parts economically with ease. This capability of the technology can be
utilized to fabricate customized and patient-specific prostheses. The present paper
discusses the process flow that can be adopted for designing and fabricating a patient-
specific prosthetic hand using extrusion-based 3D printing technology. The design
considerations for 3D printing of a body-powered prosthetic hand with all tolerances
and clearances are discussed with the help of a case study. A provision for string and
the elastic based mechanism is provided to deliver motion and action to the fingers.
By appropriately applying the design considerations, 3D printing technology can be
effectively utilized for the fabrication of economical prosthetic hands.

Keywords 3D printing · Prosthetic hand · Additive manufacturing · Design for
additive manufacturing

20.1 Introduction

According to the International Health Organisation, around 0.5% of the total world
population needs prostheses [1, 2]. This requirement is particularly crucial for devel-
oping countries’ children, who over time outgrow the prostheses. Moreover, rural
amputees have no access to the medical facilities and rarely go for maintenance. The
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Table 20.1 Comparison of various types of prosthetic hand

Type Functionality Attributes

Passive prosthetic hand • Aesthetic device
• Simple carrying and
balancing of things

• Low cost
• Limited functionality

Body powered prosthetic
hand

• Gripping
• Lifting
• Manipulation

• Low cost
• Easy maintenance
• Less weight
• Limited degrees of freedom
(DoFs)

External powered
(Myoelectric) prosthetic hand

• Gripping
• Lifting
• Manipulation
• Rotation

• More DoFs
• Intensive training required
• High cost

creation of an inexpensive and durable prosthetic hand may be a potential option in
this scenario. 3D printing offers great design flexibility and can help to develop any
customized and complex shape geometry necessary for prosthetic development [3].
Speed, customization, and comfort are the few factors that can make 3D printing a
key contender for prosthesis development. For growing children, the prosthesis has
to be modified after a few years, in this respect the prosthesis should be economical.
Affordable prosthesis may be a feasible alternative for many patients and families.
Economical desktop 3D printers can be used to fabricated the prosthesis. The 3D
printed prosthesis socket can be tailored to the anatomy of the patient’s arm, thus
providing greater comfort. The prosthetic hand can be broadly segregated into three
categories namely, passive, body powered and external powdered. Table 20.1 shows
a comparison between these categories along with their functionality and attributes.
Each type of prosthetic hand has their own limitations and usages [4–9]. The selec-
tion of which entirely depends upon the patient and as advised by the surgeons.
It can be seen that most of the functionality among the three types of prosthetic
hand discussed is associated with externally powered devices. However, they require
intensive training and are not economical. On the other hand, the body powered pros-
thetic hand are limited functionality and is much more economical compare to the
externally powered devices. This type of prosthetic hand can be effectively utilised
for promoting the usage of devices among rural areas and for growing children’s
[10].

20.2 Literature Review of Different Prostheses

The work done related to prostheses hand development is illustrated in Table 20.2.
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Fig. 20.1 Schematic diagram of FFF mechanism showing the internal details of a desktop 3D
printer

20.3 The Extrusion-Based 3D Printing Technology
for Upper Limb Prosthetic

Extrusion based 3D printing technology is one of the most economical one for fabri-
cation of complex intricate features. The technology is also known as fused filament
fabrication (FFF). The FFF is one of the most widely used 3D printing technologies
due to its significant advantages. It involves placing the semi-molten material on a
heated bed where it fuses with the adjacent deposited material. The part is built by
depositing one layer at a time. Figure 20.1 shows the schematic of the FFF process
and a desktop extrusion based 3D printer. One of the advantages of FFF above other
3D printing technology is that only the material needed to build the part is deposited
which reduces material waste. The process is also cost-effective compared to other
methods of processing polymers. Such attributes allow them an acceptable alterna-
tive for the manufacturing of specialized and economical upper limb prostheses for
the user.

20.4 Design Considerations of Extrusion-Based 3D Printers
for Upper Limb Prosthetic

When using the extrusion based 3D printers several design recommendations should
be used to ensure proper prints. There is always difference between the devel-
oped CAD model and the 3D printed parts. This is because of the layer by layer
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approach adopted by the technology. The CAD/.STL model is sliced and the used
to generate the path for the extruder. Therefore, the CAD model is approximated by
the deposited 2D layers which after fusion resembles the CAD model. Moreover,
there is always staircase errors over the periphery of the curved surface along the z
direction. When designing for non-assembly functional parts there should be proper
clearances provided at the surfaces which needs to be moving. This clearance may
differ based on the type of the functionality however, at least 0.5 mm gap should
be provided [11]. Another important aspect is the strength which is affected by the
orientation and infill pattern and direction selected. It should be noted that the laying
or deposition of the layers should be avoided along the direction of applied load.
Surface finish of the mating parts, fingers, palm and socket needs to be smooth to
provide proper functionality therefore the orientation of the parts should be accord-
ingly selected. Contact of these surfaces with the support should be avoided. It is
also important to provide the features in the CAD model for standard parts that have
to be assembled after the prints. Since the accuracy in X and Y directions is more
compared to the Z direction therefore, placing themodel on the build platform should
be appropriately selected. Next another very important decision is the selection of
infill density of simply the density of the part. The parts that are subjected to loading
should be printed with 70% to 100% [11]. However, the parts that are not directly
subject to loading can be printed at much lower infill percentage such as 15% to 30%.
Moreover, the material selected is also very crucial and should be selected as per the
functionality [12, 13]. It has been reported that ABS (Acrylonitrile butadiene styrene)
filaments have been utilized to fabricate the prosthetic hand using extrusion based 3D
printing. However, on prolonged usage delamination and breakages can also occur.
In this scenario composite filaments can be used such as ABS/CF (CF: carbon fiber).
A prosthetic hand is modeled in Autodesk fusion 360 (Education license) keeping
the average dimensions of a child. Figure 20.2 shows the orthographic views of the
modeled hand. The dimensions taken for the design are illustrated in the figure. It
can be seen from the figure that the amount of clearance provided is kept minimum
as 0.5 mm to avoid any fusion of polymer layers while deposition and solidifica-
tion process (refer the detailed view). It can also be seen that sufficient tolerance
is provided between each fingers to ensure proper movement. In order to integrate
the string mechanism for the functionality provisions are provided in each fingers to
accommodate the same.

Figure 20.3 shows the three dimensional CAD model of the prosthetic hand. A
lever has been provided at the bottom of the modeled hand for integration of the
pulling mechanism that can be provided for integrating the functionality to the hand.
It can also be seen that the provisions are provided to integrate the standardized parts
such as bolts and screws to provide movement between the segments of the finger.
Moreover, this can also be used to provide EMG sensors. The palm region of the
modeled hand is shown in Fig. 20.4. The 2D detailed view provided in the figure
shows the dimensions selected for the clearance between each segments of the finger
and also between each fingers.
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Fig. 20.2 Orthographic and isometric view of modelled prosthetic hand (All dimension are in mm)

Holes provide for 
assembly of 

standardised parts

 Provision for 
the lever 

movement

Fig. 20.3 A 3D view of the modeled prosthetic hand in closed fist position

20.5 Working Mechanism of the Suggested Upper Limb
Body-Powered Prosthetic

• From Fig. 20.5 given above we could see how the strings and lever arrangement
is placed in a prosthetic hand in closed fist position.
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Fig. 20.4 A view showing the open palm region of the modelled prosthetic hand

Fig. 20.5 Position of strings and lever arrangement inmodeled prosthetic hand in closedfist position

• The above depicted position of the fist will the initial or the actual position of the
hand that will be attached to a patient’s hand.

• The position of the fist will be retained either with help of elastic strings or springs
that is attached to the inner surface of the prosthetic hand fingers.

• The tension provided by the elastic will help in gripping the objects with the help
of this hand.

• To open the fist the lever should be pulled out as shown in Fig. 20.6, as the lever
moves out the string attached to the lever makes the finger opened.
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Fig. 20.6 Position of strings and lever arrangement in modeled prosthetic hand in open fist position

• This motion of the lever can be facilitated by the movement of the upper portion
of hand or shoulder as the lever will be attached to the body via cables.

• As the shoulder or the hand get relaxed, the lever will move to its original position,
that means the fist will gets closed.

• In Fig. 20.7 we could see how an object will be held in the modeled hand due the

Fig. 20.7 Gripping action of prosthetic hand using string mechanism
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Fig. 20.8 Index finger in closed position

Fig. 20.9 Thumb in closed position

tension provided by the elastic and the string arrangement depicting the grasp.
• The bending motion of each finger can only be facilitated by providing proper

tolerance between each element and that can be seen Figs. 20.8 and 20.9 where it
shows the close-up view of the fingers when it is in a closed position.

20.6 Conclusions

• Low-cost body-powered prosthetic hands have many potential applications. This
hand could be produced and dispersed in developing nations, where people with
amputation who couldn’t in any case bear the cost of a prosthesis may think
that it’s a welcome alternative. Furthermore, the prosthesis could be utilized by
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developing kids who require a bigger size every 6 months or a year considering
their body growth, it very well may be economically replaced. Grown-ups could
likewise utilize this prosthesis as an expendable: whenever torn or stained, it very
well may be replaced modestly [18].

• Important properties that should be taken into consideration while picking the
polymeric FDM printing material, as they are straightforwardly identified with
the chemical composition, aremaximum stress, yield stress, modulus of elasticity,
elongation, and hardness.Microstructural attributes and the capacity of the printed
item to acquire great mechanical strength toward the finish of three-dimensional
printing, which on account of prostheses is basic to join the low weight with the
high mechanical strength of the device [15].

• The highlights of adaptive grasp, fingers curling inwards and a rotational thumb
will build the mechanical utilization of a prosthetic hand, over that of traditional
ones. The adaptive grasp of hand is accomplished threely. Firstly, the fingers
can curl as they flex, and also the string spring mechanism joined to the fingers
permit the fingers to flex inwards freely of each other. Ultimately, the thumb can
be passively turned by the capable hand of the client, along these lines giving
additional grasping configurations [16].

• The initial objective was to study the feasibility of a cost-effective 3D printed
prosthetic hand. However, in order to utilize the economical desktop 3Dprinter for
fabricationof prosthetic hand several design recommendations need to considered.
This will provide the opportunity to fully utilize the 3D printing process for
fabrication economical prosthetic devices. Some areas, such as the wrist of the
hand, are at high risk of failure if the system is exposed to forces. In the modern
world, a functional prosthetic arm will be capable of sustaining abrupt shocks
and bearing large loads without collapsing. Therefore, the material selection also
plays an important role for better prostheses design. It can be stated that the 3D
printing process can be adopted to fabricate patient specific prosthetic device.
sufficient room for the installation of electronics.
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Chapter 21
Additive Manufacturing
of Polymer-Based Bio-implants Using
the Fused Filament Fabrication Process

Jasvir Singh and Vishal Francis

Abstract The additive manufacturing (AM) technology has proved its potential
capability to fabricate complex anatomical geometrical customized parts for biomed-
ical applications. One of the significant bottlenecks in restricting the widespread
commercial acceptance of 3D printing in biomanufacturing is the availability of
biocompatible, biodegradable, chemically inert biomaterial. The use of 3D additive
manufacturing technologywas initially limited to the fabrication of anatomical proto-
type models for product design consideration, showcasing and educational training
purposes. This latest advancement in biomaterials leads to the exploration of tech-
nology in the development of novel biocompatible and biodegradable materials for
the use in orthopedic, spine, maxilla-facial, cranial and others 3D printing manufac-
tures complex design implants as per the customized requirement of a very complex
three-dimensional physical model and prototype parts directly from computer of the
patientwith an exactmatch. The Fused filament fabrication technology enhancing the
commercial use of various polymers and polymer-based composites in the medical
field for the fabrication of Scaffolds structures and clinical devices tissue engi-
neering systems. This manuscript focuses on the development of novel bioma-
terials, optimization of various critical fabrication printing process parameters to
improve the surface quality, mechanical properties and improving the functionality
of bioimplants.
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21.1 Introduction

Additive manufacturing technology or 3D printing can be used for fabricating any
complex shaped three-dimensional computer-aided design (CAD) models [1]. This
commercial industrial system of layer by layer deposition [2] technique initiated
during the early 1980s has improved the ability to fabricate the 3D physical model
significantly with themore precise geometries fromCAD,which haswidely replaced
themanufacturing [3] time for the productionof 3Dprototypemodels by conventional
techniques. Further, it is very clear that the future scope and capabilities of this
additive technology reached far beyond merely 3D prototyping [4].

The primary driver behind the development of the processes that enable to make
the physical components quickly without the need for conventional manufacturing
tooling is the evolution of this emerging technology [5]. Today’s in the past decades it
has been found that the number of cases reported for the replacement of the implants
has been increasingly raising its demand for the research of novel biomaterials [6, 7].

AM Advantages
Design testing-Engineering Analysis, Product development, Product Planning, re-
modification in the design.

• Design and development of medical devices and instrumentation.
• Execution of Planning and understanding the complexity level of the surgical

operations.
• Exploring the teaching visual aids.
• Design and development of novel biocompatible and bioactive implants and tissue

engineering.

Steps for generating a 3D physical model See Fig. 21.1.

Why a Rapid Prototyping (RP) is an emerging technology of today?

The importance of a RP techniques has exploded the thrust areas for

• To explore effective communication between manufacturer and customer.
• To reduce development time of the product.

Fig. 21.1 Steps of 3D modeling
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• To decrease costly mistakes and encourage sustainable design.

Applications of Additive manufacturing

Impact of Rapid Prototyping in the Medical Sector
The RP has significantly improved his ability to improve fabrication of the 3D phys-
icalmodelswith highly precise geometries usingCADdata from themedical imaging
technologies [8]. One of the reasons for its application in the medical industry is its
ability to fabricate any complex shapedgeometry such as anatomical features. TheCT
scan data can be used to extract the region of interest in the development of the CAD
model. These models provide better visualization compared to the virtual model
and can further be used pre-surgical planning and development of surgical assis-
tive devices [9]. The techniques can also be used to develop customized implants,
prostheses and can also aid in communication between the patient and the surgeon
[10–12] (Figs. 21.2, 21.3 and 22.4).

Liu et al. [15], Titanium and its alloys are extensively used in parts and medical
implants, in particular as

• For the commercial replacement of hard tissue implantation in the cardiovascular
and in cardiac parts for implantation.

• Modulus relatively weak, strong strength of fatigue, formability, machinability,
resistance to corrosion, and bioactivity.

• In order to improve the biological, chemical, andmechanical properties undergoes
surface modification.

From the biomedical engineering context, mechanical treatment, thermal
spraying, sol-gel, chemical and electrochemical treatment, and ion implantation are
used to maximize acceptable wear resistance, corrosion resistance, and biological
properties.
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Fig. 21.2 Illustration of 3D printing [13] digitization in biomedical sector

Fig. 21.3 a Patient (preoperative situation); b medical RP model; and c postoperative situation
[14]

a 

b 

Fig. 21.4 a Titanium screw-shaped artificial tooth [15], b bone screw and bone plate for fracture
bone implantation [15]
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Fig. 21.5 Application if 3d priniting in medical [16]

Figure 21.5 illustrates the various applications of 3D printing technology in bio-
medical sectors [16]. The technology can be used in tissue engineering, surgical
devise, anatomical models and for fabrication of implants.

Fused Deposition Modeling for Biomedical applications
FDM is an extrusion-based process platform in which the polymer is melted and
which get extruded through a nozzle head and is deposited on a machine build
platform layer by layer [17–19]. The CADmodel is used to generate the tool path for
the extruder head by slicing the approximated CAD model (STL file). The material
in the form of filament is feed through the nozzle and extruded to build the model
[20].

The temperature of the extruder head is controlled as per the material used to
maintain the flow of the material through the nozzle [21]. The schematic diagram of
the FDM machine is given in Fig. 21.6.

In the FDM machine, the XY movement is provided to the head and z movement
is given to the bed. The plastic material is heated above the level of its glass tran-
sition temperature and the bed is also heated to enhance the bonding between the
deposited layers. Generally, two nozzles are used in the process. The build mate-
rial is extruded from one of the nozzles and supporting material is laid on the bed
from its second nozzle head. The Support material is required to build overhanging
supporting features of a nozzle. The supporting material can be removed from the
part by breaking away or by dissolving it the chemical [22]. The density of the part
can also be controlled by adjusting the infill ratio during the slicing procedure.
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Fig. 21.6 Most commonly
used 3D rapid prototyping
technique: fused deposition
modeling

Most of the FDM uses OEM based ABS P-400 is Stratasys Inc. manufactures and
supplies ABS P-400 that costs approximately US$260. This adds to the operating
costs of the FDM technique which is one of the constraints to the merchandising of
FDM technology for small and medium-sized industries.

Moreover, there has already been a deliberate effort amongst various researchers to
create and improvement of an alternativeFDMfeedstockfilament usingmultiple vari-
ations of Polymeric materials, abrasives, granulated powder metal, ceramicmaterials
etc. [22–27].

Classification of Bio Materials
The biomaterials can be classified as illustrated in Fig. 21.7. Various bio-materials
are utilized ranging from metails, ceramics, polymers and even composites.

One of the most promising polymer material for bio-medical applications is poly
ether ether ketone (PEEK). It is known for its enhancedmechanical properties, chem-
ical stability, biological chemical stability and biocompatibility, excellent chemical
and biological inertness make it potential candidate suitable for highly complex 3D
modeling of bones, customized modification of scaffolds and medical tooling and
devices in biomedical implantations (Fig. 21.8) [28].

Due to the potential of PEEK material it has been considered as an alternative
to metal which are used in bio-medical applications. Figure 21.8 shows the various
applications of the material in clinical applications. The material can be used in
cardiac surgery, orthopedic surgery, spine and dental surgeries [29].
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Fig. 21.7 Classification of bio-materials

Fig. 21.8 Medical
applications of PEEK
material [29]

Challenges with PEEK: High viscosity, low rate of the chemical affinity of PEEK
with the bio-ceramics, Young’s Modulus, high processing temperature, high cost
of PEEK feedstock filament, low integration to bone, wear rate failure of PEEK is
very high. Standards for testing and validating are insufficient. The PEEK and its
composites have been stated to be showing a promising future in themedical industry.

Ivan et al. [30] PEEK show semi-crystalline thermoplastic polymer with desir-
able mechanical characteristics for biomedical sciences applications. It has been
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reported that the synthesis of PEEK composites is being used in different opera-
tional fields: spinal surgery, orthopedic surgery, maxillofacial surgery. The author
has reported all structural modifications and surface improvements, alteration in
mechanical and biocompatibility of PEEK and PEEK composites. The PEEK based
biomedical implants is an improvement and it seems to prove a promising alternative
for Titanium-based and ceramics implants [7].

Haleem et al. [31] 3D printings technologies are emerging in the production of
PEEK implants to fulfill the customized demands of the biomedical field. PEEK
material is often chosen to be printed on FDM printers.

Steinberg et al. [32] The author documented that Carbon fiber reinforced PEEK
(CF-PEEK) is currently available in the orthopedic medical field. The investigator
developed CF-PEEK nail, dynamic compression plate, proximal humeral plate volar
plate were compared biomechanically-bending, static torsion of the nail, bending
fatigue and wear/debris test were conducted. The paper explores the test results,
provides recommended requirements for strength and wear for the safe and effective
intended use of CF PEEK in humans.

Xiaoyong et al. [33], The author reported that the standard type of material used in
the FDM 3D printer, for a Polylactic acid material nozzle head and ABS bipolymer
print head temperature thresholds requirement is 190 degree to 230 degrees, the
hotbed temperature is 110 degree, but PEEK material printing head temperature
demands at least 340 degrees to 450 degrees. Through the experimental analysis, it is
reported that the type of a semicrystalline polymermaterial, Printer head temperature
and PEEK cooling temperature influence the mechanical properties and biological
performance of the PEEK feedstock filament build.

Han et al. [34], Fused–filament fabrication (FFF) 3D printing method to fabricate
PEEK implants which plays a major role in the repair of metallic implants and
restoration of a prosthesis in facial orthopedic surgery, spine and craniomaxillofacial.

As the PEEK is bio-inert, which disrupts its potential ability for osseointegration
and hampers its medical implementation in clinics.

The research work focuses on the study of bioactivity of FFF 3D printed PEEK.
The author investigated a substantial increase in cell metabolic activity and enhanced
osteoblast response with dense proliferation. The result revealed that the Fused Fila-
ment Fabrication technique produces highly rough densified surfaces and induce
specially customized structures which were not attained using conventional grit
blasting tools and techniques. Wettability adsorption plays a crucial role in the
initial adhesion and proliferation of cells, surfacemorphology and roughness became
favorable conditions for sound Osteoblast response.

Zhao et al. [35], Author found that the PEEK is a most demanding biomate-
rial with much exceptional functionality, potentially suitable for medical clinical
legal applications. The material was investigated for its mechanical strength and
vitro cytotoxicity. Two production methods namely SLS and FDM are available for
high melting temperature materials such as for PEEK biomaterial. In recent years,
FDM has been increasingly being tried for PEEK manufacturing for the econom-
ical processing of PEEK than SLS. The custom homemade FDM printer for PEEK
is designed The L25 Orthogonal experiment examined the significant effect of the



21 Additive Manufacturing of Polymer-Based Bio-implants … 309

thermal parameters on the mechanical strength. The temperature of nozzle heads,
building platform and the ambient parameters were controlled during printing.

Vaezi et al. [36], PEEK shows magnificent bioactivity, combined strong strength-
stiffness, elasticmodulus similar to cortical bone, radiolucentwhichmakes its an effi-
cient, semi-crystalline alternative thermoplastic for biomedical implantation against
metallic–ceramic materials. The researcher identified important critical parameters
such as hot extrusion head design, extrusion temperature and ambient tempera-
ture conditions which have been focused on printing without warpage PEEK struc-
tures, delamination, degradation of polymers and nozzle clogging. The investigator
compares syringe based and filament-based extrusion head designs suggested to
utilize filament-based device which produces quite stable and productive PEEK
interlayer bonded parts. The printed PEEK samples show significantly improved
customized properties in comparison to resin-based on acrylate, ABS, polyamide,
and alumni utilize different AM procedures.

Wang et al. [37], PEEK is an adaptable biomaterial that could be used in
biomedical field applications to replace the traditional metal or ceramics parts. The
researchers highlighted that the highmelting temperature and high viscosity of PEEK
is the challenge for manufacturing functional parts of complex PEEK structures.
Using the FEA, PEEK’s melting conditions and fluidity were simulated in a flow
channel to print PEEKpartswith reasonable surface quality and enhancedmechanical
properties.

The investigators performed several FDM experiments investigating the effects
of various printing parameters, including print temperature, print speed and layer
thickness, mechanical behavior, microstructure and surface quality of PEEK printed
3D model parts.

The researcher proposed that the optimum parameters for PEEK printing were
a heating temperature of 440 °C, a printing speed of 20 mm/s, and a printing layer
thickness of 0.1 mm, respectively, that could ensure better mechanical properties and
PEEK parts surface quality.

21.2 Conclusion

The present paper discusses the use of polymer-based materials for bio-medical
applications using additive manufacturing technology. Extrusion-based AM tech-
nique such as FDM is discussed for fabrication of various medical applications.
PEEK material potential is discussed with its applications and challenges.
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Chapter 22
Design, Applications, and Challenges
of 3D-Printed Custom Orthotics Aids:
A Review

Ravi Kumar and Saroj Kumar Sarangi

Abstract 3D-printing technologies give better alternatives to improve on the func-
tional abilities and traditional manufacturing technique of custom orthotics aids.
The flexibility of design, mass customization, use of biodegradable materials and
ability to build complex structures make it more popular over traditional methods.
The traditional plaster of Paris method is bulky, breathless and fixed. The tradi-
tional method of fabrication may cause skin diseases, uneasiness and misalignment
of joints. 3d printed orthotic aids overcome these problems. In this work recent
advance in 3d-printed orthotics aids are presented. The design of fully customized
3d-printed orthotic aids is presented in a proper sequence. The geometrical data from
patients affected parts are taken using photogrammetry software or 3-D scanner and
data is imported in CADmodeler followed bymodeling and topological optimization
for stress analysis. The literature available on different 3d printing technologies used
for printing orthotics aids is minutely reviewed. The selection of the right material for
an orthotic aid is very important for its success. The physical properties of materials
like strength, toughness, density, wear resistance and heat resistance are considered
while selecting the materials for printing. The different types of polymers used for
fabrication of orthotics are discussed in this paper in detail. Apart from this challenge
for the fabrication of orthotics aids using 3d printing also reviewed.

Keywords 3D-printing · Orthotics aids · Photogrammetry

22.1 Introduction

The orthoses are assistive aids used to hold or correct the weakened muscles of the
spine, arms, and legs. Orthotic aids allow physical or functional disable peoples to
spend healthily and independent life. Each orthotics aids have particular function, like
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supporting or correcting the positioning of a body segment, improving its mobility,
and relieving from pain. There is an estimation that around 0.5% of the human popu-
lation would require prosthetics and orthotics aids globally of which more people
will need orthotic aids [1]. In upcoming years, due increase in population and life
expectancy there will be a need for these services. The large proportion of the aging
population will have chance for developing functional disability [2], the demand for
orthotics will increase accordingly. There are rapid increase in accidents, muscular
misalignment [3] non-communicable diseases [4] like diabetes [5, 6] and stroke [7,
8], which will further increase the demand of orthotics aids. Thus, there is a need
for continuous research in the orthotics field to make affordable treatment for every
disabled person. Orthotics aids are classified according to the joint and the limb into
three categories i.e. upper limb orthosis, spinal orthosis, and lower-limb orthosis.
The classification for Orthotics aids is mentioned in Table 22.1 [9].

Upper limbs orthosis is broadly classified into wrist orthosis, wrist hand orthosis
and elbow orthosis.

Wrist orthosis (shown in Fig. 22.1) is used to support the weakened or damaged
part of forearm. Wrist hand orthosis (shown in Fig. 22.2) used to support the injured
parts of forearm, wrist and hand. Elbows orthosis help in overcoming the injuries in
elbows portion of the arm.

Table 22.1 Orthotics aids nomenclature [9]

Upper-limb orthosis Lower-limb orthosis Spinal orthosis

WO Wrist orthosis AFO Ankle-foot orthosis CO Cervical orthosis

LO Lumbar orthosis

WHO Wrist Hand orthosis FO Foot orthosis TO Thoracic orthosis

EO Elbow orthosis KO Knee orthosis SIO Sacroiliac orthosis

Fig. 22.1 Wrist orthosis [10]
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Fig. 22.2 Wrist-hand orthosis [11]

Lower limb orthosis broadly classified into foot orthosis, ankle-foot orthosis and
knee orthosis.

Foot Orthotic or orthotics insole are generally to used for offloading foot pres-
sure reducing chance of foot ulcer in diabetics patients. Knee Orthosis (KO) relieve
pressure from knee joint which is affected by stiffness in joint or underlying bones.
Ankle Foot Orthosis (AFO) (as shown in Fig. 22.3) is an external wearable aids to
hold ankle in the correct position by providing external mechanical support when
there is some injuries or weakness in the muscular/skeletal system.

Fig. 22.3 Ankle-foot orthosis [12]
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Fig. 22.4 Bespoke orthosis [13]

Spinal orthosis is classified into cervical orthosis, lumbar orthosis, thoracic
orthosis and sacroiliac orthosis.

Cervical orthosis (as shown in Fig. 22.4) is used to stabilise the neck during neck
pain; or provide support to head in neuromuscular injuries.

Orthotics aids can be fabricated either by using the traditional method or custom
made using additive manufacturing methods. The traditional method uses plaster
casts for orthotic treatment which are bulky, breathless, and fixed. The traditional
moulds cause skin problems, discomfort, and joint and under laying bones injuries
[14]. As per WHO, only 10% of people can afford orthotics aids, because of lack
of awareness, availability, and high coast. 3-D printed orthotics aids would be better
alternatives to the traditional method. Figure 22.5 compare the traditional method of
orthotics fabrication with additive manufacturing.

The 3-D printed orthotics fabrications start with the design method followed
by materials selections, choosing appropriate 3-D printing technologies to print
the product and finally post-processing. This paper presents a systematic review
of the design method, different 3-D printing technologies and materials selection
for different orthotics aids. The first section discusses the design method for fully
customized orthotics aids. In the next two sections, review the main 3-D printing
technologies and material selections for these technologies to fabricate orthotics.
Lastly, the applications and challenges are summarized.
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Fig. 22.5 Comparison of traditional method with additive manufacturing [3]

22.2 Design Method

The conventional method of orthosis fabrication is lengthy and time-consuming.
They don’t fulfil functional requirements of the patients. The design method used in
3d printing technologies are patients specific and less time consuming. The design
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Fig. 22.6 Design process of the upper limb orthosis [11]

of orthotics aids is based on the 3d scanning or photogrammetry techniques without
requiring preparation of individual mold for every patient. The custom-made insoles
were compared with traditional pre-fabricated and off-the-shelf insoles by Caravaggi
et al. [10]. In his case study, seventeen workers were selected and their feet were
3D scanned, concerning their plantar view, and these images were used to design
34 insoles. The study suggested that customized insoles are an effective solution
for decreasing overloading and redistributing plantar pressure in workers’ feet for
different working activities. Surmen et al. n.d. created the 3Dmodel of foot insole by
taking multiple pictures from various angles and uploading these data to photogram-
metry software technology. He next, transferred the 3D scan data to a CAD package
and the model was altered for representing the geometric parameters of the subject’s
foot appropriately ready to 3D print [12].

The design process for orthotics aids is divided into the following steps (Fig. 22.6).

22.2.1 3-D Modeling: Acquisition of 3D Geometry

The 3-D model of orthotics aids can be taken using photogrammetry software
or with a 3-D scanner. Photogrammetry is a technique of making a 3-D digital
model of any subject by taking multiple images from all different angles. 150
images of patient’s foot [FO] were captured at different angles and then uploaded
on AgisoftPhotoScanPro™ software to obtain the 3D Model [15].

The 3D scanner captures human topography using light-based techniques to
create 3D models. 3D scanner takes images to create a triangular mesh of the object.
The software performs many functions like mesh generation, image cleaning, and
exporting data [10].
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22.2.2 Importing DATA to CAD Modeller

The next step in designmethod is to import photogrammetric or 3D scan data to CAD
modeler. It allows building computer models of imported data. The mechanical CAD
software SolidWorks™ was chosen to generate very well-parameterized ankle-foot
orthosis [AFO] digital files, and also used for topological optimization [10]. The
wrist orthosis model [WO] was exported to SolidWorks software, where 3 D model
was built [11].

22.2.3 Topological Optimization

The finite element method is used to evaluate the mechanical properties under given
conditions related to its function such as deformation, loading, temperatures resis-
tance and bending. In AFO the toe-off and heel-contact phases of step are main area
of interest and load is applied there during FEM simulation [10]. The calculated
loading condition and the FEM can be used to design AFOs with a predetermined
stiffness to match the patient’s need and achieve desired biomechanical functions
[12].

22.3 3-D Printing Technologies

3D printing is a rapid prototyping process that forms 3-D object from CAD or scan
data by adding one layer over the adjacent layer. It consists of a microcontroller,
motors and printer head. The motherboard of the 3-D printer read the uploaded
design file and guides the printer head move along 3 axes to print objects either by
the bottom up or the top-down approach.

As per ASTM Standard 3D printing technology are classified into 7 groups, these
are binding jetting, directed energy deposition, material extrusion, material jetting,
powder bed fusion, sheet lamination and vat photopolymerization.

22.3.1 Binder Jetting

In Binder jetting process (shown in Fig. 22.7) powder particles (metal, polymer,
sand or ceramics) is first deposited on build platform. Liquid binding agent is spray
by inkjet nozzle over it to bind the powdered particles together in layer by layer
fashioned.
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1 Material Box 

2 Print head  

3 Recoater  

4 Printed objects 

5. Powder bed 

6. Overflow bin 

Fig. 22.7 Binder jetting Source from—what is 3 d printing? The definitive guide, 3D hubs

22.3.2 Directed Energy Deposition

Directed energy deposition is similar to material extrusion process where nozzle axis
can move in multiple direction. This process is generally used for addition or repair
work in already existing components.

22.3.3 Materials Extrusion

Material extrusion-based 3D printing technology is also known as Fused deposition
modeling (FDM).

FDM (Fig. 22.8) is most commonly used 3D printing technology used to print
objects in a layer by layer fashion by depositing melted filament through a nozzle
moving along 3-axes. The layer height, wall thickness, infill density and printing
orientation of filaments are the important processing parameters that decide the
mechanical properties of the object [16].

FDM printers are capable of making plastics objects that have good but not great
resolution. The layer thickness in FDM printing can be as low as 100 microns per
layer so the object will strong but not have a good surface finish. One unique function
of FDM technology is that the infill density of the object can be altered which greatly
reduces the weight when compared to other techniques. Low cost, low weight, and
easy to operate are the main advantages of FDM. On the other hand, anisotropic
behavior, layer appearance, poor surface finish [17] high manufacturing time and
unviability of thermoplastic materials with desirable properties are the main limita-
tions of FDM [18]. The dimensional accuracy and resolution of FDM is minimum
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1. Filament holder 5. Printed part
2. Main filament 6. Support structure  
3. filament 7. Build platform
4. Extrusion head

Fig. 22.8 FDM process Source from—what is 3 d printing? The definitive guide, 3D hubs

as compared with other 3D printing technologies, hence not good for printing parts
with intricate details.

22.3.4 Materials Jetting

Material Jetting (shown in Fig. 22.9) working principle is similar to inkjet printing
where droplets of photosensitive materials are deposited in layer by layer fashioned
which solidified by UV light to form solid object. Wide varieties of materials such
as polymers, composites, ceramics can be used in material jetting process.

1. Material box 

2. Print head    

3. UV light    

4. Printed object 

5. Support structure 

6. Build Platforms 

Fig. 22.9 Materials jetting. Source from—what is 3 d printing? The definitive guide, 3D hubs
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1. Laser 4. Printed object

2. X-Y scanningmirrors 5. Build platform

3. Recoater 6. Overflow bin

Fig. 22.10 SLS process Source from—what is 3 d printing? The definitive guide, 3D hubs

22.3.5 Powder Bed Fusion

The powder bed fusion process is also called selective laser sintering (SLS). Selective
Laser Sintering (SLS) (Fig. 22.10) first introduced by DTM Corporation in the 90s
[19] uses high-powered CO2 laser to sintered powdered particles together to form
3-D objects. As per design data laser sintered the powder particles by moving along
X&Y direction of a powder bed. The object is printed in a layer by layer form.

The key advantage of the SLS printer its woks without support structures. The
unsintered powder provides the desired support. For this reason, SLS is used to create
freeform geometries that are not possible by othermethods. It is capable of producing
highly durable parts for real-world testing. The bond strength between layers is good
in SLS printing. Also, SLS printed parts have isotropic in nature. However, the
limitations of SLS technology are large production time, grainy surface finish and
high porosity between fused powder particles.

22.3.6 Sheet Lamination

In Sheet lamination process sheet of materials are bond together with adhesive and
cut to desired shaped by using laser.

22.3.7 Vat Photopolymerization

It is based on principle of photopolymerization, also called SLA 3d printing.
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1. Build area        5. Recoater  

2. Support structure 6. Transparent screen

3. Printed parts 7. X-Y scanning mirror

4. Resin 8. UV laser

Fig. 22.11 SLA process Source from—what is 3 d printing? The definitive guide, 3D hubs

It was the first 3D printer created by Chuck Hall in 1986. He used a focused
beam of ultraviolet light to harden a thin layer of a resin successively. He named this
process stereolithography, also known as resin 3-D printing.

SLA (Fig. 22.11) creates objects by using a high-intensity light beam, such as a
laser, to harden a soft resin. The materials used in SLA are photosensitive resin in a
liquid form. The product with high resolution and smooth surface finish are created
using the SLA technique. SLA can be used for fabrication of composites materials.
However, objects made are not very strong. The process is very slow, costly and the
materials available for printing are very limited. The kinetics reaction and the curing
process is complex [20].

22.4 Materials Selections for Orthotics Aids

The selection of the right material for orthotic aids is very important for its success.
There are specific types ofmaterial for each 3-Dprinting technology. Like photopoly-
mers for SLA, powdered thermoplastics for SLS, thermoplastics filaments andmetals
for FDM. The desired physical properties of materials for orthotics fabrication
comprises of flexibility, bending strength to weight ratio and durability [21]. Once
you have determined the needs of your applicationWizard allows you to filter through
all of their available materials and determine which material fits the profile [22].

In SLA manufacturing technologies photopolymer i.e., resins are used as main
printing materials. The resin used in SLA is generally viscous material in the form
of plastics and glass or ceramic filled composite. The types of resin for 3-D printing
are rigid resin, elastic resin, flexible resin, and high-temperature resin. There is
not much literature available using resin as the material for making orthotics aids.
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Photopolymer epoxy resin is used to make a prosthetic socket [23]. The prosthetic
implant is constructed indirectly by SLAmodeling of polymerizable or cross-linkage
proteinaceous materials [24].

The most common material used in SLS printing is Nylon 12. Nylon powder
can be reinforced with additives (such as carbon fibres, glass fibres or aluminium)
to form composites material having desirable mechanical properties to print SLA
products. However, such composite has certain limitations like anisotropic behaviour
and brittleness. DuraForm EX natural plastic (3D system) nylon, is considered a
durable material for manufacturing ankle-foot orthosis [25]. Mechanical damping
characteristics of the SLSmaterial for orthotics aids inRilsanD80 is best, followed by
DuraForm™ PA (nylon plastic), while DuraForm™GF (glass-filled nylon) material
has the worst damping property [26]. AFO is manufacture using the SLS technique
by Nylon 11 material, having high ductility and low damping effect [27]. The foot
orthotics [FO] produced in Nylon 12 on SLS machine which is biocompatible for
orthotics fabrication [28].

For the FDM 3-D printer, the commonly available thermoplastics are PLA, ABS,
PA, TPU, and PETGofwhich PLA andABS are the 2most frequently usedmaterials.
Table 22.2 compares the properties of these two materials.

PLA is the most popular biodegradable thermoplastic for the FDM 3-D printer
made of starch prepared from grains of corn. It is very rigid, strong, and good visual
quality but has brittleness property.

A PLA based material is used for custom made wrist orthosis (WO) due to it
slow cost and also, the material is easily available and biodegradable [29]. PLA
material have hydrophobic in nature, which degrade in the body affecting the PH

Table 22.2 Comparison
between of PLA versus ABS
properties

Propertiesa ABS PLA

Tensile strengthb 27 MPa 37 MPa

Elongation 3.5–50% 6%

Flexural modulus 2.1–7.6 GPa 4 GPa

Density 1.0–1.4 g/cm3 1.3 g/cm3

Melting point N/A (amorphous) 173 °C

Biodegradable No Yes, under the
correct conditions

Glass transition
temperature

105 °C 60 °C

Spool pricec (1 kg,
1.75 mm, black)

$USD 21.99 $USD 22.99

Common products LEGO, electronic
housings

Cups, plastic bags,
cutlery

aSourced from MakeItFrom
bSourced from Optimatter for a test specimen with 100% infill,
0.2 mm layer height printed in a linear pattern
cSourced from Amazon ABS & PLA
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of surrounding tissue; therefore, it must be replaced with polymers with a more
hydrophilic properties [30]. The ankle-foot orthosis (AFO) with PLA (Poly-Lactic
Acid) material is biocompatible and non-toxic, having maximum tensile stress and
Young’s modulus but is anisotropic [31].

ABS is usually preferred over PLA because of higher temperature resistance and
higher toughness value. The orthosis is flexible and having more bending strength.
Mechanical properties ofABSmaterial calculated by tensile and bending test confirm
that it is good for fabrication of wrist orthosis (WO) [11]. The FDM technology is
capable of fabricating ankle-foot orthosis(AFO) with sufficient strength and stiffness
using polycarbonate-acrylonitrile butadiene styrene (PC-ABS) materials as experi-
mental results show that the FDM AFOs have lower strain during the subject’s gait
[12]. AFOs with PC-ABS materials were stiffer high strength to weight ratio [32].

Wang et al. [33] suggested PETGfilament instead of PLAandABSbecause of like
moisture-bearing andmore mechanical strength for customized insole fabrication. In
his second experiment, Salles et al. [34] conducted the test using TPU material and
suggested that the use and variability of their geometries favoured the modification
of shock-absorption properties of the personalized insoles. Mogan et al. [35] printed
the specimens by varying infill pattern percentages in TPUmaterials of two different
make Filaflex and Ninjaflex. Hardness, tensile, and flexure test was performed on
these specimens. They observed that tensile strength and hardness for Filaflex make
filament is more compared to the Ninjaflex and based on result suggested that infill
percentage of material could affect the hardness, tensile as well as flexural property
materials can be suggested for applications in fabrication of orthotics insoles where
flexibility and shock-absorbing are the desired properties.

From the literature review of polymers, it is observed that not a single polymer
fulfils the desiredmechanical properties for orthosis fabricationwhich includes prop-
erties like biocompatibility, flexibility, and good tensile and bending strength and
there is a need to developed compositematerials by reinforcingmaterialswith desired
into a polymer matrix, as they offer required mechanical properties. Tao et al. [36]
prepared the TPU/PLA composite to compare with PLA filament. They found that
the composite with 25% TPU give better toughness value than PLA filament without
compromising the tensile strength. The insole was printed with TPU/PLA composite
with the same tensile strength and better flexibility. Tekinalp et al. [37] prepared a
composite by reinforcing the 3.5 mm carbon fiber by 10%, 20%, 30%, and 40%
weight in ABS polymer matrix and observed that there is an increase in the tensile
strength (up to 115%) and modulus (up to 700%) in the composite. Another experi-
ment was carried out by Dul et al. [38] on the ABS matrix reinforced with graphene
for 2, 4, and 8% weight fraction. Graphene reinforced composites have large value
of elastic modulus and dynamic storage modulus; however, there is decrease in the
maximum tensile strength and elongation at break point. Rimasauskas et al. [39]
embedded 6.6 volume % continuous carbon fibre (CF) and 6.1 volume % jute fibre
in the PLA polymer matrix and studied the reinforcement effect. PLA matrix rein-
forcement with 9.5 weight % continuous aramid fibre (8.6 volume %) has improved
strength and modulus [40].
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22.5 Other Applications

Besides WO, AFO 3-D printing technologies are also used in making other types
of orthotics aids like orthotics insole, knee orthosis, and hand orthosis, cervical and
thoracic orthosis. The detailed analysis of a hand orthosis is made using 3d printing
process [10]. The customized knee orthosis is designed and developed using low-cost
3Dprinters [41]. The customized orthotics insole is printed using the FDM technique.
The test is performed to compare plantar pressure of foot with insole to barefoot.
The results suggest plantar pressure distribution in case of insole is more uniform
which reduces the peak pressure to half from 218 to 109 kPa [42]. Tensile strength
of PLA, ABS, Nylon and PETG materials are calculated and compared indicating.
PLA as a superior material followed by ABS, Nylon, and PETG and can be used in
the development of a scoliosis brace [43].

22.6 Future Challenges

3-D printing technologies have great potential to change the traditional design and
manufacturing process of orthotics products. It can fabricate custom-made WO,
AFO, HO, CO, and other orthotics aids. However, studies clearly show that there is
technological barrier on both design and manufacturing level that need to be over-
come. The initial cost and printing cost are also too high as compared to traditional
methods that need to be addressed [32]. High investment cost, large printing time,
software barrier and limited availability of materials are the major challenges for
these technologies. There is not a single software available today that can take the
3D scan data, modify the geometry of the 3D surface, convert the surface into a
solid object, and create tramlines in a single shot. There is need to developed single
software platform that can handle all these process [32]. PLA is an excellent material
for FDM, but it is not the most mechanically resistance [31]. The manufacturing time
using FDM for AFO using the current printer takes about a full day, which can be
reduced by incorporating optimal topology geometry and sparse structure [12].
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Chapter 23
Analysis of Carbon Nanotubes
Reinforced Functionally Graded
Composite Beams by Finite Elements
Method

Manish Kumar and Saroj Kumar Sarangi

Abstract This paper presents the static analysis of carbon nanotube reinforced
composite (CNT) beams using the finite element method. Uniformly distributed
CNT reinforced composite beams and FG-CNT reinforced composite beams are
considered. Since the general mixing rule is not suitable for such beams, an extended
mixing rule is uses to calculate the materials properties of the beams, taking into
account the efficiency parameters of CNT, to include material properties depending
on size. The finite elements model was developed for the beam in the ANSYS using
the calculated properties of the material. The finite element model is first tested for
validation, and then the results are shown for different load and boundary conditions.
The influence of the volume fraction of CNT fibers in the composite beams on the
bending analysis of beams has been investigated. It turns out that the deflection of the
beam is strongly affected by the type of load and the grading of material properties. It
is also detected that the bending deflection of the beams decreases with the increase
in the volumetric fraction of CNT under different load conditions.

Keywords FEM · CNT reinforced · Functionally grade · Composite beams

23.1 Introduction

The carbon nanotube has unique mechanical, thermal and electrical properties and
which are considered promising reinforcement for high performance structural and
multifunctional composites with a variety of potential applications. The most impor-
tant characteristics of the CNT are high rigidity with excellent elasticity. Han and
Elliot [1] simulated the elastic properties of CNT composite, while Zhu et al. [2]
showed the stress-strain curves of composite materials reinforced with CNT. These
studies are very useful to demonstrate that the addition of a small amount of CNT
significantly improves the properties of composites. These results are useful for
analysing the overall response of CNT-reinforced composite in components. Wuite
and Adali [3] worked on the deflection and the calculation of the stresses of beams
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reinforced with nanocomposite by means of multiscale analysis. They found that a
small portionof the carbonnanotube can significantly improvebeamstiffness.Voden-
itcharova and Zhang [4] investigated the pure local buckling and bending behavior
of single wall CNT-reinforced composite beams. Earlier studies have shown that the
use of CNT on nanocomposite was inhibited due to the weak bonding of the interface
between CNT and the matrix. FGM materials have several advantages. It provided
the multi functionality and the dynamic response, corrosion, wear and the capability
to design for dissimilar complex environments of FGM materials used to eliminate
stress concentration. FGMmaterials have provide the opportunity to enjoy the bene-
fits of dissimilar material systems, e.g. metals and ceramics such a bonding capacity,
oxidation resistance and toughness However, FGM materials present various chal-
lenges, for examplemass production, production cost, production control, etc. Roque
et al. [5] worked with the effect of scale parameters on the free vibration frequency of
a functionally graded Tymoshenko beam. Differential evolution optimization is used
to solve the optimization problem of minimizing the frequency of free vibrations of
the beams. Wu et al. [6] study the nonlinear vibrational analysis of the reinforced
composites beam by functionally graded carbon nanotubes with geometric defects.
They concluded that the fundamental linear frequency of the beam increases due to
the presence of initial defects, and this effect becomes more important as the ampli-
tude of the rupture increases. Akbas et al. [7] studies the forced vibration of an FG
beams with a porosity effect under harmonic load distributed according to the FEM
method. In this article they saw that porosity plays a very vital role in the dynamics
of deep FG beams. Kumar et al. [8] work with the influence of carbon nanotubes on
CNT reinforced FGM nano sheets under their mechanical loading. CNTs have been
confirmed to significant increase the strength of both FGMs and composites. It was
specified that the CNT would lead to a resistance of the composite material under
higher mechanical stress than the FGM. Though, under thermo mechanical loading,
FGMs should have a higher strength than that of the composite material. Puneet
et al. [9] work with bending, free vibration and buckling of FG-CNTRC beams. He
concludes that increasing the number of wall in MWCNT, decreases dimensionless
natural frequency and buckling load of the beams but increase bending deflection.
The FGX-CNT distribution gives the largest frequency for all boundaries condition.
Lin et al. [10] work with the linear oscillation of nanocomposite beams reinforced
by SWCNT. Comparative studies between UD-CNT and FG-CNT based on the first
and third order shear deformation theories come to the conclusion. Another study on
the analysis of the free vibration of the FG-CNT beam has been developed [11–14].
As a result, FG materials are inhomogeneous composites that exhibit a continuous
variation in material properties and these materials have been found to have many
applications in the industry [11].

Studies of the free vibration characteristics of FG-CNT beams are available in
the open literature. However a limited number of works are reported to investigate
frequency of beams for FG-CNT. So, the tenacity of this study was to examine
the free vibration performance of CNT reinforced FG nanocomposite beams. The
material properties of the beam are assumed to varies along its thickness. These
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material properties are obtained by the extended rule of mixture using with efficien-
cies parameters. The models of the FG beams are design in ANSYS. Results were
obtained for UD-CNTRC beams for validation purposes. Detail parametric studies
were performed to understand the special effects of nanotube volume fraction, end
conditions in addition to CNT distribution on free vibration behaviour of FG-CNT
reinforced beams.

23.1.1 Application of FGM

FGM is used for a variety of applications. It is now used in a number of industries.
It has great potential for use in other applications.The current area of application
includes defiance, biomedical, electrical, electronics, energy, aerospace, automobile,
marine, thermoelectric, optoelectronics. It is also used for tough operating condition
for thermoelectric generator, heat engine component, the rocket heat shield, the
plasma facing for fusions reactors in nuclear reactors plants, electrical insulating
application. The future demand of FGMS in such application, where unexpected
thermal, chemical and mechanical properties are essential which is must be able
to serve working environment. This potential will be used in future applications of
nonlinear functions such as hardness, toughness, and so on.

The initial application is automobile industry. The present application include
combustion chamber, for the leaf spring drive shaft, shock absorbers, flywheel, car
body parts etc. FGM is used in automobiles for better bodybuilding. The application
of FGMs in aerospace engineering is increased over the years. These included rocket
engine component, turbine blade coating, nose caps, leading edge of missile; space
craft truss structure, heat exchange panel, space shuttles, turbine wheel, solar panel
and heat exchanger panel. FGM is also used to build walls that combine the heat and
sound industries. The future use of FGMwill be expanded as the production costs of
these materials are reduced. Indeed, the production costs of FGMS are significant in
many applications such as cutting tool, engine component and machine parts etc. so,
the use of FGM materials are the most active and efficient material for sustainable
growth in the industry.

23.2 Modelling of the Beam

Figure 23.1 shows a composite beam with length L, width b and thickness h. Three
types of beams are considered, namely uniformly distributed CNT beams, function-
ally graded CNT beams of type X (FG-XCNT) and type� (FG-�CNT) in Figs. 23.2
and 23.3.

These CNT reinforced composite beams are deliberated to have comparable
geometries and carry the similar total weight of CNTs mtcnt and with the total,
volume fraction CNTs i.e. Vtcnt .
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23.2.1 The Extended Rule of Mixture

According to the rule of mixture, FGM is assuming to vary smoothly along the
direction as a function of material constituent and volume fraction. Since FGM
beams consider the varying direction is thickness. The CNT volume fraction varies
along z-axis direction which is explain as [6], (Only linear distribution is considered
for practical purpose)
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The volume fraction of FG-XCNT is given by
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For an uniformly distributed CNT, the CNT is evenly distributed across the thick-
ness of the beam,meaning that the CNT volume fraction varies along the z coordinate
and is equal to the total CNT volume fraction [15].

VCNT(z) = Vtcnt

(
−h

2
≤ z ≤ h

2

)

Young’s modulus, shear modulus and density of the CNT composite beam were
obtained based on the simulation results of existing molecular dynamics using the
extended mixing rule. The expression is the following:

E11(z) = η1VCNT(z)E
cnt
11 + Vm(z)Em

v21(z) = v12(z)

E11(z)
E22(z), ρ(z) = VCNT(z)ρ

cnt + Vm(z)ρm

v12(z) = η1VCNT(z)v
cnt
12 + Vm(z)vm

η2

E22(z)
= VCNT(z)

Ecnt
22

+ Vm(z)

Em
,

η3

G12(z)
= VCNT(z)

Gcnt
22

+ Vm(z)

Gm

Vm(z) = 1 − VCNT(z)

E22 = E33,G12 = G13,G23 = 1.2G12

where, Em , Gm Ecnt
11 , Ecnt

22 and Gcnt
22 are shear modulus and young’s modulus of

matrix and CNT. vcnt
12 and vm are Poisson’s ratio. η1, η2 are efficiency parameters

of carbon nanotube and matrix, and ρm and ρcnt are mass densities of matrix and
carbon nanotube respectively.

The Beam is considered to be made of various strips which are modelled sepa-
rately using ANSYS package. The material properties in the strips are taken utilizing
extended rule of mixture. All the strips are perfectly bonded to each other in the
ANSYS (Fig. 23.4a, b).

The element type selected for the beam is solid 186. It has 6 nodeswith higher solid
element which has three degree of freedom per node. The three degrees of freedom
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(a) (b) 

(c) (d) 

Fig. 23.4 a Functionally graded composite beam, bmodel of functionally graded composite beam
with strips, c meshing of functionally graded composite beam, d HC-HC at the end of beam

are the nodes x, y and z. Solid 186 support great strain abilities, more deflection,
hyper elasticity, stiffness with creep. CNT has great tensile strength, highly flexible
(it can be bent without breaking). SOLID 186 have capability to simulate the beams
of CNT reinforced composites.

Mesh:

The created 3D model is meshed by certain number of divisions or elements. A
fine mesh is applied to achieve precise and accurate results than coarse mesh. An
automated mesh is generated here on the created model as shown in Fig. 23.4c.

Boundary condition:

Four types of boundary conditions such as Pin (P), Hard clamped (HC), Free (F)
and Soft Clamped (SC) condition are explained and current study takes into account
each end of the beam. One boundary condition HC-HC is explained in Fig. 23.4d.
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Table 23.1 Material
properties of CNT and matrix

S. No. Properties Matrix CNT

1 Densities (kg/m3) 1190 2100

2 young’s modulus (E11) GPa 2.5 5646.6

3 young’s modulus (E22) GPa 2.5 7080

4 Passion ratio (vcnt12 ) 0.3 0.175

5 Shear modulus (Gcnt
12 ) GPa 0.7267 1944.5

Table 23.2 CNT efficiency
parameters

CNT efficiency parameter Vtcnt Vtcnt Vtcnt

0.12 0.17 0.28

η1 0.137 0.142 0.141

η2 1.022 1.626 1.585

η3 0.715 1.138 1.109

23.3 Material Properties

CNTs are elastic, low thermal expansion co-efficient, high tensile strength. it is
suitable for analysis of beam for using blade of turbine, cooling towers, radar bonnets
and racing cars etc. The material property of the composite beams is explained
in Table 23.1. The other required properties are calculated using extended rule of
mixture (Table 23.2).

23.4 Results and Discussion

FG-CNT reinforced composite beam of different boundary condition is considered
for detail exploration. The composites beams with three dissimilar types of FG
distributed were tested for bending and free vibration characteristic. Present study
aims to analyse firstly static analysis and secondly model analysis of FG-CNTRC
beam. First the convergence study followed by validation is conducted for uniform
distributed CNT beam and is presented. There are comparative studies of published
results that were used to confirm the computational results that were used in this
study.

Table 23.3 presents the maximum bending deflection for uniformly distributed
CNT beams with total volume fraction 0.17. The L/h ratio of the beams is taken to
be 10. The solution of this study fits well with Akbas et al. [7].

Now applying a static load 10 MPa on the beam, structural analysis is performed
on the beam for three different volume fractions of CNT in ANSYS workbench to
determine total deformation and von-misses stress (Figs. 23.5 and 23.6).

The dimensionless bending deflection is
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Table 23.3 Effect of the
Vtcnt on maximum bending
deflection (mm) of beams

CNT-distribution Boundary
condition

Current study Ref. [7]

UD-CNT SC-SC 1.01e−3 0.102e−2

FG-XCNT SC-SC 0.98e−3 0.100e−2

FG �-CNT SC-SC 1.27e−3 0.137e−2
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FG-XCNTFG- CNT

Fig. 23.7 Static non dimensionless bending deflection of the beams across the centre line through
different length of the beam

Table 23.4 Non dimensional
frequency parameters for
evenly distributed CNT
beams with Vtcnt at 0.17
where L/h equal to 10

CNT-distribution Boundary
condition

Ref. [10] Current study

Uniformly
distributed CNT

P-P 1.56591 1.57640

S C-P 1.84400 1.866990

S C-S C 2.13310 2.16660

The static non dimensionless bending deflection of FG�-CNT and FGX-CNT
beam for SC-SC boundary condition as shown in Fig. 23.7. FG�-CNT beam has
greater bending deflection than FGX-CNT at all L/h ratio.

After performing static analysis by applying HC-HC boundary condition for UD-
CNTbeam, the differentmodes of total deformation is shown in Fig. 23.4. For finding
the total deformation and natural frequency ANSYS 17.2 is used.

Table 23.4 present the fundamental frequency parameters for evenly distributed
CNT. The L/h ration of the beams is taken to be 10. Frequency parameter is
nondimensionalize as

γ = ωl2

h

√
ρm

Em

Convergence studies and comparison confirmed the accuracy and reliability of
the presently solution method to make the solution for FG�-CNT and FGX-CNT
(Table 23.5).

In FG�-CNT, the CNT reinforced is continuously increasing from top to bottom.
So, we see that in Fig. 23.8 if L/h ratio is increases the free vibration frequency
continuously increases. Now, if total volume fraction of CNT is increases then free
vibration frequency increases shown in Fig. 23.8.

In FGX-CNT, the CNT reinforced is continuously decreases at midpoint, after
continuously increases from top to bottom.So, we see that in Fig. 23.9 if L/h ratio is
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Table 23.5 Fundamental
frequency parameters for
functionally graded CNT
beams with L/h ratio equal to
10

CNT
distribution

Boundary
condition

Vtcnt = 0.17 Vtcnt = 0.28

FG�-CNT SC-F 0.5215 0.5353

P-P 1.625 1.425

HC-HC 1.7556 2.456

FG-XCNT P-P 1.5324 1.7231

SC-F 0.7234 0.7543

HC-HC 1.870 2.145

UD-CNT SC-F 0.5431 0.6256

P-P 1.5764 1.524

HC-HC 1.809 2.345
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increases the free vibration frequency continuously increases. Now, if total volume
fraction of carbon nanotube is increases then free vibrational frequency increases
shown in Fig. 23.9.

In UD-CNT, the CNT reinforced is distributed uniformly from top to bottom.
So, we see that in Fig. 23.10 if L/h ratio is increases the free vibration frequency
continuously increases. Now, if total volume fraction of CNT is increases then free
vibration frequency increases but at 15 and 30 L/h ratio is same shown in Fig. 23.10.

In Fig. 23.11 show a comparison studies with different distribution of CNT
reinforced beam at Simple clamp-simple clamp (SC-SC) boundary condition at
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Fig. 23.12 Influence of L/h variation on frequency of various beams at 0.28 Vtcnt

0.17 volume fraction of CNT. Figure show at all L/h ratio FGX-CNT higher free
vibrational frequency.

In Fig. 23.12 show a comparison studies with different distribution of CNT rein-
forced beam at Simple clamp-simple clamp (SC-SC) boundary condition at 0.28
volume fraction of CNT. Figure show at some L/h ratio FGX-CNT higher free vibra-
tional frequency but at 15 and 30 L/h ratio, free vibration frequency of FGX-CNT is
less than that FG�-CNT.

23.5 Conclusions

This article looks at improved free vibration frequency of functionally graded CNT
beams for different part of volume fraction. The FG beam model is developed in
ANSYSenvironment. The results forUD-CNTRCbeams are examined for validation
purpose.A detailed study of the endpointwas evaluated to understand the influence of
volume fraction the carbonnanotube of beams.Convergence studies and comparisons
show the accuracy and reliability of the improvedCNT reinforced beamsmodel that is
being developed. The comparison study also indicate the computed model to achieve
the realistic response. The following conclusions are obtained from the present study.

1. It is observed that equivalent stress increases and total deformation decreases
with increased volume fraction.

2. The natural frequency of beams increased with increased volume fraction of
beams.

3. The FGX-CNT distribution gives the largest frequency though the UD-CNT
distribution gives smallest frequency.
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4. Boundary condition and L/h ratio intensely effect on frequency of FG-CNTRC
beams.

References

1. Qian, D., Co Dickey, E., Andrews, R., Rantell, T.: Load transfer and deformation mechanisms
in carbon nanotube-polystyrene composites. Appl. Phys. Lett. 76(20), 2868–2870 (2000)

2. Han, Y., Elliott, J.: Molecular dynamics simulations of the elastic properties of polymer/carbon
nanotube composites. Comput. Mater. Sci. 39(2), 315–323 (2007)

3. Zhu, R., Pan, E., Roy, A.K.: Molecular dynamics study of the stress–strain behavior of carbon-
nanotube reinforced Epon 862 composites. Mater. Sci. Eng., A 447(1–2), 51–57 (2007)

4. Vodenitcharova, T., Zhang, L.C.: Bending and local buckling of a nanocomposite beam
reinforced by a single-walled carbon nanotube. Int. J. Solids Struct. 43(10), 3006–3024 (2006)

5. Roque, C.M.C., Martins, P.A.L.S., Ferreira, A.J.M., Jorge, R.M.N.: Differential evolution for
free vibration optimization of functionally graded nano beams. Compos. Struct. 156, 29–34
(2016)

6. Wu, H.L., Yang, J., Kitipornchai, S.: Nonlinear vibration of functionally graded carbon
nanotube-reinforced composite beams with geometric imperfections. Compos. B Eng. 90,
86–96 (2016)
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Chapter 24
Studies on the Fatigue Performance
of Wire and Arc Additive Manufactured
SS 904L

Sharath Rajendran, A. Rajesh Kannan, B. Suresha, and N. Siva Shanmugam

Abstract To understand the complete potential of Wire Arc Additive Manufac-
turing (WAAM), it is required to explore the relationship between process, the
resultant microstructure, and mechanical integrity of the components. WAAM
process has achieved a significant attention because of the possibility of fabricating
small-medium metal components. Most of the structures made by WAAM process
are exposed to cyclic loads and the fatigue performance of WAAM components
compared to wrought and cast alloys is far less understood. In the present work,
single layered wall was produced via Gas metal arc welded (GMAW) based WAAM
process. The wall dimensions were 200 × 145 × 6 mm before machining and 180
× 135 × 3.5 mm after machining, respectively. Fatigue specimens were prepared
from the wall component along the built direction. The fatigue characteristics of
the WAAM processed 904L samples were correlated to their microstructure as well
as the mechanical properties. The fractographs were captured to reveal the fracture
morphology. Recent works on WAAM process along with the several influencing
parameters on the fatigue behaviour reveals the need for thorough understanding of
the fatigue performance of steel structures by this technique. Based on this fact, some
of the gaps are discussed in relation with microstructure and mechanical properties
for future research in WAAM process.
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24.1 Introduction

Austenitic stainless steels have beenused in numerous industries due to their excellent
corrosion performance and acceptable mechanical properties under elevated temper-
ature. Super austenitic stainless steel (SS 904L) has excellent resistance to chloride
attack, which makes it an ideal choice for application in the oil and gas refineries.
The presence of copper in this grade of stainless steel makes it invulnerable to H2SO4

and other reducing agents, thus making it a good choice for chemical industries as
well. SS 904L is considered as a best material to replace duplex stainless steel 2205
for certain applications.

Wire and Arc Additive Manufacturing (WAAM) can be a feasible option for
medium to large scale products that have to be rapidly fabricated. This is because
of the reason that WAAM using GMAW process with standard welding equipment
is a very cost-effective method of manufacturing products which are otherwise very
difficult to manufacture through conventional manufacturing methods. The buy-to-
fly ratio of WAAM processed products are significantly lower than that of their
counterparts from traditional machining.

Further, any advancements in the manufacturing aspect of engineering is to aid
the use of the products in the industry. Most components in their applications are
subjected to fatigue loads, rather than monotonic loads. This nature of loading
decreases the life of the components used by a huge amount, as parts subjected
to fatigue loading fail at stress levels far below the yield stress values of its material.
Therefore, studying the behaviour of materials under such conditions is necessary to
predict the fatigue life of the components.

24.2 Background of Research

Despite the noteworthy pros mentioned earlier, the fact remains that Additive Manu-
facturing, and WAAM is a comparatively unexplored area when austenitic stainless
steels are taken into consideration in a research perspective, unlike the abundant
research available for materials like Ti-6Al-4V, Inconel and similar alloys. Studies
on fatigue behaviour of AM steels are usually on specimens manufactured through
methods like Selective Laser Melting. Studies conducted by Lewandowski et al. [1]
gives an insight that WAAM, a method of additive manufacturing of metals can be
very cost effective as compared to conventional methods of production.

WAAM has been successfully demonstrated with many metals like Titanium,
Aluminium, Steel, and Nickel based superalloys as discussed by Duraisamy et al.
[2]. Various aspects like the cooling rate, process parameters, microstructure of the
WAAM processed Titanium has been discussed by Martina et al. [3]. Gu et al. [4]
have worked with coldmetal transfer (CMT) process-based deposition and discussed
the effects of post-deposition heat treatment on the CMT product. The influence of
weld bead geometry for Aluminium-Copper alloys was also shown in the research.
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In the research conducted by Cong et al. [5] the porosity issues that rise during the
creation of theAMAl-Cu alloywall was clearly explained. SS 347was exploredwith
WAAM process exhibited heterogenous microchemistry across the build direction
and reported the presence of oxides at elevated temperatures (Fe2O3 and Fe3O4)
during dry sliding wear test [6].

Considering various stainless steels, very little research has been carried out with
SS 904L using WAAM process. Gordon et al. [7] conducted research on the fatigue
behaviour of SS 304 and found that though the E value was lesser than its wrought
counterpart, the WAAM processed specimens showed better σY and σUTS values. It
is also seen from the work of Grigorescu et al. [8] that among specimens taken from
wrought SS 304L, 316L, and 904L, 904L displayed a higher number of life cycles
due to its higher stability and slower α-martensite formation compared to the other
two materials.

24.3 Experimentation

A single layered wall was constructed using GMAW basedWAAM process with ER
904L consumable material (Fig. 24.1). The various stages during the fabrication of
SS 904L plate via WAAM process as shown in fig. 24.2. The wall measured 200 ×
145 × 6 mm before machining and its final dimensions were measured to be 180 ×
135× 3.5 mm. The welding parameters for theWAAM based deposition established
through trial and error method and are given in Table 24.1.

The wall created was then machined to obtain a plate with necessary surface
finish. Obtained plate was then subjected to Immersive type C Scan to reveal any
defects if present. The parameters of the scan are provided in Table 24.2. Once
cleared, specimens necessary for carryingout the fatigue analysis and tensile testwere
prepared according toASTME8/E8M-16a andASTME466-15 respectively. Fatigue

Table 24.1 Welding parameters for WAAM processing of SS 904L

Welding
parameters

Welding
current

Welding
potential

Welding
speed

No. of
passes

Inter-pass
delay

Initial plate
dimensions

Final plate
dimensions

Established
Values

160 A 16.8 V 600 mm/min 90 60 s 200 × 145
× 6 mm

180 × 135
× 3.5 mm

Table 24.2 Parameters of Immersive Type C Scan performed of detection of faults

Scan
parameters

Sampling
frequency

Damp
resistor

Gain High
pass
filter

Low
pass
filter

Transducer
mode

Pulse
frequency

Pulse
voltage
and
width

Established
values

100 Hz 8.4 � 36
db

4.8 MHz 6.7 MHz Pulse Echo 20 Hz 40, 20
db
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testing samples were then mirror polished. Static tensile test of the sample showed
that the Yield Stress σY value for the material was found to be 302.11 MPa along the
build direction and 279.32 MPa perpendicular to it. As seen, the minimum required
mechanical properties for thematerial according toASTMA240wasmet, and further
experiments were conducted. The microstructure of the material was analysed with
specimens prepared according to ASTM E3-11, in the as-built condition. Based on
the value of σY, fatigue testing was carried out with different percentages (%) of
σY as the mean stress σM and corresponding stress amplitude σA and load ratio R
= 0.1. Fatigue testing was conducted with the frequency of loading being 15 Hz.
The fractured samples were examined using Scanning Electron Microscope (SEM)
to reveal the fracture morphology (Figs. 24.1 and 24.2).

Fig. 24.1 WAAM setup

Fig. 24.2 Various stages of the creation of a single layer wall through WAAM and the final plate
obtained
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24.4 Results and Discussion

The C scan results of the plate which was scanned was studied. Waveform images
fromdifferent points on the plate are shown in Fig. 24.3. as an example.Observing the
absence of disturbance between the front-wall and the back-wall waveform clearly
indicates the absence of macro defects in the material. Analysis of the microstructure
of thematerial revealed that it wasmostly dendritic in nature. The layers hadmajority
of equiaxed grains with clusters of columnar and equiaxed grains near the boundary
layers which were re-melted. Nucleation of the columnar dendrites was seen at the
interface and then transitioning into equiaxed grains towards the middle, as shown in
Fig. 24.4. The equiaxed dendrites closer to the boundarywere found to have increased
spacing due to the re-melting, and the observation was found to be in line with earlier

Fig. 24.3 Waveform results
at various points across the
fabricated SS 904L plate
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Fig. 24.4 Microstructure
analysis images showing
equiaxed and columnar
dendrites and the overlapping
layer in the SS 904L Plate

research [9]. The heterogeneous microstructure of the SS 904L is attributed to the
complex cyclic thermal history (CCTH) [10]. Tensile tests were done on specimens
prepared parallel and perpendicular to the build direction. The respective average
σY values were 302.15 MPa and 279.37 MPa, with the average σUTS values being
595.3 MPa and 483.79 MPa, respectively (Table 24.3). Ductile failure was observed
for the specimens as shown in Fig. 24.5. The tensile properties meet the standard
requirements for pressure vessel and general applications as mentioned in ASTM
A240/A240M-18.

The fatigue test results and the S-N curve for the same are shown in Table 24.4
and Fig. 24.6. respectively. It is observed that there is a variation in the number of
life cycles of the specimens for the same stress levels and alternating stresses. This
leads us to attribute the variation to the difference in the microstructure at various
points is because of the CCTH. The S-N curve drawn can be seen with a right arrow
indicating runout specimen at 2× 106 cycles. As compared to its wrought counterpart
whose life cycle count was 2 × 106 at a stress amplitude of 200 MPa, we can see
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Table 24.3 Tensile test results

Specimen Orientation w.r.t. building
direction

σUTS (MPa) σY (MPa) Elongation (%)

1 Horizontal 483.15 271.67 58.67

2 485.72 283.92 53.92

3 485.72 282.53 56.44

Average 483.79 279.37 56.34

Standard deviation 1.39 5.47 1.94

1 Vertical 593.27 297.41 46.23

2 597.74 305.69 47.38

3 594.89 303.37 45.41

Average 595.3 302.15 46.34

Standard deviation 1.85 3.48 0.81

Fig. 24.5 SEM image of failed tensile test specimen showing the surface as having dimples and
voids, indicative of ductile failure

Table 24.4 Fatigue test
results

Specimen No. Stress level
(% of YS)

Alternating
stress σA
(MPa)

Cycles to
failure (N)

1 80 241 63,799

2 80 241 65,389

3 70 211 150,671

4 70 211 165,423

5 60 181 417,836

6 60 181 439,725

7 50 151 2,000,000

8 50 151 2,000,000
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Fig. 24.6 Stress-life diagram for the fatigue test results of WAAM processed SS 904L

that the WAAM product has decreased fatigue strength and it can be associated with
decreased ductility of the material. The R2 value of 0.9951 shows the quality of the
material.

Observing the fracture surfaces of the failed specimen, it was seen that the spec-
imen which failed at the earlier part of the S-N curve, i.e. those having life cycles
<105 had rough surfaces compared to those in the later part of the curve. The lower
levels of stress experienced by the samples can be associatedwith the smooth fracture
surfaces. The final ruptured surface, when observed, showed presence of voids and
dimples, indicating ductile mode of fracture (Fig. 24.7), which was concurrent with
earlier research [9]. Similar results can be seen in the work of Carneiro et al. [11] in

Fig. 24.7 Smooth fractured surface with fatigue striations observed for specimen at 70%YS (>105

cycles) and rupture surface showing presence of voids and dimples indicating ductile fracture
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their research with Additive Manufactured 17–4 PH stainless steel, even though the
manufacturing process was not WAAM, i.e. AM product showed a fatigue limit of
300 MPa compared to CM product, which had a fatigue limit of 640 MPa.

24.5 Conclusions

SS 904L is a viable material for WAAMwith good weldability. The processed mate-
rial has good quality with absence of any macro defects in it. The microstructure
analysis showed the material to have equiaxed and columnar dendrites, with clusters
of columnar dendrites towards the interlayer boundary. WAAM processed SS 904L
showed better tensile strength than the wrought counterpart. However, the fatigue
strength was comparatively a little low by approximately 25%. Specimens which
failed at the earlier part of the S-N curve showed roughness whereas the ones in the
later part of the curve was seen to have smooth surfaces.
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Chapter 25
Heterogeneous Modeling for Fabrication
of Anatomical Structure from DICOM
Image Using Additive Manufacturing

Vivek Kumar Gupta, Ankit Nayak, Ujjwala Singh Thakur,
and Prashant Kumar Jain

Abstract In recent years, Additive Manufacturing (AM) unfolds its huge capa-
bility to fabricate an object in remarkable ways which either created directly from
ComputerAidedmodel andSTL (StandardTessellationLanguage) file or usingCoor-
dinate points and G codes. AM used in various field such as engineering, aerospace,
biomedical, etc. FusedFilament Fabrication (FFF) is themost frequently usedprocess
for AM. It uses the technique of depositing a viscousmaterial on the build platform to
fabricate an object to use it for creating a mould for an industrial tool or developing
models for preoperative planning for medical surgery or even Anatomical struc-
ture for demonstration purposes. FDM generally used to manufacture homogeneous
object but when it comes to heterogeneous object it finds difficulty in altering desired
process parameter in its software. The commercial FFF software generate toolpath
whose parameters are selected by users but the choices are constrained and only
limited number of variation of parameters such as raster angle, infill density, layer
thickness toolpath pattern, etc. are available. Although this limitation does not affect
the properties of homogenous material but fails to provide heterogeneity on a single
layer. In AM certain techniques have been used in producing parts of various infill
density. The optimization of infill parameter and multi contouring on a single layer
gives a new method to model heterogeneous structure using FFF. A new approach
has been used to obtain the density variation of human bone at its cross-section using
digital image processing technique. The Developed algorithm is capable to extract
useful data from an image based on density variation of bone and its variability is
dependent on the value of grayscale for each pixel. Each pixel value is associated
with the attenuation coefficient from the X-ray of the object which give the relative
value of density at each pixel. The accumulated data correlates the heterogeneity and
efficiency of the designedmodel with the actual bone. This single material modelling
technique is more feasible and adaptable for biomedical application.
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25.1 Introduction

Over the past decades, Medical Image Processing has emerged as a promising tech-
nique for reconstruction of bone. This application can be used for bone replacement,
modeling for crack removal of bone, scaffold generation and demonstration purpose
as well. Various techniques have been developed to create artificial bone which can
be done directly from STL (Standard Tessellation Language) file and its optimiza-
tion. InMedical Diagnostic, computerized tomography (CT) scan plays an important
and essential role in obtaining useful anatomical information. These diagnostic data
are carried in different algorithms which are carried in the DICOM (Digital Imaging
and Communications in Medicine) as input and kept in the encrypted format for
storage purpose. CT scan gives the information about shape, orientation and density
variation of the bone. Detecting the density variation is one important process in the
image processing operation, this finding indicates that there is a significant genetic
and density variation at the cross-sectional area in the femur bone [1, 2].

25.1.1 Additive Manufacturing

AM is a technology that uses sequential addition of material in a layered manner to
develop a 3D object. It uses variety of material such as plastic, metal, human tissue
and concrete etc., this idea of 3D technology came into knowledge in 1981 when Dr.
Hideo Kodama from Japan put forward his idea of three-dimensional printing which
was inspired from photo-hardening polymer technology but it couldn’t due to lack
of funding. After few years, MIT develop its first powder bed process which uses
inkjet print heads and from there the term 3D printing were started using afterward.

Rapid Prototyping (RP) and AM can be used interchangeably but there is an
exception i.e., RP is used produce a prototype of a new component whereas AM
provides opportunities for both prototypes and final components. AM opens a world
of design opportunities of new and complicated object without the limitations of
subtractive manufacturing. AM is a technology that produces object with minimum
waste and is very efficient for low-volume manufacturing [3].

25.1.1.1 Basic Steps Involved in AM Techniques

In AM, the first step is to create the cad model since the software related to part
fabrication don’t have features to prepare part model. This part model will then
be converted into STL file and then sliced in multiple layers. These slicing will
provide coordinates of each layer on which certain algorithm will be applied and
these coordinates will get arranged in sequence. This gives the contour on which
variable process parameter will be applied to fill the contour. After this process, a
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toolpath is generated after which certain G&M codes is applied on these coordinates
which will be compatible to FFF machine to generate parts and models.

25.1.2 Image Processing

It has been widely used for medical related image such as for finding Tumour or
for locating Cancer in the MRI scan. It has also been used for generating boundary
around a specified object. Scans such as Magnetic Resonance Imaging (MRI) and
Computed Tomography (CT) scans are the most efficient source for obtaining visual
information for analyzing anatomical part.

25.1.2.1 Uses of MRI and CT Scan

CT and MRIs are used to capture image within the body at the cross-section. The
difference both of them is that MRIs uses radio waves and CT uses X-rays to scan
the body. The rotating machines has been used to obtain e complete cross-sectional
images in X-ray, which can generate single or multiple layers of slices whereas MRI
provide extra details of each parts with respect to X-ray image, it is used to locate the
soft tissues, blood vessels, and bones in various parts of the body. CT scan frequently
used to examine and identify the following things such as:

• Tumors
• Internal bleeding
• Bone fractures
• Cancer development

Whereas MRI scan has been used identifying things such as:

• ankles
• brain
• joints
• wrists
• blood vessels

CT and MRI image uses various format for transferring file so that there is no
loss of data, its images are acquired in a special digital format, the DICOM Format
(DCM). DICOM format ensures that the high quality of the images is retained. Each
CT orMRI scan contains single or multiple images in the DICOM format that should
be stored in a safe and secure.
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Fig. 25.1 DICOM Image of
Femur bone

25.1.3 DICOM Image and Its Importance

TheDigital Imaging andCommunications inMedicine (DICOM) is a standard format
that was made under non-profitable protocol so that it can be used by any one which
is used for data exchange, format and structure of images and its information. It
was developed by the National Electrical Manufacturers Association (NEMA) for
sharing and visualization of medical images (Fig. 25.1).

DICOMis an international standard for communicating andmanaging data related
tomedical images. Its mission is to ensure the safe and secure process of transmission
of data. It is used for storing, exchanging and transmittingmedical images all over the
globe with its technique of integration of devices for medical imaging from different
manufacturers [4, 5].

25.1.4 Grayscale

As the term defined, it scales the different variety of Gray colour which ranges from
black to white in increasing order in terms of value which scales from 0 to 255. The
RGB colour is a mixing model where a broad array of colours can be reproduced
by mixing blue, green and red in certain proportionate to obtain various colour. The
value of grayscale from any DICOM image describes the intensity of each pixel.
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25.1.5 Fused Filament Fabrication (FFF) Process

Fused Filament Fabrication is one of the effective and popular AM techniques which
is also known by fused deposition modeling, extruder-based printing, and filament
freeform fabrication. In this process, the fabricating material a filament which is
wounded over the spool. The material is fed in the extruder where it is heated and
converts into viscous form. Material is deposited bed or build platform through a
nozzle as per the information of geometry feed into the machine called toolpath.
After deposition of one layer, the build platformmoves in positive direction of z-axis
i.e., in downward direction, the next layer gets deposited upon the previous layer.
The process is continued until the physical model gets completed. The main part of
FFF machine is the nozzle head, moving along the x and y direction. It is controlled
by a numerically controller system embedded in the FFF machine. In this process,
the thermoplastic materials are used for part printing such as PLA, TPU etc.

25.2 Methodology

Medical Image Processing is a significant technique which has been used very
frequently for reconstruction of bone. This application can be used for bone replace-
ment, modeling for crack removal of bone, scaffold generation and demonstration
purpose as well. Various techniques have been developed to create artificial bone
which can be done directly from STL (Standard Tessellation Language) file and its
optimization. In Medical Diagnostic, Computerized Tomography (CT) scan plays
an important and essential role in obtaining useful anatomical information. These
diagnostic data are carried in different algorithms which are carried in the DICOM
as input for data storage. CT scan gives the information about shape, orientation and
density variation of the bone. Detecting the density variation at the cross-sectional
area in the femur is one important process in the image processing operation [6, 7]
(Fig. 25.2).

25.2.1 Data Extraction from DICOM Image

The DICOM file (which is in DCM format) inserting in the software will give the
information about the image in the form of greyscale. The value of the greyscale will
vary from 0 to 255, the darker the region the more will be its greyscale vale and vice
versa. The value of the greyscale is obtained in the form of the pixel (Fig. 25.3).

DICOM file contains the sliced image of bone i.e., the cross-sectional area of
femoral. The white area is showing the bone region which is having higher greyscale
value as well as high density. The outer region of the bone, these are muscles and
tissues and inner region from the white area is the bone marrow. The white region
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Fig. 25.2 Implementing procedure

Fig. 25.3 CT Scan of cross-section of Femoral Bone
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in the bone is the collection of high pixel values, these pixel values are varying from
inside to outside which means there is variation in density of bone.

25.2.2 Thresholding

Two methods have been developed for find the threshold value for segmenting the
multiple regions at the boundary point [8].

25.2.2.1 The Analytical Method

Segmented based onmaximumdifferencemethod is used here to obtain the threshold
value. The obtained threshold value is the value of boundary point at which regions
get divided.

Maximum Difference Method

Moving radially outside to inside, there is pixel and its value in form of grayscale.
Each pixel has its individual value,

Threshold value = P2 − P1

P1 and P2 are the consecutive pixel moving inside femur bone in the radial
direction.

It’s more like hit and trial method where there is multiple point outside the
boundary of femur bone to move in a straight line, so the average is taken here.
The density variation from maximum to minimum is red, blue, green and yellow
respectively. The threshold value of grayscale for the region is 110 to 130 for crayon,
130 to 200 for yellow, 200–235 for green, 235–238 for blue and 238–255 for red
(Fig. 25.4).

25.2.2.2 The Graphical Method

Segmented grayscale value obtained on the basis of graph is 112, 195, 235, 239 and
255 (Fig. 25.5).

Method used:

1. First find out the seed value from which bone region get separated from muscle
and bonemarrow. The seed value is obtained usingmaximumdifferencemethod
and its value is 112.

2. Take all the grayscale value of each pixel in this region, arrange it in increasing
order and put it on y-axis and on x-axis, the values are arranged according to its
order relative to y-axis.
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Fig. 25.4 Segmentation of region using analytical method

Fig. 25.5 Graphical analysis

Now the segmented value can be found as:

θ = tan−1(θ2) − tan−1(θ1)

θ1 = Bn−1 − Bn−2

An−1 − An−2

θ2 = Bn − Bn−1

An − An−1
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where,

θ difference in angle of two consecutive point
θ1 slope of 1st line
θ2 slope of 2st line
A1, B1 coordinates of 1st point
A2, B2 coordinates of 2nd point
A3, B3 coordinates of 3rd point.

The maximum value of θ at each fluctuation of curve after the seed value is taken
as threshold value for segmentation.

25.3 Development of an Algorithm for Heterogeneous
Modelling

A programming software has been introduced for performing slicing and toolpath
generation process. Two new approaches have been discussed for new boundaries
insertion to obtain separate regions. In addition, different toolpath strategies have
been discussed which shows uniform and non-uniform variation in parts fabrication.

25.3.1 Segmentation

Whenever there is data are values which is represent the same group or there is a
similarity, these values need to be get separated from others. A method has been
used which collect the coordinates of those values which get represented in certain
range. These values store coordinates of each point which comes under certain range.
In this Fig. 25.6, blue, green, red, yellow and crayon together represent the bone
region. These values get separated from the whole region by using intensity of each
pixel, which is in the form of grayscale. The higher the value of grayscale, higher
is the density. The range of this segmentation is based on grayscale and the value is
110–255, 255 is the maximum value of grayscale.

25.3.2 Improved Segmentation

In Fig. 25.6, the number of segmented regions is 5 i.e., crayon, yellow, green, blue
and red whose range of values are 110–130, 130–200, 200–235, 235–238 and 238–
255 respectively. Segmented region such as yellow and green is very small and form
a thin line, which will become irrelevant during fabrication due to the less accuracy
of FFF machine. To overcome this, there is optimization of data which will be which
is shown in Fig. 25.7. The crayon region is very small so it gets merged in yellow
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Fig. 25.6 Segmentation of femur bone

Fig. 25.7 Improved segmented region
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region and the crayon region shown here is for the bone marrow which will be used
form boundary generation.

25.3.3 Contour Approach

When points are randomly distributed and a contour has to be obtained then this
approach is used. It uses minimum distance method to get the next coordinate. It
is the simplest method to obtain contour yet become very difficult when a larger
number of points are available and become difficult to choose next point then it gets
left and get connected in random order to complete the loop. To prevent this a limiting
value of distance should be given to that next point get prevent when it is far than
limiting distance. The obtained contour will be in the form of group of connected
line segments whose both ends are open which later connected to make it contour.

In Fig. 25.8, there is sequencing of point. These points are randomly distributed
all over the region. To do this, first select a point then find the nearest point to it
using minimum distance method. Now after finding this line segment use head to
tail method, in this method heads are connected to tails and again minimum distance
method is used in this to connect it. Similarly, this method has been used for multiple
contours as shown in Fig. 25.9.

Fig. 25.8 Sequencing of coordinate points to generate contour
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Fig. 25.9 Contour of multiple region

25.3.4 Infill Parameter

A standard FDM printing parameter is divided here in following categories. Each
parameter has been altered to obtain the optimize design for part fabrication. The
walls of the print that are exposed to the outside of the model. Here in this model,
single layer of wall boundary is used so that the it shouldn’t overlap with infill region.
The thickness of each layer is uniform and each layer has a thickness of 0.4mm. Each
of the DICOM layer which are used here has a gap of 3 mm but the FFF machine i.e.,
Auto adobe duper XL 400 is used here for part fabrication have a maximum layer
thickness of 0.4 mm so for fabrication process maximum limiting value of layer
thickness is used here. The raster angle used here is 30, 60, 30 and 60 degree from
outside to inside respectively as shown in Fig. 25.10. Although this raster angle is
based on user input which can be easily changed based on requirement, similarly
raster gap also used i.e., 0.7, 1.1, 0.5 and 1.5 from outside to inside can be changed
based on the minimum difference in relative density of the model from the original
object.

25.3.5 Toolpath Generation

Toolpath is used give direction of movement to extruder head in x, y and z direction
in the cartesian coordinate form [9, 10]. Any toolpath can be generated by connecting
all the raster line which is shown in Fig. 25.10. Most efficient toolpath is when the
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Fig. 25.10 Rastering using line pattern

extruder head takes minimum time to cover the of any layer. This can be done by
one raster line to other which are nearest to it. The generated toolpath is shown in
Fig. 25.11.

Fig. 25.11 Toolpath of single layer
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Fig. 25.12 Toolpath for 10 slices

When toolpath path is generated for single layer then z-axis can be neglected, but
when it needs to generate for multiple layers than z axis should be included but this
height along z axis will depends on layer thickness. In Fig. 25.12, the separation in
between the two layer is 3 mm total number of 10 slices is used.

25.4 Result and Application

Thismodel has been designed to fabricated heterogeneous object such as bone. There
is various bone which is inside the human body which need to replace at an old age
or under certain condition. These bones are hip joint, knee joint. Not only for these
bones but this model has capability to fabricate any type of bone in heterogeneous
form. Here, in this case femur bone is used as it has sufficient thickness to observe
the heterogeneity within the bone.

25.4.1 Application

The capability of the proposed approaches has been demonstrated by considering
heterogeneous model for Femur bone used in real world applications as described
below. This model is capable of producing any heterogeneous object whose DICOM
Image is available.

There is various application for which heterogeneous model can be used such as:

1. Hip joint replacement
2. Knee replacement
3. Demonstration purpose.
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25.4.2 Fabrication of Heterogeneous Bone

Figure 25.13 shows the fabrication of different numbers of layer for different scale
value. This shows that this model can be generalized for single and multiple layers
for fabrication of any heterogeneous objects.

Figure 25.14 shows the heterogeneous model for multi-slices of DICOM image.
Different orientation of the model is used to compare the similarity in between
modelled image and fabricated image. This fabrication is done on FFF machine,
the machine used is AUTOADOBE DUPER XL 400. The working volume of this
machine is 200× 200× 200 (in mm). The toolpath generated above is used to fabri-
cate this femur bone as shown in Fig. 25.15. G and M code have been implemented
on the coordinated of the toolpath.

Fig. 25.13 a Single layer at 2.5 scaling, b 2 layers at scaling value of 2, c 5 layers at 2.5 scaling,
d 3 layers at scaling value of 2.5
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Fig. 25.14 Different orientation of heterogeneous model

25.5 Conclusions

The process of Additive Manufacturing, their benefits, limitations, and applications
are explained in detail. Medical Image Processing Techniques have been explained.
CT scan inDICOMformat shows the cross-sectional image. This cross-section image
is in the form of Grayscale whose value varies from 0 to 255. Higher the Greyscale
value, higher is the density. FFF process is most commonly used in the AM process.
The software used for density variation through FFF process and their limitations
are explained. These software are not capable to provide localized variation in a part.
Thus, a novel path planning tool has been developed for providing different set of
process parameters in each layer as well as entire part. Two different methodology
for obtaining threshold value has been explained. The obtained threshold value i.e.,
110 in case of Analytical method and 113 in case of Graphical method has been
obtained. The value then used to separate the region using segmentation method.
Then segmented region then used for obtaining contour points at the boundary. Then
these contours used for Rastering and toolpath generation. The detail explanation
of segmentation, infill parameter and toolpath generation has been explained along
with its algorithm. While segmentation, maximum difference method has been used
to find the threshold value which comes under Analytical method and maximum
difference in angle method has been used to find the threshold value in the Graphical
method.Various infill parameter has been implementedon segmented region to obtain
similar variation in density as in grayscale value of DICOM image. Then a toolpath is
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Fig. 25.15 Fabrication of femur bone for 20 slices of DICOM

generated then G&M codes has been implemented on it for part fabrication. Finally,
this file is exported to FFF machine for implementation. The feasibility of proposed
path planning tool has been discussed by considering a real-world application. The
Printed model is a section of femur bone related to medical field. The cross section of
femur bone has been segmented into four regions. Each region is filled with different
set of process parameters which is relatively varied with respect to grayscale value.
The regionwhere grayscale value is high having higher density compare to remaining
regions.

Concluding Remarks:

• A new approach of obtaining information about density variation at the cross-
section of anatomical or any object has been obtained from CT scan in the form
of DICOM image using Image Processing Technique.

• Two method, Analytical and Graphical method has been developed for obtaining
threshold value for the segmentation of region.
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• Improvisation in segmented region has been done to number and randomness in
segmented region.

• Various process parameter has been introduced to obtain minimal difference in
relative density of heterogeneous model with rest to original image across the
region since the printing material in not same as of bone.

• Femur bone have been fabricated on FFF machine with non-uniform localized
variations.
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Chapter 26
Improved Local Search Based Grey Wolf
Optimization for Feature Selection

Rahul Hans and Harjot Kaur

Abstract These days’ technologies like machine learning have come into sight as
promising areas of research, in which the system is trained using a dataset; that
may comprise redundant and inappropriate features and may require more memory.
Feature Selection aids to increase the accuracy during the process of classification
while considering minimum number of features, that can be modeled as an opti-
mization task. Currently, metaheuristic category of algorithms is being widely used
by researchers to solve various optimization problems. In this context, this research
proposes an improved variant of Grey Wolf optimization Algorithm using mutation
based local search for getting into the bottom of the problem of selecting smallest
set of features while increasing the accuracy. Moreover, the presented algorithm is
weighed against several other algorithms for solving problem of selecting smallest
set of features with increased accuracy.

Keywords Machine learning · Feature selection · Metaheuristic · Grey wolf
optimization · K-nearest neighbours

26.1 Introduction

Machine learning has came out as a potential domain of research where an individual
computable aspect of the process being experiential in acknowledged as feature [1].
In machine learning the larger sets of data can contain surplus features that are not
significant [2] andwhichmay requiremore storage. Thus, to get better accuracy in the
classification whilst having minimum features, feature selection is the most needed
task [1, 3]. Some of the recent applications of feature selection can be found in [4]
for diagnosis in medical sphere, recognition of facial expression in [5, 6] contains the
bronchitis diagnoses, [7] contains the selection of gene problem and classification
of cancer.
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These days’ metaheuristic algorithms have been regarded as more reliable for
getting into the bottom of optimization problems [8] that generate acceptable results
in a rational time [9].

The remaining paper is structured as: Sect. 26.2 puts forward some related
research work, Grey Wolf Optimization Algorithm is discussed in Sect. 26.3 where
as Sect. 26.4 puts forward an improved variant of the Grey Wolf Optimization Algo-
rithm,Materials andMethods used are discussed inSect. 26.5, Sect. 26.6 discusses the
results and analyses them and lastly Sect. 26.7 concludes with some future direction.

26.2 Related Research Work

In recent times a lot ofwork has beendone byvarious researchers for the improvement
of the metaheuristic algorithms for solving various optimization problems including
feature selection, some of the existing research works have been summarized in
this section. Authors in [10] proposed the use of a metaheuristic algorithm known as
ForestOptimizationAlgorithm (FOA) for selection of optimal number of features and
evaluated them on 11 different datasets. In [11] versions of Bacterial foraging opti-
mization have been proposed. In [12] the hybridization of GA and PSO is proposed
and validated on Indian Pines Hyperspectral data set. In [13] feature selection is
achieved by adaptively adjusting the parameters of ACO feature selection. In [14]
author proposed the binary version GWO with PSO where position updating equa-
tion is modified using transformation function. The performance is tested on 18 UCI
datasets and comparison is made with algorithms which are GWO, PSO, the GA and
the WOASA. In [15] author proposed the binary variant of GWO for selection of
optimal number of features. The two techniques are proposed in this paper. Firstly,
crossover is performed on three initial binary solutions (grey wolves) to find the
updated location. In second techniques sigmoid function is used find the updated
location. In [16] author presented the improved binary version of grey wolf algo-
rithm using crossover operator. This proposed technique is utilized on three Arabic
datasets and results are obtained using three classifiers. Whale Optimization Algo-
rithm is hybridized in [8]with simulated annealingwhich is used to improve solutions
of WOA after iteration. The author proposed the two versions of this model using
tournament selection. It is tested on 18 datasets form UCI and compared with ALO,
PSO, and GA. It is superior to all of them. In [17] author proposed the improved sine
cosine algorithm by using Elite strategy (ELM) for feature selection. This version is
tested on 10 datasets (medical and non-medical) from UCI and comparison is made
with Genetic algorithm, PSO, Basic SCA. The author claims that proposed version
is giving the better results.
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26.3 Grey Wolf Optimization

The GWO algorithm [18] is a metaheuristic algorithm inspired by the grey wolf’s
character of hunting. Grey wolfs live in a pack and the leader of the pack called
the alpha Wolf. Alpha wolf is followed by the entire pack and then there comes the
Beta Wolves, they assist the Alpha Wolves in decision-making. At the third level
Delta wolves work as a safeguard to protect the group also warned the pack in case
of danger. Omegas are the last wolves following the instructions of senior wolves
so using three best solutions and according to their position rest of all change their
position. Firstly, grey wolves encircle the prey, shown in (26.1) and (26.2)

�D = | �C . �X p(t) − �X(t)| (26.1)

�X(t + 1) = | �X p(t) − �A. �D| (26.2)

�A = 2.�a.�r1 − �a (26.3)

�C = 2.�r2 (26.4)

where t indicates the current iteration �A and �C are the coefficient vectors, �X p is the
prey position and �X is the grey wolf position. The vector �A and �C can be calculate
as shown in (26.3) and (26.4). Here the �a is linearly decreased from 2 to 0 over the
course of iteration and r1 and r2 are the random vectors in [0, 1]. Where �Xα , �Xβ and
�Xδ are the first three best solutions at given iteration t where A is defined in Eq. (26.3)
and D can be calculated as follows

�Dα = | �C1. �Xα(t) − �X | (26.5)

�Dβ = | �C2. �Xβ(t) − �X | (26.6)

�Dδ = | �C3. �Xδ(t) − �X | (26.7)

�X1 = | �Xα − �A1. �Dα| (26.8)

�X2 = | �Xβ − �A2. �Dβ | (26.9)

�X3 = | �Xδ − �A3. �Dδ| (26.10)
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Input: Search space, fitness function, Number of wolves, maximum number of 
iterations (Max_iter)
Outputs: The Best solution and its fitness value.

1) Initialize the population size (Wolfs) randomly and A,C and a.  
2) Evaluate the fitness of each search agent in the population and save the 

fitness alpha, beta and delta wolves.
3) t=0
4) While ( t< Max_iter) do

Update the value of a (a decreases linearly from 2 to 0)
Generate randomly new values for r2,  r3 . 
for each search agent Xi in the population do
Update the A and C for all the three wolfs.
Compute the value of X1, X2 and X3 using 
Eq. (8),(9),(10).
Update the population using equation Eq. (11).
end

5) Calculate the fitness of each search agent and update the value of alpha, beta 
and delta.

6) Increment the iteration counter t=t+1         
7) end while

Algorithm I: Grey Wolf Optimization Algorithm

�X(t + 1) = �X1 + �X2 + �X3

3
(26.11)

�a = 2 − t
2

Max I teration
(26.12)

The Position updating equation can be seen in (26.11). In every iteration �a is
updated from 2 to 0 according to (26.12).

26.4 Proposed Grey Wolf Optimization

In literature various improved versions of metaheuristic algorithms have been
proposed for solving various optimization problem, in [19] random walk is built-in
with the greywolf optimization algorithm inwhich leaders travels around bywalking
randomly and rest of the wolves modify their position by following them. Similarly,
in [20] mutation is performed as a local search and also average is substituted by
crossover operation. In the proposed version of improved grey wolf optimization, the
position of the wolves is updated by performing local search around the top three best
wolves’ viz. Alpha, Beta and Delta wolves using mutation with as suitable mutation
rate. The final position of the wolves is updated, by crossover of two leading wolves
from the top three, depending upon the probability of the movement of the prey
instead of the mean as in Eq. (26.11). The pseudo code of the proposed grey wolf
can be seen in the Algorithm 2 (Fig. 26.1).
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Fig. 26.1 Escaping behavior
of the prey

Prey

β

 

α 

Input: Search space, fitness function, population (habitats) , maximum number of 
iterations (Max_iter)
Outputs: The Best solution and its fitness value.
1. Initialize random solutions(wolfs) in the Population X
2. t=0.
3. while ( t< Max_iter) do
4. Weigh up the fitness of each  wolf from Xi

keep the fitness of alpha, beta and delta wolves.
foreach Xi (wolf/search agent) do
• Perform Local Search on the top three wolves to Form 

LAlpha , LBeta  and LDelta using mutation in Eq. (13) 
• Update the remaining wolves using random number(r).

if r<
Xi = CrossOver (LAlpha, LBeta);
else if r≤ && r<
Xi = CrossOver (LAlpha ,LDelta);
else
Xi = CrossOver (LBeta, LDelta);
end if

end
5. Increment the iteration counter t=t+1 
6. end

Algorithm II: Improved Local Search Based Grey Wolf optimization(ILGWO)

1
3

1
3

2
3

In this research, the author assumes the escaping behavior of the prey as shown
in Fig. 26.1. Considering this nature of the algorithm if the prey tries to escape from
between α and β, then both the wolves will move locally to catch the prey.

Local movement is modeled as mutation and catching behavior is modeled as
crossover between the two wolves instead of mean as was in the standard grey
wolf optimization algorithm the same process is repeated for the other two escaping
options.

In the proposed version of improved grey wolf optimization, in every iteration the
best solutions/ wolves are selected to attack the prey or in other words the top three
best wolves participate in hunting process, as the prey tries to escape from the trap
from any of the three directions, the corresponding wolves in that direction attacks
the prey. Themovement of the top best wolves is modeled by performing local search
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around the top three best wolves’ viz. Alpha, Beta and Delta wolves using mutation
with as suitable mutation rate. The flow chart of the proposed algorithm is shown in
Fig. 26.2.

Here Alpha, Beta andDelta, represent the fittest wolves that participate in hunting
and Lalpha, LBeta, LDelta are the positions of the wolves after local movement to
catch the escaping prey which is modeled by applying stochastic mutation around

Fig. 26.2 Flow chart of
proposed ILGWO

Stop

Begin

No

Yes

Compute the value of fitness for each solution and find 
the top best solutions viz. Alpha, Beta and Delta.

Input the value of No. of search agents, dimensions, upper 
bound, lower bound and initialize Random Population

Perform Local search around the 
top wolves using mutation using 
equation (13).

While Exit  
Criteria is 

met?

Output the best solution

Update the position of population 
using crossover between the top 
wolves based upon a random 
number using equation (15) and 
equation (16).
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Alpha, Beta and Delta in the binary mode [20]. The dm dimension value is depicted
as I dmout for the vector as output after mutation, the input to be mutated is depicted
as I dmin , the two uniform distribution based random numbers are depicted as rand1,
rand2 in the range [0, 1], and mr is the mutation rate.

I dmout =
{
I dmin, i f rand1 ≥ r

rand2 otherwise
(26.13)

It worth mentioning that mr can be considered as to linearly decrement with
iteration number ranging from 0.9 to 0 as seen in Eq. (26.14):

mr = 0.9 + −0.9 ∗ (i − 1)

Max_I ter − 1
(26.14)

wheremr is the mutation rate at iteration i and,Max_Iter is iterations in total consid-
ered. The final position of the wolves is updated, by crossover of two leading wolves
from the top three, depending upon the probability of the movement of the prey
instead of the mean. The position is updated as

X (t+1)
i =

⎧⎨
⎩
CrossOver(L Alpha, LBeta), I f mr < 1

3
CrossOver(LBeta, LDelta), I f mr < 1

3 &&mr < 2
3

CrossOver(L Alpha, LDelta), otherwise (26.15)

As per Emary et al. [20], CrossOver(a, b) is appropriate crossover among vectors
a and b, and LAlpha, LBeta and LDelta are solutions representing the effect of local
search in Alpha, Beta and Delta using mutation.

I dm =
{
I dm1 , i f rand ≥ 0.5
I dm2 , otherwise

(26.16)

The mean operator is replaced by the crossover operator for position updating in
basic grey wolf algorithm, which is implemented to get midway solution and is a
stochastic crossover that shifts between the two input solutions with equal likelihood
as shown in (26.16). The output from the crossover between two solutions I dm1 and
I dm2 at dm dimension is seen as I dm . The two evolutionary operators crossover and
mutation brings diversity, where, crossover provides decent mingling, and its range
is limited in the sub space while mutation can provide healthier variety. The proposed
algorithm can be seen in the algorithm II.
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26.5 Materials and Methods

The Smaller feature subset selection with maximum accuracy is modeled as an opti-
mization problem with multiple objectives [8, 15] where two conflicting objectives
accuracy of classification and selected feature subset size are considered and the
fitness function is centered on the classifier k-NN [15] as shown in (26.17) above.

Fitness = L1|Fs
N

| + L2 ∗ R(D) (26.17)

where rate of error is shown by R(D), Furthermore, |FS| feature subset size chosen
and | N | is the initial size of feature set, L1 and L2 presents worth of prominence of
classification and subset dimension of features,whereL1 ∈ [0, 1] andL2 = (1− L1)

adopted from [15].

26.5.1 Parameter Settings and Dataset Description

To conduct the experiment a Core 2 Duo 2.00 GHz processor and 64-bit Operating
system is considered. To conduct the experiments, 22 datasets were obtained from
[21] summarized in Table 26.1 and also various parameter settings in Table 26.2.

26.5.2 Performance Criteria’s

To measure the performance of the algorithms this research uses some performance
criteria, as shown in Table 26.3.

1. Average Accuracy—Capability of the classificationmethod in categorizing the
dataset in all the runs or accuracy of classification when averaged on all the runs.

2. Average fitness—It is the mean of the fitness values in N runs.
3. Feature Subset Size Selected—It is mean of total features selected in N runs.
4. Average time taken—It is mean of running time of the algorithm in N runs.
5. F-Measure—It is mean of F-measure values of the algorithm in N runs.
6. Standard Deviation—The divergence of the finest solutions found averaged

on N runs after running algorithm.
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Table 26.1 Dataset
Description

S. No. Dataset Instances Attributes

1 Zoo 101 16

2 Statlog credit 1000 20

3 Lung cancer 32 56

4 Exactly 1000 13

5 Exactly2 1000 13

6 M-of-N 1000 13

7 Heart 294 13

8 Vote 300 16

9 Spect heart 267 22

10 Australian 690 14

11 Ionosphere 351 34

12 Water treatment 521 38

13 Wine 178 13

14 Indian Liver 583 10

15 Tic-Tac-Toe 958 9

16 Wavform 1000 21

17 Dermatology 366 34

18 Glass Identification 214 9

19 Breast cancer 699 9

20 Sonar 208 60

21 Vehicle 94 18

22 Vowel 990 13

26.6 Results and Analysis

The present section measures up to the ILGWO with Genetic Algorithm (GA),
Particle Swarm Optimization (PSO), Grey Wolf Optimization (GWO) and Sine
Cosine Algorithm (SCA). The results obviously specify that the proposed.

IGWO is superior than all the other algorithms when results were compared for
average classification accuracy in Table 26.4, the IGWO outperforms on twenty one
dataset out of twenty two datasets taken for comparison, moreover when results
were compared on the basis of cumulative average of classification accuracies the
results clearly indicate the outperformance of the proposed algorithm as shown
in Fig. 26.3. A similar performance is observed in Table 26.5 when results were
compared on the basis of average fitness values obtained, the results clearly indicate
the outperformance of the proposed algorithm.

The proposed IGWO shows similar performance when results were compared on
the basis of F-Measure and Average size of feature subset selected in Table 26.6.
and Table 26.7. Furthermore the results also indicate the superior performance of the
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Table 26.2 Parameter
settings

Parameter Value

Runs considered 10

Iterations considered 100

Search agents in the population 20

Lb (lower bound) 0

Ub (upper bound) 1

Dimensions Total features in dataset

L2 parameter of the fitness function 0.99

L1 parameter of the fitness function 0.1

Crossover ratio in GA 0.9

Mechanism of selection in GA Roulette wheel selection

Value of A in GWO 2 to 0

Cognitive constant (C1) in PSO 1

Social constant (C2) in PSO 1

Inertia constant (w) in PSO 0.3

Value of r1 in SCA 2 to 0

Table 26.3 Performance
criteria

Evaluation criteria Formula

Average classification accuracy Avg_Acc = 1
N

∑N
t=1Acct

Average fitness Avg_ f i t = 1
N

∑N
t=1Fit t

Worst fitness Worst_ f i t =
max(Fit1: FitN)

Best fitness Best_ f i t =
min(Fit1: FitN)

Standard deviation
St_dev =

√∑N
t=1 (Fit t−Fit)

2

N−1

Average size of feature subset Avg_FS = 1
N

∑N
k=1SizeFSt

F-measure F_Measure =
2.Precision.Recall

(Precision+Recall)

proposed algorithm when results were compared on the basis of features selected
averaged on all the datasets as shown in the Fig. 26.4.

Moving ahead, when IGWO is compared with other algorithms on the basis
of cumulative sum of average computational time taken by the algorithms in the
Fig. 26.5, the proposed IGWO performs better in terms of computational time also.

To summarize the performance of the proposed algorithm, it can be clearly seen
that the performance of the algorithm increases by using evolutionary operators.
Mutation based local search brings diversity and the solution generated by crossover
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Table 26.4 Assessment of average accuracy

GA PSO SCA GWO IGWO

Zoo 0.939 0.943 0.905 0.919 0.967

Statlog credit 0.720 0.710 0.716 0.717 0.759

Lung cancer 0.919 0.894 0.881 0.863 0.95

Exactly 0.784 0.723 0.718 0.703 0.989

Exactly2 0.753 0.755 0.748 0.754 0.762

M-of-N 0.976 0.900 0.831 0.880 0.999

Heart 0.830 0.817 0.816 0.805 0.846

Vote 0.955 0.931 0.939 0.943 0.966

Spect Heart 0.756 0.729 0.737 0.719 0.796

Australian 0.857 0.810 0.790 0.799 0.872

Ionosphere 0.872 0.854 0.870 0.866 0.923

Water treatment 0.847 0.807 0.815 0.815 0.891

Wine 0.982 0.979 0.978 0.974 0.997

Indian Liver 0.714 0.704 0.710 0.703 0.730

Tic-Tac-Toe 0.771 0.808 0.756 0.792 0.799

Wavform 0.826 0.830 0.801 0.823 0.851

Dermatology 0.982 0.974 0.948 0.962 0.992

Glass Identification 0.688 0.680 0.682 0.664 0.709

Breast cancer 0.972 0.975 0.965 0.971 0.978

Sonar 0.838 0.785 0.772 0.783 0.905

Vehicle 0.583 0.562 0.519 0.572 0.668

Vowel 0.838 0.823 0.790 0.820 0.861

has the features of both of the solutions used for crossover which aids to find better
solution from a good solution.

When results were compared on the basis of average of accuracy to features
selected ratio, the results clearly depict that the performance of the proposed ILGWO
is better than the other algorithms considered for the comparison. The results clearly
indicate the overall out performance of the proposed algorithms in terms of different
parameters considered. The out performance of the proposed algorithms is due to
the use of evolutionary operators viz. crossover and mutation and their simplicity of
implementation. The results also indicate that apart from the proposed algorithm, the
performance of the genetic algorithm is also better in terms of different parameters as
compared to the other algorithms considered for the performance comparison. The
bold values in the Tables 4 and 5 indicate the superior results.
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Fig. 26.3 Classification accuracy averaged on all the datasets

26.7 Conclusions and Future Work

This research work puts forward a superior edition of grey wolf optimization algo-
rithm for selection of optimal feature subset, with the aim to maximize classification
accuracy and while having minimum number of features. The proposed algorithm
aims to model the position of top three grey wolfs viz. alpha, beta and delta using a
local search mechanism based on the mutation and instead of mean for updating the
position, the proposed algorithm updates the position by taking the crossover of the
top wolves positions (after applying local search) depending upon a random number.
The results clearly indicate that the use of mutation and crossover operators in the
grey wolf optimization algorithms aids to get better performance.

In future, work can be done to solve the feature selection problem for larger
datasets or for any other real time application domain, the algorithms can be imple-
mented to develop various computer aided diagnosis systems and for selection of
optimal feature subset size in big data.



26 Improved Local Search Based Grey Wolf Optimization … 383

Table 26.5 Assessment of mean Fitness values

GA PSO SCA GWO IGWO

Zoo 0.065 0.063 0.076 0.087 0.037

Statlog credit 0.282 0.293 0.281 0.286 0.242

Lung cancer 0.083 0.110 0.116 0.140 0.051

Exactly 0.219 0.282 0.255 0.302 0.016

Exactly2 0.248 0.247 0.252 0.249 0.238

M-of-N 0.029 0.107 0.100 0.127 0.006

Heart 0.172 0.186 0.184 0.197 0.155

Vote 0.049 0.074 0.062 0.062 0.037

Spect Heart 0.246 0.274 0.255 0.284 0.206

Australian 0.145 0.193 0.205 0.203 0.130

Ionosphere 0.131 0.150 0.129 0.137 0.078

Water treatment 0.155 0.197 0.182 0.189 0.111

Wine 0.023 0.028 0.019 0.031 0.008

Indian liver 0.287 0.297 0.289 0.298 0.271

Tic-Tac-Toe 0.232 0.199 0.206 0.216 0.207

Wavform 0.179 0.178 0.175 0.184 0.154

Dermatology 0.022 0.034 0.035 0.045 0.012

Glass identification 0.314 0.323 0.319 0.338 0.293

Breast cancer 0.033 0.030 0.037 0.035 0.028

Sonar 0.164 0.218 0.229 0.221 0.098

Vehicle 0.416 0.441 0.474 0.428 0.332

Vowel 0.166 0.182 0.186 0.185 0.143

Table 26.6 Assessment on the basis of mean F-Measure

GA PSO SCA GWO IGWO

Zoo 0.963 0.963 0.959 0.980 0.943

Statlog credit 0.813 0.795 0.811 0.814 0.838

Lung cancer 0.809 0.552 0.721 0.705 0.906

Exactly 0.855 0.795 0.813 0.800 0.992

Exactly2 0.856 0.837 0.853 0.856 0.864

M-of-N 0.966 0.836 0.763 0.837 0.998

Heart 0.868 0.809 0.859 0.849 0.881˛
Vote 0.941 0.892 0.926 0.929 0.956

Spect heart 0.799 0.748 0.785 0.764 0.835

Australian 0.868 0.731 0.815 0.822 0.881

Ionosphere 0.908 0.883 0.907 0.904 0.942

(continued)
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Table 26.6 (continued)

GA PSO SCA GWO IGWO

Water treatment 0.910 0.859 0.892 0.891 0.935

Wine 0.987 0.979 0.980 0.980 0.996

Indian liver 0.815 0.786 0.809 0.806 0.824

Tic-Tac-Toe 0.836 0.861 0.827 0.856 0.857

Wavform 0.775 0.779 0.745 0.780 0.808

Dermatology 1.000 0.953 0.990 0.996 1.000

Glass identification 0.725 0.678 0.725 0.698 0.753

Breast cancer 0.979 0.976 0.973 0.978 0.983

Sonar 0.807 0.678 0.734 0.743 0.894

Vehicle 0.412 0.367 0.355 0.346 0.502

Vowel 0.934 0.903 0.892 0.918 0.929

Table 26.7 Assessment on the basis of average no. of features selected

GA PSO SCA GWO IGWO

Zoo 6.8 10.5 11.3 10.3 5.6

Statlog credit 8.8 12.0 10.0 11.3 8.1

Lung cancer 14.3 27.0 27.2 24.0 8.8

Exactly 7.5 9.9 8.8 10.0 6.0

Exactly2 4.6 6.0 5.1 6.7 2.2

M-of-N 6.7 10.2 10.1 10.9 6.0

Heart 4.2 5.8 6.4 5.2 3.4

Vote 6.0 8.1 9.0 8.7 4.6

Spect heart 10.2 12.4 12.8 11.1 8.4

Australian 4.5 6.2 6.9 6.0 4.4

Ionosphere 12.3 18.9 19.0 13.9 7.9

Water treatment 13.2 20.7 21.4 19.0 13.1

Wine 6.3 9.1 9.3 7.4 5.5

Indian Liver 4.5 4.3 5.0 3.8 3.7

Tic-Tac-Toe 4.6 8.4 8.7 9.0 7.2

Wavform 13.8 19.0 17.5 19.5 14.5

Dermatology 14.7 26.4 26.2 26.6 13.9

Glass Identification 4.5 6.3 5.7 4.9 4.5

Breast cancer 4.7 5.5 6.2 6.0 5.5

Sonar 23.2 31.0 32.7 32.5 22.0

Vehicle 6.1 12.1 8.3 8.7 6.8

Vowel 7.6 9.5 8.7 9.4 7.5
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Fig. 26.4 Features selected averaged on all the datasets

Fig. 26.5 Assessment for cumulative sum of mean computational time
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Fig. 26.6 Accuracy to features selected ratio for cumulative average on all the datasets
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Chapter 27
Current Technologies on Electronics
Cooling and Scope for Further
Improvement: A Typical Review

K. R. Aglawe, R. K. Yadav, and S. B. Thool

Abstract The ongoing accentuation on laptops and PCs has resulted in a trans-
formed enthusiasm for the improvement of higher performance cooling systems.
The gigantic heat produced in laptops and PCs chip or enormous integrated circuit
raises lots of exigent problems to be settled. The improvement within a cooling
of electronic components needs the compact heat dissipation mechanism which
gives higher performance. By the technological progression of several electronics
equipment, liquid coolants were utilized progressively in PCs, servers, and super-
computers. This review article covers the characteristics of heat transfer for several
cooling technologies with its possible applicability to the field of electronics cooling.
Several cooling technologies like conventional air cooling method, indirect liquid
cooling by single/two-phase methods, and heat pipes have been examined in the
study. The characteristics for performance evaluated based on values of heat flux,
temperature andflow rate of coolant;which serve as pointers for limitations of various
heat transfer and power prerequisites of individual cooling arrangement. An increase
in the heating load, higher will be a decrement in the temperature occurred due to the
cooling mechanism. In consideration of common computing methods, air cooling
remains a reasonable choice as heat loads of every processor are limited to 190 W,
albeit different factors like operational cost, reliability of device and recovery ofwaste
heat might even now energize a utilization of liquid cooling. The liquid cooling is
relied upon to be important into future thermalmanagement of the laptop, where both
proficient cooling and incredibly lower energy utilization are of significant role.
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27.1 Introduction

Electronics cooling technology is the developing concern for government and busi-
ness engaged with electronics and IT industries like processing of data, storage,
and media transmission. The fundamental reason behind the concern is expanding
charge and multifaceted nature of thermal management into the electronics and
IT industries. After the advancement of first, electronically operated digital PCs
in the 1940s, productive evacuation of heat has assumed an important job while
safeguarding the dependable activity of progressive PCs generations [24]. As the
industries keep on embracing more current generations of processors that provide
enhanced computational execution and capacities, an ascent into produced heat gets
necessary [47].

The requirement of newer cooling answers for upcoming generation electronics
is getting squeezed year by year. Various forecasts show the unbelievable heat fluxes
expecting later on for elite computer devices [35] up to 250W/cm2 [7] and projected
higher up to 1000 W/cm2 in an upcoming decade [72]. The ITRS also echoes these
expectations with a prediction of over 100 W/cm2 between the years 2009–2010
[41]. Air cooling techniques will be getting overpowered by this heat fluxes as a
coefficient of heat transfer related to higher forced convection techniques won’t
have the option to keep up working temperatures inside the dependable series. The
temperature of chip and reliability connection is very much archived [4, 21, 38]
and is a significant thought in the assurance of a cooling arrangement executed like
a hardware substitution can provide a primary concern similarly as fast as energy
utilization costs if not successfully oversaw [35].

Thermal management of electronic devices is one amongst the most significant
challenge of the electronics and IT industries [32]. All heat produced due to elec-
tronics components must be expelled and dissolute into an atmosphere so as to keep
up the temperature of components beneath adequate limits [47]. Air cooling has been
recognized as the most actualized answer for accomplishing thermal management
since the 1990s [34]. Even though it is an exceptionally advantageous and practical
result, air cooling depends vigorously on vapor-compression methods at the facility
level [102].

Also, producers of devices are consistently embracing newer processors gener-
ations that proffer enhanced computational execution and capacities; therefore
creating heat at more noteworthy rates inside denser bundling [32, 93, 94]. This
further compounds thermal management challenge by expanding the necessary
cooling load, yet in addition by requiring a low temperature of air and high
flow rates for dealing with the growing heat fluxes [47, 62]. Also, these patterns
have persuaded immense measures of research managing alternative liquid cooling
techniques planned for decreasing consumption of energy, and working expenses
[47].

Two fundamental inefficiencies are prompting such tremendous energy prereq-
uisites: the cooling necessities and IT hardware inefficiencies, both representing
generally 40% of complete energy utilization, among an outcome that every kW h
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of energy needs another kW h to cool. An energy proficient plan electronics and
IT industries is an objectionable issue. IT load inefficiencies can be tended to by
enhanced semiconductor advancements [18, 87], while electronics cooling can be
accomplished in various manners, like by colder air, yet similar pattern to embrace
direct liquid cooling [11] of a device is observed, like heat exchangers (tube and fin)
joined to a rear server rack portion [2, 3].

The present review paper provides a comprehensive picture of several technolo-
gies accessible for thermal management in electronics and IT industries. In this
paper, mechanisms for heat transfer of individual cooling arrangements are quickly
explored whereas accentuation is set on their advantages, disadvantages, and limita-
tions as found in industrial applications. The general aim is to give a valuable plan for
thermal engineers engaged inside the electronics and IT sector cooling applications;
especially as newer and advanced cooling innovations are rising.

27.2 Criteria for Assessment

In the present paper, solutions for cooling are assessed on the basis of the requirement
of power and limitations for heat transfer and. Upcoming paragraphs provide the
summary for inspiration and importance for the selection of these parameters.

27.2.1 Requirement of Power

Capital and working expenses of liquid-based cooling devices are represented in this
paper. An indirect evaluation is feasible but during an assessment of coolant flow
rates and temperatures; characteristics that are suitably recorded into experimenta-
tions. A high temperature of coolant encourages the utilization of free cooling, in
this way decreasing the general working expense of vapor-compression cooling [49,
102]. Reduction in flow rates of coolant further reduces the working requirement
of pump or fan for sufficient management of heat,in this way adding an additional
decrease in working expenses [22]. One thought pursuers should remember is that
a considerable number of variables important to perform such assessments are not
introduced reasonably or successfully in numerous experimentation related publica-
tions. This is especially valid for variables identified with temperature and flow of
coolants. Accordingly, the writers have endeavored as well as could be expected to
evaluate these qualities dependent on accessible information.
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27.2.2 Limitations for Heat Transfer

A limitation of heat transfer is the preeminent property of every cooling solution.
This limitation of heat transfer is characterized like a most extreme rate during
heat produced by the processor whereas the temperature of die working stays under
suitable limits; ordinarily prescribed as 85 °C [22]. This description should likewise
expect that the actual set of working situations applies. For instance, a limitation for
heat transfer of an air cooling device might be expanded extensively by decreasing
input air temperatures,but the providedmethodology is rendered unconventional past
the specific end because of enhanced vapor-compression cooling costs.

Even though regularly utilized up to rate the viability of the provided solution for
cooling, these measurements neglect to give adequate data important to coordinate
the correlation between different technologies [71]. The heat flux wall metric gives
negative signs to the heat distribution zone needed for viable heat dissemination.
Heat sink needs bigger bottom and fin surfaces corresponding to water block while
processor cooling of indistinguishable size and power. The water block is subse-
quently an increasingly powerful cooling arrangement as it needs lesser space for
parallel heat dissemination but cant identified in the chip heat flux metric. Convec-
tive area for heat transfer, which represents expanded surfaces, doesn’t legitimately
describe the server space needed for the provided cooling arrangement.

27.3 Heat Loads in Electronics Components

Electronics equipment which generates a significant amount of heat mainly incorpo-
rates chipsets, memory modules, power supply, processors, and voltage controllers
[19, 47, 88]. By considering the thermal management of the system, processors are
considered as the most hazardous out of the mentioned equipment because of its
higher heat flux. Processors consumed about 50% of total server power [19, 88].
Thus, most of the exploratory investigations found in review considered mostly heat
loads and geometry of the processor.

American Society of Heating, Refrigerating and Air-Conditioning Engineers
(ASHRAE) carried out the study for a limitations of heat transfer for various proces-
sors [19, 88]. The predicted values of limitations of heat transfer for various proces-
sors are shown in Table 27.1. The study predicts heat loads for a processor of
high-performance computing (HPC) applications increasing up to 210–300 W [19,
88].
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Table 27.1 Predictions for expected heat load of a processor by ASHRAE [19, 88]

S. No. Component No. of CPU’s Power (W) for
year 2010

Power (W) for
year 2015

Power (W) for
year 2020

1 HPC
processor
(higher
power)

1 250 300 300

2 HPC
processor
(lower power)

1 165 210 210

3 2S processor
(general
purpose)

1 140 140 140

4 4S processor
(general
purpose)

1 140 175 190

27.4 Electronics Cooling Solutions

The requirement of newer solutions electronics cooling for upcoming generations is
squeezing constantly year by year. The requirement of a solution is mainly because
of the predictions of heat fluxes in future years.

The various available electronics cooling solutions are shown in Fig. 27.1. Out
of which critical review is mainly focused on air cooling and indirect liquid cooling
methods.

27.4.1 Air Cooling

The air cooling method is still generally utilized and will consistently favor, over all
other electronic cooling methods. Air cooling is usually achieved by a hot/cold aisle
system as shown in Fig. 27.2 [28].

As air cooling requires speedily forced circulation due to its poor thermal trans-
port properties, which approaches higher noise and vibration cut-off points. The
maximum heat transfer coefficient (150 W/m2 K, 1 W/cm2 for 60 °C difference
temperature) with acceptable noise levels can be achieved with a standard fan.

Because of the lack of sealing, air cooling is progressively flexible corresponding
to liquid cooling methodologies [43, 91]. The extremely adaptable solution encour-
ages the processes of installation and retrofitting [32, 85], additionally limiting the
requirement of customization. Moreover, the nonexistence of liquid coolants mini-
mizes the maintenance of a system and increases reliability [91]. These factors need
to consider the highly simplified design and installation of the electronic cooling
system.
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Fig. 27.1 Generalized electronics cooling solutions

27.4.1.1 Power Requirements and Heat Transfer Limitations of Air
Cooling

Because of lower thermophysical characteristics of air cooling, it needs high flow
rates and low temperature of coolant comparative with liquid cooling techniques;
which results in increment in working costs. Temperature range of 16–25 °C and
30–45 °C can be achieved for cold aisle and hot aisle respectively [19, 34, 74,
88]. For feasible free cooling, cold aisle temperatures must be adequately high than
outdoor air. This prerequisite of climate limits the cooling capacity of air cooling
solutions into hotter areas. The heat exchanger (RDHx) or (SCHx) helps for reduction
of power consumption in the air cooling technique [31, 36, 37]. The methodology of
conveying cooling liquid towards singular racks eases the consumption of power by
CRAH/CRAC fans and is evaluated to decrease working expenses up to 40% [37].

Air cooling operational properties of the heat sink on the basis of experimenta-
tion work are shown in Table 27.2. This studied a variety of domains of analysis
exclusively for heat sinks. ASHRAE predicts the processor’s rate of heat generation
is as high as 140–190 Watts up to the year 2020 [19, 88]. The present limitations
of heat transfer for air cooling are obviously not the hindering component inside
the electronic cooling. In HPC, heat generation rates presently ranging from 210 to
300 W [19, 88], limitations of heat transfer don’t allow further increment into densi-
ties of chip power. Limitations of heat transfer for air cooling might be increased
with an increase in fin area and heat sink base,despite the fact that this is counter-
productive for the industry to reduce spatial needs [32]. Limitations may likewise
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Fig. 27.2 Air cooling hot/cold aisle system

Table 27.2 Air cooling operational properties of the heat sink on the basis of experimentation work

References q heff q”HS Q AHS AW TW Ti To

[83] 103 0.0463 1.62 12,000 64 2.56 70 35 42.1

[101] 110 – 1.33 7740 83 1.44 50 – –

[40] 227 – – – – 72 16 40.0

[99] 250 0.0417 2.50 24,000 100 4.00 90 30 38.6

[46] 300 0.0667 4.00 20,000 75 4.00 80 20 32.4

Note q—overall heat transfer rate (W); heff—(W/cm2·K); q′′
HS—heat spreader heat flux (W/cm2);

Q—flow rate of air (cm3/s); AHS—heat sink base area (cm2); AW—heated surface area (cm2); TW,
Ti and To—heated surface, inlet air and outlet air temperature (°C)
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be reached out by decreasing cold aisle air temperatures [48]. Working expenses in
case of vapor-compression cooling increases by reducing cold aisle temperature.

Though the air cooling is mostly popular, limited studies have been performed
on limitations of heat transfer. Limitations of heat transfer were recognized by
the parametric investigation of fin geometry, material characteristics, and assembly
configurations.

27.4.2 Indirect Liquid Cooling

This cooling process is a process of heat removal with indirect contact among a
liquid/fluid heat source and coolant. This cooling technique is obtainedby the replace-
ment of conventional air-cooled heat sink by either liquid-cooled heat sinks or evap-
orators [34, 82, 93, 94]. The traditional indirect liquid cooling technique includes the
utilization of colder plates and water-blocks. But currently, the research centered on
the microchannel heat sinks and enhancement of its efficiency [5, 45].

Figure 27.3 shows the block diagram of indirect liquid-cooled DC. In this coolant
distribution unit (CDU) exchange heat in form of close controlled chilled liquid from
an externally cooled source towards an internally closed coolant loopwhich is jointed
thermally to electronic equipment [25].

Coolant is only supplied to processors asmost of the heat generated there, whereas
remaining ICT parts are air-cooled [91]. In spite of the fact that there exist scarcely
any marketed arrangements that are stretched out to help liquid cooling for more
server parts [25, 79].

As liquid cooling technique empowers the use of coolants through significantly
predominant thermophysical characteristics than air. The liquid cooling technology
is able to adequately broaden thermal hindrances and lessen the utilization of DC
energy by means of permitting high temperature of the coolant and decreased flow
rate of air [32, 92]. This issue can be set with speedy disengage fluidic connectors,in

Fig. 27.3 Indirect liquid cooling system



27 Current Technologies on Electronics Cooling and Scope … 397

any case, they signify additional dependability concerns because of expanding the
leakage possibility [91].

27.4.2.1 Single-Phase Cooling

It is sensible heating of coolant circulation where change of phase not permitted
to occurs. Water, amongst current dielectric liquids and refrigerants, is a preferable
coolant because of higher boiling point and prevalent thermophysical characteris-
tics. Though, because of the leakage danger, their uses have lower precedence and
requirement in DCs industries [32]. This technique empowers the liquid cooling of
different processors and improves the reliability of the server [6]. Most of the indus-
tries like Asetek [6], IBM [104, 105], and Cool IT Systems [17] have actualized this
system in server level.

Table 27.3 shows the heat transfer properties of single-phase water cooling
systems. These investigations have centered on chip-level thermal management by
microchannel heat sinks (MCHS). The maximum heat transfer rate of (1150 W) has
been gotten into a study [81]where performanceswere examined by utilizingMCHS.
Maximum heat spreader heat fluxes (170 W/cm2) have been gotten in research [57]
where diagonal fins were utilized. Overall, heat spreader heat fluxes have noticed
between (2.68–170 W/cm2) that shows the considerable development comparative
with air cooling.

Table 27.3 Single-phase water cooling operating properties of MCHS on the basis of
experimentation work

References q heff Q′′
HS Q AHS AW TW Ti To �P Ppump

[14] 25 0.103 2.68 0.33 9.45 9.45 46 20 38 38.6 0.013

[89] 30 0.395 9.87 0.40 3.04 3.04 50 25 42.3 4.0 0.0016

[98] 36 4 100 6.40 0.36 0.36 45 20 33.6 115 0.75

[104, 105] 170 2.39 47.8 16.7 3.55 2.31 80 60 62 14 0.23

[12] 220 2.12 137 31.7 1.61 0.15 85 20 21.7 21 0.67

[80] 272 3.466 121 16.7 2.25 2.25 70 35 39 55.3 0.921

[57] 273 3.62 170 2.70 1.61 1.61 72 25 50 10 0.027

[20] 375 1.25 93.8 16.7 4 3.75 125 50 55 19.5 0.33

[78] 448 2.44 100 10.1 4.48 4.48 56 15 28 30 0.3

[56] 625 1.82 100 6.67 6.25 6.25 75 20 42 1.0 0.0067

[81] 1150 1.87 43 27 27 27 43 20 30 0.90 0.025

Note q—overall heat transfer rate (W); heff—(W/cm2·K); q′′
HS—heat spreader heat flux (W/cm2);

Q—flow rate of air (cm3/s); AHS—heat sink base area (cm2); AW—heated surface area (cm2); TW,
Ti and To—heated surface, inlet air and outlet air temperature (°C); �P—pressure drop (kPa) and
Ppump—pumping power consumption (W)



398 K. R. Aglawe et al.

The temperature of inlet water has ranged between 15 and 35 °C in an investiga-
tional study concerning MCHS; conversely, a noteworthy inlet temperature ranged
between 45 and 60 °C has been seen in industrial usage [42, 75, 104, 105]. This
expands the capability of waste heat recovery and free cooling at a higher tempera-
ture flowing air. The flow rates of water for single processor cooling have observed
between 0.3 and 32 cm3/s. The basis of pressure drop measured along with different
heat sinks, the power requirement for pumping has determined between 0.002 and
0.90 W per processor. The decrease into power utilization comparative with air
cooling is obviously ascribed to expanded specific heat capacity and density of
water [10], anyway enormous pressure drops produced along with MCHS yields
considerable power requirements for pumping in specific cases [80].

27.4.2.2 Two-Phase Cooling

This type of cooling includes circling coolant latent heating; henceforth stage change
of liquid-vapour is subjugated. Coolant selections usually include different dielectric
liquids and refrigerants having lowbubbling temperatures [84, 90].Additional advan-
tages of this solution incorporate decreased temperature gradients and improved rate
of heat transfer [5, 45]. Significant worries with the system are identified with an
unstable flow that initiates variations in temperature and pressure, inversion of flow,
and few different practices which consequences in burning and superheated surfaces
[45]. Two-phase cooling arrangements inside the industries are rare,a chose usage
has been created with the author [23].

Table 27.4 shows the heat transfer properties of two-phase cooling systems. The
greatest heat transfer rate about 2160 W has been noted by the study [77] and
heat transfer qualities for flow bubbling inside graphite have been inspected. FC-
72 (dielectric fluid) having 56 °C immersion temperature and none subcooling were
passed by 48 cm2 permeable heat sink of 85 °C temperature [1].

This examination additionally inspected the impact of changing a gap of evapo-
rator over a permeable structure. Little gaps cause bubble restriction and development
of the vapor layer on the bubble surface that fundamentally expanded the temperature
of walls. Heat spreader heat flux found maximum (222 W/cm2) in the study by an
author [1] where examination has been carried out on a 4 cm2 microchannel heat
sink using refrigerant R236fa.

In general, heat spreader heat flux values have observed (24.2–222 W/cm2) that
shows an enhancement comparative with single-phase cooling.

The inlet temperature of coolant has observed in investigations about (0–63 °C)
with immersion happening at temperatures between (25–63 °C). Flow rates have
observed (0.66–12.2 cm3/s) and prerequisites of pumping power have been obtained
per processor between the ranges (0.002–0.62 W). This demonstrates the decrease
in siphoning power prerequisites comparative with water cooling that is ascribed for
a latent heat transfer related to two-phase operating liquids [63].
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27.4.2.3 Heat Pipe Cooling

Heat pipes operation depends on a change of phase of operating liquid of the pipes,
are capable methods for electronic system cooling, for example, PCs, laptop, and
media transmission [13, 26, 27, 70]. Because of lower efficient thermal resistance
and exceptionally higher viable thermal conductivity, it is a most feasible method
for cooling higher heat flux creating electronic devices like CPUs.

Presently, there are numerous heat pipes industrial cooling applications and as
a result of higher heat evacuation efficiency of this method has pulled in enormous
enthusiasm by electronic industry which confirms the tremendous heat pipes produc-
tion by industries. Mostly, heat pipes are produced monthly for CPUs, laptops, and
PCs [26, 95, 96]. A Pentium processor of PCs uses the utmost volume of heat pipes
for cooling [33]. Chen et al. [15], Mathew et al. [64], carried out the broad review on
design, development, and investigation of smaller heat pipes in favor of electronics
cooling. They additionally indicated a capability of smaller heat pipes for smaller
electronic systems cooling.

As the heat pipe doesn’t have moving parts therefore it is exceptionally reli-
able at lower maintenance cost. Heat pipes as well offer various significances like
no utilization of external power, noiseless, expanded life span consequently lower
working and overall expenses, improved adaptability, compact, flexible in direc-
tion, and fixed enclosure cooling thus no unfavorable impact to the atmosphere or
electronic devices.

Figure 27.4 shows the different types of available heat pipes for application of
electronics cooling.

The greatest advantage of heat pipe cooling is avoiding liquid leakage inside
servers with the help of hermetically sealed devices [68]. Moreover, heat pipes
passivity invalidates the prerequisites of chip-level pumping power whereas
enhancing the reliability because of a nonappearance of moving components [68].
Xyber Technologies [100] has executed conventional heat pipe cooling in servers
and replaced the server wall by finned heat sinks.

Fig. 27.4 Various types of
heat pipes
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Table 27.5 Heat pipe cooling operating properties on the basis of experimentation work

References Coolant q heff q”HS C.C Q AHS AW TW Ti To

[59] Acetone 60 0.141 5 Air – 12 12 52 16.5 –

[67] Ammonia 130 0.163 8.13 Air 6040 16 16 70 20 37.94

[67] Ammonia 230 0.288 14.38 Water 8.67 16 16 70 20 26.35

[67] Ammonia 320 0.476 20 Water 8.67 16 16 62 20 29.83

[30] Methanol 120 0.222 10 Air – 12 12 65 20 –

[44] Methanol 100 0.0463 3.7 Water 33.3 27 25 85 5 6.48

[66] Methanol 175 0.202 12.5 Air 15,000 14 14 85 23 32.72

[97] NF 150 0.242 12.5 Air – 12 12 76.7 25 –

[66] R141b 150 0.173 10.7 Air 15,000 14 14 85 23 31.3

[39] SiO2-H2O 60 0.16 2.4 Air – 25 25 60 45 –

[39] Water 60 0.12 2.4 Air – 25 25 70 50 –

[86] Water 60 0.135 8.49 Air – 7.07 6.25 85 22 –

[97] Water 100 0.163 8.3 Air – 12 12 75.8 25 –

[8] Water 100 0.145 4.35 Water 38.9 23 16 85 55 55.62

[16] Water 138 0.136 8.27 Air – 16.62 9 85 24 –

[103] Water 150 1.41 35.21 Air – 4.26 4 80 55 –

[66] Water 200 0.231 14.3 Air 15,000 10 10 85 23 34.1

[103] Water 200 1.1 46.95 Air – 4.26 4 65 22.5 –

[58] Water 350 0.635 38.9 Air 22,300 9 6.25 85 23.7 36.78

Where, q—overall heat transfer rate (W); heff—(W/cm2·K); q′′
HS—heat spreader heat flux (W/cm2);

C.C—Condenser Coolant; Q—flow rate of air (cm3/s); AHS—heat sink base area (cm2); AW—
heated surface area (cm2); TW, Ti and To—heated surface, inlet air and outlet air temperature
(°C)

Table 27.5 shows the heat transfer properties of heat pipe cooling systems. This
table records the essential heat pipe coolant andmedium (air or water) of heat transfer
utilized for cooling of heat pipe condenser.

Maydanik, et al. acquired the largest heat transfer rate (700W). Author has exam-
ined a compact heat pipe (copper-water loop) having 31 cm length through a 10.24
cm2 flat-oval evaporator. Values heat spreader heat flux has observed between 2.4
and 68.4 W/cm2 into heat pipe cooling systems. This shows a critical decrease in the
limitations of heat transfer comparative with water cooling. In any case, this range
of values surpasses the limitations of heat transfer for conventional air cooling and
allows effectual thermal management.
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27.5 Conclusions

The present review introduces the various properties of heat transfer for electronics
cooling, more specifically for air cooling and indirect liquid cooling. The solu-
tions provided by liquid cooling displayed a critical enhancement as compared with
conventional air-cooling especially for the variables like limitations of heat transfer,
coolant temperatures, and flow rates. This ascribed the predominant mechanisms for
heat transfer as related to liquid cooling.

Air cooling limitation isn’t a hindering element to thermal management as
concerned with all-purpose computing. So, the execution of liquid cooling tech-
niques ought to be encouraged by different variables like decrements of working
expenses, and enhanced chip performance. Waste heat recovery is not as functional
and even impractical by conventional air-cooling techniques.

The conclusions mentioned in the above paragraphs are not applicable in high-
performance computing because, heat generation rate of the chip have approached air
cooling limitation. In these types of situations, this variablemust be assuming a bigger
job while designing the processes. The current review promisingly allows effec-
tual thermal management with proper heat spreading to higher performance proces-
sors available till the 2020 year. Subsequently, optional variables must be viewed
as while choosing a perfect liquid cooling solution; which incorporates flexibility,
dependability, hot-swap ability, various financial expenditures, and maintenance
necessities.
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Chapter 28
Numerical Optimization
of ZnMgO/CIGS Based Heterojunction
Solar Cells via Change of Buffer and BSF
Layer

Raushan Kumar, Akhilesh Kumar, and Kumar Saurabh

Abstract In this work, the scientific community has presented acceptable phys-
ical properties of ZnMgO semiconductor which is among the buffer materials that
later used for better consideration solar cell fabrication. In our effort, AFROS-HET
version 2.5 one dimensional simulator is applied to the optimization of ZnMgO
buffer and ZnSe BSFC (Back Surface Field Contact) layer-based solar cells. The
buffer and BSFC layer are introduced in the conventional experimental device Grid
AR/ITO/ZnO/CdS/CIGS/Mo/Na glass solar structure to improve the performance of
the electrical parameters of the device and which is used in the field of renewable
energy. We have introduced ZnMgO material in the portion of the buffer layer for
improvement of efficiency from 13.8 to 37.39%. Several physical parameters opti-
mization (i.e. doping density, thickness and EQE) of the buffer, absorber and BSFC
layer has been done. The performance of the electrical parameters of the proposed
structure is achieved (Voc = 898.1 mV, Jsc = 52.94 mA/cm2, FF = 78.64 and η =
37.39%) keeping the fixed value of doping density and thickness of ZnMgO about Nd

= 4× 1019 cm−3 andW= 50 nm. These results are optimized of AM1.5G irradiance
(1sun = 100 mW/cm2) and the temperature was kept constant at 300 K.

Keywords Heterojunction · BSF · AFROS-HET · CIGS · ZnMgO

28.1 Introduction

Power utilization of the world increases day by day for the reason behind increases
in energy consumption and a decrease in conventional fossil fuel demand. Renew-
able energy is a sustainable, non-pollute, high-efficient and cost-effective alternative
source of the world. Solar energy consumption is one of the most active parts of
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power utilization among available renewable energy sources [1]. The solar energy
consist of outstanding power efficiency given by silicon solar cell technology has
the upper hand, but it is too costly, and it has limited source [2]. Thin film-based
solar cell (TFBSC) technologies such as CdTe, CdMnTe, CZTS, CZTSe, CZTSSe,
etc. [3] have materialized as a potential replacement and are carefully accessible
with balanced performance. In respect to heterojunction solar cells, Cu(In,Ga)Se2
(CIGS) as the most favorable materials for high-efficiency TFBSC paid attention
[4]. CIGS is a direct bandgap semiconductor consist of chalcopyrite compounds
with superior optical properties, long term stability, high absorption coefficient and
high radiation acceptance [5]. Moreover, the chalcopyrite semiconductor’s bandgap
can be concocted by the partial substitution of indium with gallium.

Several researchers has reported in the field of absorber layer CIGS material with
a combination of different type of buffer layer materials. The primary purpose of the
use of CIGSmaterials is due to its lower band energy and high absorption of a photon.
In 1994 oh take has been designed ZnSe/CIGS buffer and absorber layer solar cell,
and he has 11.6% record efficiency [6]. After that, Minemoto has design 16.2% effi-
cient solar cells with the use of the ZnMgO buffer layer 2000 [7, 8], designed 18.1%
efficiency with used of ZnS material. In regards the combination of several buffer
layer materials to increase the efficiency, these materials are CdS (experimental),
In2S3, ZnOS, CdZnS, ZnMgO, ZnSo and CdS based solar cells achieved the effi-
ciency of 13.8%, 16.4%, 18.5%, 19.52%, 23.35%, 23.82%and 36.11% [9–15].While
the CdS/CIGS heterojunction solar cell has less expansive but poor efficiency (η %),
Jsc and Voc which is not better than ZnMgO/CIGS based solar cell.

The decreasing of electrical parameters of CdS buffer layer solar cells is due to
lower energy bandgap and less absorption of a photon. In our proposed structure to
optimize the cell model with the use of the Mg-doped MgxZn1−xO buffer layer for
altered doping concentration ‘x’, which is better than CdS and ZnSo buffer layer
solar cells [15]. The bandgap of 3.20–3.9 eV for MgZnO (can be changed for the
different values of x (0–40%). In this paper, all the electrical parameters find with a
40% doping concentration of Mg. In the 40% [16, 17] of the doping concentration of
Mg, the energy bandgap has founded (3.9 eV) [15]. In this paper, only two things, we
have modified buffer and BSF layer materials for conventional experimental struc-
ture (Grid AR/ITO/ZnO/CdS/CIGS/Mo/Na glass) solar cell [9]. The newly modified
structure (SLG/Al/i-ZnO/ZnMgO/CIGS/MoSe2/Al) solar cell has been optimiza-
tions several physical parameters that are (doping density, thickness and EQE) of
buffer, absorber and BSF layer. The performance of the electrical parameters of the
proposed structure achieved Voc = 898.1mV, Jsc = 52.94mA/cm2, FF= 78.64 and η

= 37.39% keeping the fixed value of doping density and thickness of ZnMgO about
Nd = 4 × 1019 cm−3 and W = 50 nm.
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28.2 Design and Numerical Optimization of ZnMgO/CIGS
Solar Cell Structure

28.2.1 Structure of Proposed ZnMgO/CIGS Heterojunction
Cell

The design modelling of new arrangements has been explained into two phases.
The first phase of the design modeling of conventional experimental structure,
which is a design by CdS based buffer layer (Grid AR/ITO/ZnO/CdS/CIGS/Mo/NA
Glass) shown in Fig. 28.1b. The fabrication of CIGS based solar cells, CdS is the
most common buffer layer material. But, the use of CdS is antagonistic because of
poisonousness and lower energy band gap about 2.4 eV.

In the second phase, we have elaborate on the new structure, which is
substituted by buffer and BSF layer with 40%, Mg-doped ZnO (SLG/Al/i-
ZnO/ZnMgO/CIGS/MoSe2/Al) solar cell. The region behind the change of buffer
layer material, we have non toxicity and wide energy gap 3.9 eV. The new modeling
consists of the four-layer window, buffer, absorber and BSF layer as shown in
Fig. 28.1a. All the layers are deliberate with the numerical value of optical and
electronics parameters which is given to the input of the software simulator. Table
28.1 gives a summary of the material properties of all layers [15, 18–21]. The value
of the refractive index and the extraction constant of ZnMgO is 2.12 and 0.17 [16].
The wide bandgap of ZnMgO falls in the range of 3.20–3.9 eV, depending upon the

Fig. 28.1 Modelling architecture of a new structure (ZnMgO) and b conventional structure (CdS)
based solar cell
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concentration of Mg. In this structure, the tuning of donor density of the buffer layer
in between 1.5 × 1019 and 1 × 1020 cm−3 with 50 nm thickness, respectively. The
highest performance we have observed Voc = 898.1 mV, Jsc = 52.94 mA/cm2, FF=
78.64 and η = 37.39% with Nd = 4 × 1019 cm−3 and W = 50 nm.

28.2.2 Simulation Platform

Numerical analysis of new ZnMgO buffer layer solar cells is done by use of hetero-
junction solar cells known as Automat (AFORS-HET) with version 2.5 [22]. The
one-dimensional numerical analysis simulator tool built-up by Helmholtz-Zentrum
Berlin fur Materialien and Energie institute of berlin, Germany [23]. AFORS-HET
is a dominant device simulation software and its simulation of AC as well as DC
measurement of electrical and optical parameters of the solar cells. AFORS-HET
simulator gives several electrical and optical results that are short circuit current
density (Jsc), open-circuit voltage (Voc), fill factor (FF) photo conversion efficiency
(PCE), external quantum efficiency (EQE) and spectral response (SP) by using of
visible sunlight. This tool has another feature to reduce individual defects introduced
in each layer of the bulk materials. These defects in the intrinsic level initiated and
it has closed to the mid bandgap, which helps in further compensation. The overall
discontinuity parameters of the band neglected. The work function, series and shunt
resistance magnitudes are work of 300 K with default set temperature. In our device,
we have usedAM (airmass) 1.5G irradiance (1sun= 100mW/cm2) for all simulation
reported in this proposed work.

28.3 Results Discussion

In this section we have found several physical electrical parameters of proposed
structure i.e. EQE, spectral response, Jsc, Voc, FF and efficiency of the solar cell. All
the parameters optimized for the tuning of donor and acceptor density of buffer and
absorber of ZnMgO/CIGS based solar cell.

28.3.1 Effects of Quantum Efficiency (QE) and J-V
Characteristics with the Change of the Donor Doping
Concentration of ZnMgO

It is observed in the given Fig. 28.2 the deviation of EQE due to the variation of donor
doping concentration from 1.5× 1019 to 1× 1020 cm−3 of the ZnMgO buffer layer.
When the value of donor density less than 1.5 × 1019 cm−3, the cell performance
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Fig. 28.2 Deviation of EQE
for different donor density of
the ZnMgO buffer layer

of EQE is lower. When the Nd of the buffer layer increased, about 2 × 1019 cm−3

performance of EQEwill decrease. Due tomaximumnumber of photons absorbed by
the buffer cell and minimum number of photons reaching to the CIGS absorber layer.
The highest performance of wavelength verses EQE characteristics we have found
that the donor density about 2 × 1019 cm−3 with 400 nm wavelength. The variation
of donor density of the ZnMgO layer. The doping crucial parameters of the buffer
layer in Fig. 28.3 the J-V characteristics for the different value of Nd concentration of
ZnMgO buffer layer with 50 nm thickness of buffer layer and 250μmof the absorber
layer and all other numerical parameters are unaffected. However, the value of donor
density is lower (<1018 cm−3) values of electrical parameters like Voc, Jsc, FF and η

are too small. That’s why values of donor density taken from the greater than (>1019

cm−3) if the increases in doping concentration of the ZnMgO buffer layer would

Fig. 28.3 J-V characteristic with different ZnMgO buffer layer donor density
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Fig. 28.4 Deviation of spectral response for different donor density of the ZnMgO buffer layer

increase the electric field in the heterojunction. That’s why the collection of photo-
generated electron–hole pairs grew at the end of the junction. However, the donor
density of the buffer layer is above 4× 1019 cm−3, Jsc will decrease. It seems that the
carrier recombination in bulk increases when the Nd is higher. Thus the preferable
donor density of the ZnMgO buffer layer is fixed 4 × 1019 cm−3.

It observed in thegivenFig. 28.4wavelengthverse spectral responseof theZnMgO
based solar cell. The variation of donor density of buffer layer about 1.5× 1019 to 1
× 1020 cm−3 the highest, the peak we have observed at 2 × 1019 cm−3 with 800 nm
wavelength.

28.3.2 Effects of Quantum Efficiency and J-V
Characteristics with Changed of the Acceptor Doping
Concentration of CIGS

Impacts of acceptor density of the absorber layer by changing the Na of the CIGS
absorber layer from 1 × 1015 to 1 × 1017 cm−3 and set 250 μm thickness and
another input parameter of the simulator kept constant, which shown in Table 28.1.
The enhancement of cell performance analysed by the AFROS-HET simulation tool.
Figure 28.5 shows the effects of short circuit current density with change of acceptor
density. It can be clearly absorb that all the cell parameter increases with CIGS
acceptor density.

The performance of EQE shown in Fig. 28.6 of the CIGS absorber layer based
photovoltaic cell with a variable acceptor concentration of the absorber layer. If
the thickness of the CIGS layer decreases, more and more photons can collect in the
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Table 28.1 Numerical analysis of electronics parameters used in different materials

Electrical parameters i-ZnO ZnMgO CIGS MoSe2

Thickness (nm) 60 50 250 μm 10

Eg (eV) 3.3 3.9 1.4 1.1

χ (eV) 4.3 3.67 4.2 4.14

εr 9 10.5 10 8.6

NC (cm−3) 2.2 × 1018 2.5 × 1019 2 × 1018 5.66 × 1017

NV (cm−3) 1.8 × 1019 4.2 × 1019 1.5 × 1019 2.41 × 1018

Ve (cm2 s−1) 2.4 × 107 3 × 106 3.9 × 107 4.13 × 107

Vh (cm2 s−1) 1.3 × 107 1.5 × 106 1.4 × 107 2.55 × 107

μe (cm2 V−1 s−1) 100 50 400 30

μh (cm2 V−1 s−1) 20 10 25 10

Nd (cm−3) 1 × 1020 4 × 1019 (variable) 0 0

Na (cm−3) 0 0 5 × 1016 (variable) 1.2 × 1016

Auger coefficient of
electron (cm6 s−1)

1.12 × 1013 2.8 × 10–34 2.4 × 10–30 0

Auger coefficient of
hole (cm6 s−1)

1.12 × 1013 1.5 × 10–34 1.1 × 10–30 1.2 × 1013

Band to band
recombination
coefficient (cm3 s−1)

1.2 × 10–12 2 × 10–11 1.1 × 10–10 1.2 × 1013

σe (cm2) 1 × 10–15 3 × 10–14 1 × 10–15 0

σh (cm2) 1 × 10–13 3 × 10–15 1 × 10–13 0

Nt (cm−3) 7 × 1016 5.6 × 1018 3.12 × 1013 0

Fig. 28.5 J-V characteristic
with different CIGS absorber
layer acceptor density



416 R. Kumar et al.

Fig. 28.6 Deviation of EQE
for different acceptor density
of the CIGS absorber layer

absorber layer. That is whymore andmore electron-hole pair generation andmeeting
of the longer wavelength photons can be absorbed in the portions of heterojunction
and finally, efficiency will increase. However, when the thickness of the CIGS layer
decreases below 250 μm, the cell performance cannot be enhanced appropriately. It
has been seen that the electron–hole pairs fashioned from the junction and most of
the photons combine at a longer wavelength before reaching the depletion region.

28.3.3 Change of Electrical Parameter (Jsc, Voc, FF, η)
with Changes of Nd and Na of ZnMgO and CIGS
Layer

The doping concentration of the an essential parameter of the ZnMgO buffer layer
based solar cell for the analysis of electrical parameters of the device. In Table 28.2
shows the changes of parameters due to changes in donor density of about 1.5× 1019

to 1× 1020 cm−3. The highest value of electrical parameters, we observed at 4× 1019

Table 28.2 Performance of electrical parameters with changes of donor density

Electrical
parameters

Nd = 1.5 ×
1019

Nd = 2 ×
1019

Nd = 4 ×
1019

Nd = 6 ×
1019

Nd = 8 ×
1019

Nd = 1 ×
1020

VOC (mV) 898.1 898.1 898.1 898.1 898.1 898.1

JSC (mA/cm2) 52.55 53.4 52.94 52.68 52.56 52.51

FF (%) 55.94 75.54 78.64 78.76 78.79 78.81

H (%) 26.4 36.22 37.39 37.26 37.19 37.16
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Table 28.3 Performance of electrical parameters with changes of acceptor density

Electrical parameters Na = 1 × 1015 Na = 1 × 1016 Na = 5 × 1016 Na = 1 × 1017

VOC (mV) 858.5 860.5 898.1 921.2

JSC (mA/cm2) 47.28 47.97 52.94 40.51

FF (%) 36.01 69.44 78.64 74.98

H (%) 14.62 28.66 37.39 27.98

cm−3 of the donor density of the absorber layer. Table 28.3 shows that the variation
of electrical parameters due to changes in acceptors density of CIGS absorber layer
about Na = 1 × 1015 to 1 × 1017 cm−3. The better performance of Voc, Jsc, FF and
%η absorb Na = 5 × 1016 cm−3 and all other parameters kept constant, as display
in Table 28.1.

28.3.4 Performance of CdS/CIGS, ZnSo/CIGS
and ZnMgO/CIGS Based Solar Cells

Numerical optimizations of the ZnMgO/CIGS buffer and absorber layer solar cell.
The thickness of the ZnMgO/CIGS layers is fixed to 50 nm and 250μm individually.
The donor density of the ZnMgO layer and acceptor density of the absorber layer is
fixed of 4 × 1019 and 5 × 1016 cm−3, respectively. Other parameters of the device
kept constant, as display in Table 28.1.

After simulation of the photovoltaic conversion efficiencies for CdS, ZnSo and
new ZnMgO layer are about 13.8, 23.82 and 37.93% separately, which shown in
Table 28.4. The short circuit current density for J-V characteristics for CdS, ZnSo
and new ZnMgO buffer layer, found 28.4, 40.163 and 56.82 mA/cm2 respectively
shown in Fig. 28.7. The given table has clearly shown that the performance of ZnMgO
buffer layer based solar cell is better than other buffer layer materials.

Table 28.4 Comparision ZnMgO/CIGS buffer and absorber layer based hetrojunction solar cell

Electrical parameters CdS/CIGS, based solar
cell [9]

ZnSo/CIGS, based
solar cell [14]

New
MgZnO/CIGS/ZnSe,
based solar cell

Voc (mV) 670 707.5 916.3

Jsc (mA/cm2) 28.4 40.163 56.82

FF (%) 72.4 83.832 72.85

η (%) 13.8 23.82 37.93
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Fig. 28.7 Compression of
J-V characteristic
conventional CdS, ZnSo, and
new ZnMgO buffer layer
based solar cell

28.4 Conclusion

The CdS-free buffer layer, ZnMgO can be apply into the CIGS photovoltaic cell. In
this article, a comprehensive mathematical simulation of CIGS absorber layer solar
cell with ZnMgO buffer layer, whose 40% deposited concentration is investigated
by AFROS-HET software. The effects of the ZnMgO buffer layer, donor concen-
tration, acceptor concentration and thickness of the proposed solar cell presentation
is considered. The appropriate doping density of ZnMgO, CIGS and ZnSe2 about 4
× 1019, 5 × 1016 and 1.2 × 1016 cm−3 separately. In respect of the entire doping
density of materials, we have found that the conversion efficiency is 37.93% with
Jsc = 56.82 mA/cm2, FF = 72.85 and Voc = 916.3 mV. The numerical investiga-
tion of enhanced ZnMgO buffer layer based solar cells is done to improve power
conversion efficiency, EQE and spectral response with the change of donor density
and thickness.
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Chapter 29
Additive Manufacturing of Large Size
Parts Through Retrofitment
of Three-Axes CNC Machining Centre

Sagar Kailas Gawali, Narendra Kumar, and Prashant Kumar Jain

Abstract The size of the additive manufactured parts limits their use in prototyping
and small functional applications. Additive Manufacturing (AM) systems with large
build volume are relatively costly as compared to small ones. However, the use of
existing three-axis CNC machining centres could provide an alternative for large-
size parts fabrication at a minimal cost. Therefore, the present paper investigates the
possibilities for the additive manufacturing of large-size parts using retrofitted three-
axis CNCmachining centre. A CNC-assisted extrusion deposition based AM system
has been used. The setup consists of a material processing tool (MPT) and large-size
build platform. Initial experiments have been conducted to check the feasibility of the
developed setup for large-size parts. Large parts with different cross-sections were
fabricated by processing ABS material in pellet form. Moreover, characterization
was carried out to analyse the quality of fabricated parts. The observed results show
that developed setup has potential to fabricates large-size parts in future.

Keywords Additive manufacturing · Retrofitment · ABS pellets · 3D printing ·
Large-size parts · Hybrid process · Big area additive manufacturing · BAAM

29.1 Introduction

With the advent of modern technologies, designing the products have become much
more convenient. A huge number of CAD tools are available in the market which
makes a design process better all in all, and the designers are investigating much
more with design and development of different products than ever before. This revo-
lution in Information Technology (IT) enabled design-manufacturing has also been
accompanied by a subsequent demand for flexiblemanufacturing processes. Additive
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Manufacturing (AM) is based on the concept of IT-enabled design-manufacturing
technologywhich has been accepted by technologists and designers across theworld.

AdditiveManufacturing (AM) is a process that fabricates 3Dobjects by deposition
of material in the layer-by-layer method, unlike subtractive manufacturing. The part
fabrication capabilities of AM with any complexity offers the significant saving of
cost and materials, unlike time-consuming conventional manufacturing processes
like machining, casting, forming, etc. AM process works as a rapid and flexible
manufacturing process. As per ASTM F42 standard, AM has been classified into
seven classes based on different working principles as material extrusion, vat photo-
polymerization, direct energy deposition, binder jetting, powder bed fusion, material
jetting, sheet lamination, etc. (Fig. 29.1).

Among these working principles, material extrusion process has become most
used due to its design simplicity and low cost. Fused Filament Fabrication (FFF) is
one of the processes in which material in the form of filament is processed through
extruder based onmaterial extrusion principle to fabricate parts. The processedmate-
rial in semi-molten state extrudes through nozzle and deposit on moving build plat-
form in a layer-by-layer manner and built the part as shown in Fig. 29.2b. Nozzle
extrudes material in a predefined toolpath in the X–Y plane and deposits the layer to

Fig. 29.1 Categorization of AM

Fig. 29.2 a Flashgorge 3D printer (Source https://www.flashforge.com). b Small size part on FFF
(Source https://www.sculpteo.com)

https://www.flashforge.com
https://www.sculpteo.com
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build the base for the parts. After the deposition of first layer, build platform moves
downward by the value of layer thickness for deposition of subsequent layer over
the previously deposited layer and the process continues until the complete part was
fabricated. In FFF process, most commonly used thermoplastic polymer material
are ABS, Polyethylene (PE), and Polylactic acid (PLA), etc. FFF process mostly
used for fabrication of parts among other AM processes because of simplicity in
processing, minimum material wastage and easy material handling. Although, FFF
process has various advantages but, there are certain limitations associated with this
process which restrict its application domain [1–3]. Currently, part fabrication with
small size is one of them which limits its use only for rapid prototyping (RP) and
some end-use functional applications. The part size can be enlarged by adding large
size build platform underneath of the extruder. Consequently, bigger gantry system
would be required to build the parts with large-size on the large build platform.

Since the last five decades, manufacturing industries have used the CNC
machining centre to fabricate the parts of metal with high precision. In these indus-
tries, large-size of CNC machining centre is used to serve the purpose which has
larger gantry system as compare to existing FFF machines. In industries, the gantry
system of the existing CNC machining centre could assist in the additive manufac-
turing of parts with large-size at a nominal cost. To achieve this goal, a material
deposition tool could be developed compatible to CNC machining centre. This tool
would be attached or detached with CNC machining centre similar to milling cutter.
Moreover, a large build platform can also be designed and developed which can be
kept on machining workspace.

Therefore, the present paper aims to perform additive manufacturing of large-size
parts by developing a material deposition system compatible to CNC machining
centre. The developed system is made up of three components: three-axis CNC
machining centre, Material Processing Tool (MPT), heated large-size build platform.
Three-axes CNC machining centre is used as a gantry system with a positional
accuracy of 1 µm. MPT is attached to the spindle of machining centre for extruding
material, while the heated build platform is placed on the machining workspace
to utilize complete workspace. The method involves an approach of the material
extrusion process and then building the 3D parts through the use of an MPT on the
three-axes CNCmachining centre. Thus, the development of the new system presents
a major hope for the implementation of low-cost, large-size product development
technique in manufacturing industries.

29.2 Literature Review

Many researchers have explored the fabrication of large-size parts through additive
manufacturing by developing indigenous experimental setups. Wang et al. devel-
oped the Fused Pellet Modeling (FPM) system using a big size robotic arm for the
fabrication of the large-size part. Different shapes of filament were investigated to
minimize the formation of the voids in fabricated parts using multiphysics software.
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Moreover, deformation was recorded within the part with an increase in size [4].
Liu et al. developed the double-stage-screw extruder to fabricate large-size part of
composite material prepared using Acrylonitrile Butadiene Styrene (ABS) and 10
wt% of Glass Fibers (GF) (Fig. 29.3). The effect of screw speed and pressure were
studied on the melt flow rate, print speed and layer thickness. Also, surface finish and
bonding strength were examined under the variation in spacing between deposited
roads [5].

Nieto et al. developed apellet basedAMprocess inwhich the functional prototypes
with a volume of 2000mm3 were fabricated using PLA andABSmaterials for the use
in the naval industry. Thermomechanical deformation and behaviour were studied.
Based on observations, weight was reduced by 64.4 and 55.5% for PLA and ABS
prototypes respectively [6]. Felsch et al. have presented a study in which a combina-
tion of industrial robots was employed with additive manufacturing technologies for
enabling the fabrication of complex and large parts [7]. Jun et al. developed a setup
to fabricate large-size thin-walled parts using modified FDM process. An infrared
laser was installed on the existing FDM machine to preheat the surface just before
the deposition of material. Due to the preheating of surface, enhancement in the
mechanical properties was observed [8]. Vijay et al. developed a direct ink writing
based AM system using an industrial six-axis robot. Large-scale objects were fabri-
cated using natural bio-composite materials. Improvement in tensile strength with
minimum shrinkage was the main highlight of the study [9].

Apart from academia, the industries have also shown their interest in the additive
manufacturing of large parts for the use in some functional applications. Cincinnati
incorporation developed a Big Area Additive Manufacturing (BAAM) machine in
collaboration with oak ridge national laboratory. It offers the material extrusion and
deposition via screw extrusion principle. An open environment gantry system of
unbounded size was utilized to fabricate large parts. In comparison to conventional
FDMmachine, part fabrication with large volume was offered by BAAM. The devel-
oped setup of BAAMhad capabilities of fabricating ten times large volume parts than
that of FDM [10]. Similarly, Thermwood company was collaborated with oak ridge
national laboratory to develop a Large Size Additive Manufacturing (LSAM). A
build platform of large size of 2540×254×508 mm3 was developed for fabricating
parts like a boat hull, concrete mould etc.

Fig. 29.3 a Big size robotic arm. b Double-stage-screw extruder



29 Additive Manufacturing of Large Size Parts Through … 425

29.3 Methodology

Additive manufacturing of large-size parts requires not only the material processing
unit but also require the large-size build platform. This has been achieved by devel-
oping a Material Processing Tool (MPT) and a large-size build platform for material
processing and deposition respectively.

MPT works on the screw-driven material extrusion-based principle to process
the pellet form of material. In this method, the material is processed through screw
rotation. The required rotation to screw is provided by three-axis CNC machining
centre. Apart from providing screw rotation, the CNC machining centre also offers
the necessary movements to the tool for material deposition in X, Y and Z direc-
tions. Firstly, theCADmodel of the part is prepared in ‘Solidworks’ softwarewhich is
exported in Standard Tesselation Language (STL) file format. This STL file is further
used for pre-processing purpose through toolpath generation software. Since current
study explores the use of 3-axes CNC machining centre, the commercially avail-
able Computer-Aided Manufacturing (CAM) software can not generate a required
toolpath for material deposition as they are intended to generate code for machining
purpose only. Therefore, an in-house developed software has been used in the current
study to fulfil above requirements related to toolpath generation. Full details about
this software can be found elsewhere [11, 12]. The tasks such as slicing and toolpath
generation are performed using the aforementioned software. The file containing
generated toolpath is then fed into CNC machining centre (Fig. 29.4).

29.4 Fabrication of Additive Manufacturing Large-Size
Parts (AMLSP)

29.4.1 Material Processing Tool (MPT)

Material Processing Tool (MPT) is used for extruding material in continuous and
uniform manner. Part quality may be affected greatly by the performance of MPT.
In the current study, the modified version of a deposition tool is used as MPT which
was earlier developed by Kumar et al. to fabricate flexible parts of EVA (Ethylene
Vinyl Acetate) material.More details aboutMPT can be found elsewhere [13]. In this
version, assembly of hopper, barrel, and nozzle was modified to fabricate large-size
parts comparatively at a faster rate. The different diameter of nozzles were taken to
perform the current study. 2.5 and3mmdiameter nozzleswere considered initially for
performing preliminary experiments. Material in the viscous/semi-molten form was
extruded from these nozzles in the form of continuous extrudates which is deposited
on the developed build platform to fabricate large-size parts.
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Fig. 29.4 Process flowchart of CNC-assisted extrusion deposition based AM system

29.4.2 Large-Size Build Platform

The build platform plays an important role during part fabrication as the material
is deposited onto it in prespecified manner. It is eminent that warpage may occur
within the fabricated part as a result of induced thermal stresses. When the surface
area of part increases with an increase in the size of part, may lead to rapid transfer
of heat which results in warpage. As a result of warpage, the part may be failed as
lowermost layers of the part may get curled and peeled off from the build platform.
Build platform provides the required temperature to the part during the fabrication
process to avoid failure because of warpage. Build platform allows the fabricated part
to stay warm during the fabrication and may prevent any damage to part tempted
due to uneven heat transfer. Moreover, the build platform is helpful to stick the first
layer of part strongly on its surface [14–17].

In the current study, large-size build platform has been developed. Heating
elements are provided to preheat the build platform surface at the appropriate temper-
ature for avoiding any possible warpage problem. The developed platform consists
of a 5 mm thick aluminium plate, a 230 W AC operated silicon pad heater (AC
supply), PID (Proportional-Integral-Derivative) temperature controller as the main
elements. Moreover, the type-k thermocouple is also attached to monitor and main-
tain the given temperature value. Similar to the commercial 3D printer build plate,
threaded bolts with adjustable nuts has been provided to fix the developed platform
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Fig. 29.5 Proposed experimental setup

on CNC machining centre bed to adjust the gap between the nozzle and build plat-
form [18]. The developed build platform has been placed on the CNC machining
centre bed with the help of jigs and fixtures. The CNC machining centre used in the
current study has a maximum travel range of 750, 450 and 400 mm in X-, Y- and
Z-axis respectively. Because of design constraints of developed platform, part of size
600 mm×450 mm×400 mm can be fabricated. Schematic diagram of the proposed
experimental setup consists of a material processing unit and build platform is shown
in Fig. 29.5.

29.5 Feasibility Testing, Part Fabrication
and Characterization

Acrylonitrile Butadiene Styrene (ABS-M204) is used as a raw material in form of
pellets because of ease in availability at a cheap rate. The robust rheological behaviour
ofABSmaterial provides extrusion at a continuous ratewhichmay help in fabricating
robust parts. Moreover, ABS material has been recognized as the standard material
in additive manufacturing, that’s why the ABS material is selected in the current
study. The properties of ABS considered in current research work is shown in Table
29.1 (Fig. 29.6).

Figure 29.7 shown in-below is a developed experimental set-up on a three-axis
CNC machining centre that consists of MPT and build platform.

For fabrication of the large-size parts, the nozzle of diameter 2.5 mm was used
in the present study. To fabricate the part in the initial studies, process parameters
is been chosen based on the literature study as MPT temperature (220 °C), material
deposition speed (700 mm/min), screw speed (60 RPM), build platform temperature



428 S. K. Gawali et al.

Table 29.1 Properties of ABS material

Properties ASTM test method Test conditions Units Value

Melt flow index ISO 1133 220 °C/10 kg gms/10 min 35

Vicat softening
temperature

D 1525 Cond. B-50 N °C 97

Co-efficient of linear
thermal expansion

D 696 23–55 °C 10E-4/°C 0.7–1.0

Rockwell hardness D 785 23 °C R-scale 103

Tensile strength at yield D 638 50 mm/min kg/cm2 500

Tensile modulus D 638 50 mm/min kg/cm2 27,000

Flexural strength D 790 5 mm/min kg/cm2 750

Fig. 29.6 ABS material
pellet form

(110 °C). Preliminary experiments have been conducted using these process param-
eters and carried out a feasibility study of the developed system by fabricating some
primitive shapes of large-size. Some primitive shapes is been presented along with
their dimensions in Fig. 29.8.

Figure 29.9 shows that parts with smooth and curvy edges successfully fabri-
cated using developed setup. Also, internal contour features in the fabricated parts
were shows the capability of setup. The fabricated parts have been characterized to
analyze the structure and quality of parts visually. Various issues were encountered
in fabricated parts which are to be discussed in the next section.
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Fig. 29.7 Developed experimental setup

Fig. 29.8 Different primitive shapes

29.6 Characterization Results and Discussion

In the developed system, parts are fabricated similar to the commercial extrusion-
based AM systems, using different material processing technique. In AM, the quality
of the parts fabricated through extrusion-based AM depends on various factors. The
changes in processing method, nozzle diameter and build platform may cause a
change in the quality of parts. In order to observe and study the effect of these changes,
characterization is done by taking the images of parts structure. The characterization
study includes an effect of modified system and values of process parameters on
dimensional accuracy, surface quality and structure of fabricated parts. There were
various issues found during and after the fabrication process, which are compiled
and enlisted.
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Fig. 29.9 Fabricated parts of the different primitive shapes

29.6.1 Dimensional Accuracy

In AM, dimensional accuracy always been a major concern, in the pre-processing
stage maybe some CAD information lose during slicing and toolpath generation. In
the fabrication of large-size parts issue of dimensional accuracy mainly observed,
because of factors such as thermal contraction, under or over-extrusion, pellets
quality, and even the standoff distance of first layer nozzle. In the present study, the
fabricated parts were equated with CAD model dimensions to estimate deviations
from actual dimensions. The results showed significant changes between dimensions
of the fabricated parts and CAD model in all three directions. Results are reported
in Table 29.2. The reason behind the obtained deviation can be related to thermal
shrinkage during the cooling period. The filament extruded through MPT is varying
its uniformity with time while depositing onto the build platform. Because of this
reason, more change in deposited filament road width was observed than the filament
thickness.

29.6.2 Surface Texture

Surface texture, also known as surface roughness is measuring the unevenness of
the surface. The quality of surface of fabricated parts in AM become a more vital
being used for end-use applications. The surface finish of parts is important not only
to improve functionality and appearance but also for cost-effective processing and
reduction of processing time. Surface roughness can be characterized in two different
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Table 29.2 Dimensions of different cross sectional shapes

S. No. Part Dimensions Actual (mm) Measured (mm) % Difference

1 Length 150.00 151.19 0.79

Width 150.00 151.19 0.79

Thickness 10.00 9.85 1.50

2 Length 302.49 300.00 0.82

Width 174.64 172.00 1.51

Thickness 10.00 8.90 0.11

3 Length 370.00 350.00 5.40

Width 370.00 350.00 5.40

Thickness 42.00 41.80 0.47

planes one is along with the build orientation and another one is perpendicular to
build orientation.

In the present study, the surface roughness of the fabricated parts was measured
using contact-type Mitutoyo Surftest SJ-500 surface roughness tester. In order to
study surface roughness of fabricated part cutoff length considered 1 mm. The
obtained surface roughness profiles of parts shown in Fig. 29.10. The profiles signify
that in third cross-section (Table 29.2, Sr. No. 3) measured the height of roughness in
both along and perpendicular to build orientation deviates more from its mean posi-
tion. The parameters affect behind deviation of height mainly initial selected values
of a parameter such as layer thickness and deposition speed. In order to enhanced
surface roughness ultimately the quality of parts have to optimize the parameters
accordingly.
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Fig. 29.10 Surface roughness measurement of different cross-sections
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29.6.3 Structural Analysis

The mechanical properties and surface quality of any part largely depend on its
microstructure. These qualities and properties of fabricated parts can be predicted
with the help of microstructure or internal structure and bonding between the layers.
In the present study,ABSpellet is processed usingCNC-assisted extrusion deposition
based AM system. Therefore, it is necessary to analyse the structural changes within
the part. The issues related to analysis is been discussed in the section.

29.6.3.1 Gaps Between Infill and Internal–External Contours

In additivemanufacturing, each layer is formedwhen thematerial is deposited within
and along the contours. Contours represent the boundary of a part that guidesmaterial
deposition tools in the filling of area inside the boundary. In the fabricated parts
through the system, there were some gaps between infill and contours observed.
Since the current studywas the initial investigation in which part fabrication has been
done initially with randomly chosen process parameters based on user experience.
It is well-known that process parameters such as infill percentage, deposition speed
and raster angle play a vital role during part fabrication. In this way, the observed
gaps between infill and contours can be attributed to the fabrication with unoptimized
process parameters. As compared to the other two parameters, deposition speed may
affect the deposition rate of material within contour which may lead to the formation
of irregular shape voids. As a result of higher deposition speed, the road does not get
sufficient time to bond with contours. In the present study, material is deposited at a
raster angle of 45° which is different than the orientation of the contour. This may
also generate voids between infill and contours. To eliminate or minimize the gaps
between infill and contours decreases or optimizes deposition speed (Fig. 29.11).

Fig. 29.11 Gaps between infill roads and contours
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Fig. 29.12 Delamination

29.6.3.2 Layer Separation/ Delamination

AM is the process that builds the parts by layer-by-layer manner to create a desired
3D shape. However, for the build parts to be strong and reliable, need to assure that
the deposited layer adequately bond with the previous layer. If bonding between the
layers is not enough, then the part may split or layer gets separate. Parameters such
as layer thickness, barrel temperature and deposition speed affect mainly bonding of
layer. In the present study, these parameters values are considered as follows, layer
height is been selected same as the diameter of nozzle, barrel temperature set nearer
to the value of melting point of the material. After selecting the value of parameters
fabricate part using system, during fabriaction issues like layer separation occurred,
as shown in Fig. 29.12. This issue may be minimized with the selection of layer
thickness lesser than the diameter of the nozzle. In this manner, a new layer would
press the layer below it so that the two layers may bond strongly. Moreover, other
process parameters related to temperature and speed could also be controlled to avoid
layer separation.

29.6.3.3 Warpage

It is found that the heat transfer rate is increased with the increase in surface area
of the part. Due to this, deposited roads cool and solidify fastly as a result, first few
deposited layers of build part solidify quickly and lead to curl and deform edges of
parts, that is known as warpage. Its effect can be severe which can separate out the
part from the build platform. In the present study, the same issue was observed due
to the large surface area of the parts (Fig. 29.13).

Warpage may be eliminated by incorporating a closed heated chamber across the
build parts which is not the easy task as a developed system uses a CNC machining
centre a gantry system. This constraint does not allow to build a closed chamber.
Therefore, only the heated build platform was incorporated instead of the closed
build chamber which may help to avoid the warpage issue through gradual increase
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Fig. 29.13 Warpage

Fig. 29.14 Holes on top layers

or decrease in build platform temperature. Heated build platform helps to keep the
bottom layers of part warm throughout the fabrication process. The heated build
platform temperature was kept at 110 °C, which significantly reduced the amount of
warpage in these layers. Problem with a thermoplastic material such as ABS is that it
tends warpage during cooling. To avoid this, the fabricated parts were cooled down
slowly at a gradual temperature interval.

29.6.3.4 Holes in the Top Layers

Blowholes were observed within deposited layers due to the hygroscopic nature of
ABS and air entrapment during material processing in the barrel of MPT as shown
in Fig. 29.14. Preheating of ABS and proper feeding of pellets into the barrel can be
useful to overcome these issues.

29.6.3.5 Under-Extrusion/ Over-Extrusion

The material extrusion process does not provide any feedback about how much
material extrude through the nozzle. Due to this, sometimes less or more amount of
material (under-extrusion or over-extrusion) is extruded through nozzle than that of
expectation. The developed system consists of Material Processing Tool (MPT) that
does not have any response unit to control the flow of extruded material through the



29 Additive Manufacturing of Large Size Parts Through … 435

Fig. 29.15 Under-extrusion/over-extrusion

nozzle. Therefore, some issues are noticed such as gaps between the contours and
layers due to under-extrusion, overlapping of layers due to over-extrusion as shown
in Fig. 29.15. In order to overcome these issues, further experimentation is required
to determine the optimum value of screw speed, deposition speed.

29.7 Conclusion

The purpose of large part fabrication was achieved by successful retrofitment of
existing three-axis CNC machining centre. The detailed study of the Materail
Processing Tool (MPT) was presented in this research work. The feasibility of exper-
imental setup has been validated through the fabrication of large-size parts of the
different cross-sections. The characterization study of fabricated parts and fabrica-
tion related issues have also been presented. The effect of process parameters, such
as layer thickness, screw speed, deposition speed on the surface quality, dimensional
accuracy and structural analysis of fabricated parts has also been discussed. The
results revealed that layer thickness and deposition speed had a great influence on
the structure of fabricated parts. Also, the surface quality was highly affected with
larger layer thickness and higher deposition speed. Apart from these parameters, the
influence of build platform temperature during and after the fabrication of parts was
more significant for the quality of parts. The observations showed that the fabri-
cated part gets warped or deformed due to inappropriate build temperature, thermal
contraction, and environmental conditions. Overall characterization results suggest
that further improvements are required in order to get large parts with desired dimen-
sional and surface quality. Optimized values of different process parameters need to
be determined. It can also be concluded that the developed setup has potential and
could be used to fabricate large-size parts in forthcoming after incorporating some
improvements in the existing setup.
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Chapter 30
Investigation of Machining Rate and Tool
Wear in Processing of Fe-Based-SMA
Through Sinking EDM

Ranjit Singh, Ravi Pratap Singh, and Rajeev Trehan

Abstract Shapememory alloys (SMAs) is one of the category of advancedmaterials
which have the ability to memorize their shape when treated upto particular condi-
tions of temperature. SMAs have numerous applications in the field of biomedical,
automotive, aerospace, robotics and industrial sector. SMAs have spotted to be the
alloys having superior and unique properties having commercial applications. SMAs
are basically classified into three types Ni-based, Cu-based and Fe-based. Fe-based
SMAs is an important class of shape memory alloys having applications in pipe joint
for steel pipes, fishplate for crane rail and in other structuralmaterials. It is an inexpen-
sive alloy as compare to other SMAs, due to this these alloys are used as commercial
production of stainless steel in industry. The non-conventionalmachining of Fe-based
SMA is an area of future concern which is going to be explore in this paper. In this
article the effect of various process parameters on material removal and tool wear
rate has been studied while performing Electrical discharge machining operation on
Fe-based SMA. Pulse on time and Pulse off time are the major influential process
parameters impacting the MRR and TWR than the other two parameters i.e. peak
current and gap voltage.

Keywords SMA · SME · EDM ·MRR · TWR · RSM

30.1 Introduction

In today’s era of advancement in technology, the need for smart materials is contin-
uously rising due to their exceptional and inimitable properties, and applications in
distinct sectors from biomedical to manufacturing industry. Shape Memory Alloys
(SMAs) is a major class of advanced materials which have the capability to recover
their original form when exposed to the alterations in the magnetic and tempera-
ture conditions [1]. This behavior of returning back to its previous form is broadly
known as shape memory effect (SME). The SMAswas firstly discovered by the Arne
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Olander in 1932 [2]. Among all of them, there are three SMAs major classifications
i.e. Ni–Ti based, Cu-based and Fe-based. Fe-based SMA is an important category of
SMA alloy system, which have numerous applications in the manufacturing sector.
Sato [3] discovered the Fe-30Mn-1Si alloy and subsequently the Fn-Mn alloy SME,
which led to lower production costs. In addition, compared to the other SMAs i.e.
Ni-based and Cu-based, Fe-SMAs have a large transformation hysteresis and high
rigidity and strength. Kajiwara et al. [4] and Farjami et al. [5] revealed the pres-
ence of fine VN and NbC precipitates in the microstructure that heightened the SME
of Fe-SMAs without any training process. Dong et al. [6] and Leinenbach et al.
[7] enhanced the SME of Fe-16Mn-5Si-10Cr-4Ni-1(V, N) and Fe-17Mn-5Si-10Cr-
4Ni-1(V, C) by mass fraction. Established SMEs, high rigidity, high strength and
low cost of production of these Fe-SMAs have led international research into their
application in civil engineering fields such as damping, active control and pre-or
post-stress tensioning of structures. Iron-based SMAs are the third projecting group
of SMAs to be preceded by NiTi and Copper-based SMAs. This SMA class has
been economically viable over the NiTi alloy system due to its relatively low alloy
part & easy production [8]. Iron-based SMAs are often known as shape memory
steel (SMS) and consist of various alloys; i.e. Fe–Pt, Fe–Pd, Fe–Mn–Si, Fe–Mn–Al,
Fe–Ni–C, Fe–Ni–Co–Ti [8]. The production rate of SMS must be as high as that
of carbon steel for an economically viable operation. The machining of Fe-based
SMA with the non-conventional machining operations is an area of future concern.
Machining of Fe-based SMAwith the EDM process is an area of future explorations
for studying the impact of various process parameters on machining responses. The
study of EDM process on Fe-based SMA brings up new machining concepts and
helps in commercially uplifting this process for the industrial growth. The optimiza-
tion based studies have also been attempted while processing advanced materials
with newest machining processes [9–12].

Electrical discharge machining is a type of thermo-erosive process in which
spatially and temporally controlled separated pulsed discharges are utilized to
machine electrically conductive materials irrespective of their chemical, mechan-
ical and thermo-physical properties [10, 13–16]. In the 1940s, the EDMmethod was
discovered [17]. EDM exists as one of the modern machining operations produc-
tively used for machining tough to cut materials [18, 19]. The overall concept of
EDM process is to utilize thermos-electric energy to erode the material from a work-
piece with the help of periodic electrical sparks between the uncontacted electrode
and the workpiece [20–23]. The tool and the workpiece are immersed in a dielectric
fluid [8, 11]. The spark formation results into the formation of electrons and positive
ions which results into the formation of conductive channel [24, 25]. Due to the
collision of the ions there is a formation of high temperature plasma channel [26].
The high temperature region results into removal of workpiece due to instantaneous
melting and evaporation [27–30] (Fig. 30.1).

The objective of this paper is to study the effect of various process parameters
i.e. Pulse on time, Pulse off time, Peak current, Gap voltage on the material removal
rate and tool wear rate of the work material and tool used for machining purpose
in EDM operations. The study focused on the variation of MRR and TWR while
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Fig. 30.1 Basic working mechanism of EDM process

performing experiment work at different process parameter setting. The behavior of
the parameters has been studied graphically to explore theMRR and TWR during the
experiment work and different results and discussions has been provided for studying
the concept of machining of Fe- based SMA with EDM operations.

30.2 Materials and Methods

The Fe-based SMA has been used as workpiece and Cu-based electrode is used as
a tool in EDM operations. Fe–Mn-Si-Cr-Ni has been used as work material in the
EDM operations. The workpiece is in disc form having dimensions 110 × 15 mm
and 20 mm height. The diameter of Cu electrode used in EDM operations is 10 mm.
The process parameters taken in the EDM process are pulse on time, pulse off time,
peak current and gap voltage. The response parameters which are measured with the
variation of process parameters are MRR and TWR (Figs. 30.2 and 30.3).

The process parameters chosen for the experiment are pulse on time, pulse off
time, peak current and gap voltage. The response parameters selected for studying
the impact of process parameters are Material Removal Rate (MRR) and Tool Wear
Rate (TWR) (Tables 30.1, 30.2, 30.3, 30.4, 30.5, 30.6, 30.7 and 30.8).
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Fig. 30.2 EDM machine set-up

Fig. 30.3 Fe-based SMA
disc

30.3 Results and Discussions

The experiments have been performed on CNC EDM machine set-up at CIHT
Maqsudan Jalandhar. The four process parameters are varied and their effect on
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Table 30.1 MRR values at different Pulse on time values

S. No. Pulse on time (µs) Act. diameter (mm) Actual depth (mm) MRR (mm3/min)

1 30 10.02 6.81 536.7255

2 45 10.04 5.6 443.1238

3 60 10.05 5.9 467.7931

4 90 10.07 6.2 493.5376

5 120 10.09 6.82 545.05

6 150 10.12 7.13 573.2185

7 250 10.16 6.15 498.3474

8 300 10.19 7.25 590.9572

9 400 10.21 7.24 592.4609

Table 30.2 TWR values at different pulse on time values

S. No. Pulse on time
(µs)

Time in minutes Int. wt. of tool
(g)

Final wt. of tool
(g)

TWR (g/min)

1 30 47.66 34.5 33.85 0.013638271

2 45 25.66 32.66 31.75 0.035463757

3 60 20.71 33.85 32.7 0.05552873

4 90 17 31.75 30.7 0.061764706

5 120 16.16 33.77 32.72 0.064975248

6 150 17.13 32.9 31.84 0.061879743

7 250 16.9 30.44 29.3 0.067455621

8 300 16.8 32.72 31.5 0.072619048

9 400 17.43 31.66 30.41 0.071715433

Table 30.3 MRR values at different Pulse off time values

S. No. Pulse off time (µs) Act. diameter (mm) Actual depth (mm) MRR (mm3/min)

1 20 10.15 7.01 566.9174

2 45 10.12 6.82 548.296

3 60 10.11 6.32 507.0947

4 90 10.09 6.2 495.5

5 120 10.07 6.12 487.1694

6 200 10.05 7.05 558.9731

7 250 10.03 6.26 494.3629

8 300 10.02 6.15 484.708
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Table 30.4 TWR values at different Pulse off time values

S. No. Pulse off time
(µs)

Time in minutes Int. wt. of tool
(g)

Final wt. of tool
(g)

TWR (g/min)

1 20 21.43 31.65 30.9 0.034997667

2 45 16.56 29.75 28.85 0.054347826

3 60 15.78 30.5 29.6 0.057034221

4 90 16.53 31.23 30.2 0.06231095

5 120 18.71 29.41 28.38 0.055050775

6 200 34.26 34.9 33.94 0.028021016

7 250 32.91 33.8 32.83 0.029474324

8 300 35.78 32.7 31.67 0.028787032

Table 30.5 MRR values at different Peak current values

S. No. Peak current (A) Act. diameter (mm) Actual depth (mm) MRR (mm3/min)

1 8 10.02 7.16 564.3105

2 14 10.04 7.02 555.4874

3 20 10.05 6.17 489.2006

4 24 10.07 6.12 487.1694

5 30 10.1 6.59 527.713

6 40 10.12 6.33 508.9023

7 50 10.15 5.88 475.5313

Table 30.6 TWR values at different Peak current values

S. No. Peak current (A) Time in minutes Int. wt. of tool
(g)

Final wt. of tool
(g)

TWR (g/min)

1 8 79 29.72 29.58 0.001772152

2 14 41.9 37.64 37.47 0.004057279

3 20 22.13 33.94 32.6 0.060551288

4 24 17.9 32.81 31.84 0.054189944

5 30 18 31.69 30.77 0.051111111

6 40 11.26 29.57 28.48 0.096802842

7 50 9.1 37.46 36.35 0.121978022

MRR and TWR are recorded as numerical values in tabular form. The effect of
process parameters on MRR and TWR are studied with the help of graphical charts
(Fig. 30.4).

The plot of MRR versus Pulse on time reveals that the MRR increases with the
increase in pulse on time. With the rise in pulse on time there is a less time lag
between the pulses, due to which the spark formation is more and it results into high
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Table 30.7 MRR values at different Gap voltage values

S. No. Gap voltage (V) Act. Diameter (mm) Actual depth (mm) MRR (mm3/min)

1 30 10.08 6.54 521.6371

2 40 10.06 6.05 480.6412

3 50 10.04 6.51 515.1315

4 60 10.03 6.04 476.9891

5 70 10.03 6.42 506.9984

6 80 10.02 6.39 503.6235

Table 30.8 TWR values at different gap voltage values

S. No. Gap voltage (V) Time in minutes Int. wt. of tool
(g)

Final wt. of tool
(g)

TWR (g/min)

1 30 21.2 32.16 31.32 0.039622642

2 40 18.05 28.85 27.85 0.055401662

3 50 22.68 27.26 26.45 0.035714286

4 60 18.86 30.28 29.27 0.053552492

5 70 18.23 27.84 26.98 0.047174986

6 80 21.35 31.33 30.47 0.04028103

Fig. 30.4 Plot for MRR versus pulse on time

temperature formation which leads in more material removal. The pulse on time has
been varied from 30 to 400 µs. The maximum MRR reported is 592.4609 mm3/min
at 400 µs pulse on time (Fig. 30.5).

Another important machining performance parameter is Tool wear rate. As
depicted from the plot, the effect of pulse on time on TWR is clearly visible. There
is continuous rise in TWR as the rise in pulse on time value. The main reason behind
the increase in TWR value is more spark formation due to less rest time between
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Fig. 30.5 Plot for TWR versus pulse on time

pulses. The pulses arriving fast with the increase in pulse on time, which leads to
high temperature generation due tomore spark formation. The high temperature zone
results into more tool wear, tool gets eradicated with the rise in pulse on time. The
maximum TWR is 0.072619048 at pulse on time of 300 µs (Figs. 30.6 and 30.7).

The effect of pulse off time on MRR and TWR has been studied with the help of
graphical plots presented above. The MRR versus Pulse off time plot clear depicts
the decrease in material removal rate with the increase in pulse off time. The rise in
pulse off time brings more lag time between corresponding pulses due to which the
spark formation occurrence becomes less which ultimately leads to less temperature
formation which further going to decline theMRR. TWR also follows the same trend
as MRR with the rise in pulse off time (Figs. 30.8 and 30.9).

The graphical plot of peak current versus theMRR and TWR reveals the behavior
of material removal and tool wear with the variation of peak current. TheMRR value
is 564.3105 mm3/min i.e. maximum MRR at 8 A peak current and minimum i.e.
475.5313 mm3/min. The TWR value is maximum i.e. 0.121978022 g/min at 50 A
peak current (Figs. 30.10 and 30.11).

Fig. 30.6 MRR versus pulse off time plot
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Fig. 30.7 Plot between TWR and pulse off time

Fig. 30.8 Plot between peak current and MRR

Fig. 30.9 Peak current versus TWR plot

The plot ofGap voltage versus theMRRandTWR reveals the effect of gap voltage
on material removal and tool wear rate. The maximum MRR is 521.6371 mm3/min
at 30 V and maximum TWR is 0.055401662 g/min at gap voltage of 40 V.
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Fig. 30.10 Plot between MRR and gap voltage

Fig. 30.11 TWR versus gap voltage plot

30.4 Conclusions

The following insinuations have been observed after performing the experimental
operations on the Fe-based SMA in CNC EDM process:

1. The major parameters which have a crucial and major impact on the MRR and
TWR are Pulse on time and Pulse off time.

2. MRR increases with increase in Pulse on time as no lag between corresponding
pulses results into more discharge formation which results into higher tempera-
ture formation which ultimately results into more MRR. MRR maximum value
is 592.4609 mm3/min at 400 µs pulse on time. Minimum value of MRR is
443.1238 mm3/min at 45 µs pulse on time.
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3. Pulse on time also has a significant impact on the TWR. Tool wear increases
with rise in pulse on time, as it leads to high temperature region formation which
results into high eradication of tool, ultimately more TWR. Themaximum value
of TWR is 0.072619048 g/min at 300 µs pulse on time.

4. Pulse off time is another major influential parameter for the MRR and TWR.
With the increase in pulse off time the MRR decreases. The reason for decrease
in theMRR is large time lag between the pulses that leads to less spark formation
which results into low temperature formation that leads to less MRR. TWR gets
decreased with increase in pulse off time, as it leads to less spark formation
which results into low temperature formation that results into less TWR. MRR
maximum and minimum value is 566.9174 and 484.708 mm3/min. The TWR
maximum and minimum value is 0.06231095 g/min and 0.028021016 g/min.

5. MRR and TWR increases with the increase in peak current. The peak current
results in passage of more current that results into more spark formation
leading to high temperature formation that results into more material removal
and deterioration of the tool. Maximum and minimum values of MRR is
564.3105 mm3/min and 475.5313 mm3/min at peak current of 8 and 50
A. The TWR maximum and minimum value is 0.121978022 g/min and
0.001772152 g/min.

6. ThemaximumMRR is 521.6371mm3/min at gap voltage of 30V andminimum
value of MRR is 476.9891 at 60 V. The maximum and minimum value for the
TWR is 0.0554 g/min and 0.0357 g/min at gap voltage of 40 V and 50 V.
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Chapter 31
Study of Microstructure, Mechanical
and Fracture Properties of Bagasse Ash
Powder Strengthened Aluminium Matrix
Composites

Vaibhav Singh, Satpal Sharma, and Bhaskar Chandra Kandpal

Abstract The present research work focused on Al 6061-Bagasse ash metal matrix
composites are produced with stir casting process. The different mass fractions of
bagasse ash particles (1, 3, 5 and 7%) under speed of 300 r/min. different mechanical
properties such as hardness, tensile strength and toughness of fabricated aluminium
metal matrix composites are tested. It was found that the mechanical properties were
greatly affected with increasing percentage volume of reinforcement. The optical
microscopy results affirmed the uniform conveyance of reinforced particles in the
metal matrix combination.

Keywords Bagasse ash · Stir casting · Vicker hardness test · Toughness

31.1 Introduction

Composites are delivered by mix of at least two materials one of which is a metal
where desired and unique combination of engineering properties are achieved like
high specific strength, wear resistance, strength to weight, thermal conductivities,
friction coefficient, wear resistance, damping properties etc. Composite materials
with matrices of Al alloys are the most important type of composite materials. Such
types of composites have wide applications in automotive and aerospace industries.
Since MMC’s are the combination of metallic alloys and ceramic reinforcements
they combine the properties of metallic alloys such as toughness and ductility with
properties of ceramic reinforcements like improved strength aswell asmodulus.With
the use of certain ceramic reinforcements such as SiC, Al2O3 andGraphite in defined
volumetric share improvement of mechanical as well as tribological properties take
place. Composite materials also occur in nature and they can be made by humans as
well. Such type of composites can be produced by solid state processing and liquid
route processing.
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31.1.1 Composite Materials

Composite materials are comprised of at least two materials which vary in phys-
ical properties and chemical composition and are insoluble in one another. In the
composite, each segment has its own personality and displays its extraordinary struc-
ture and properties. The properties of composite material are generally relying on
properties of reinforcement and matrix phases. Each component imparts its own
properties so that the result and properties are superior to either component alone.
Composite materials also occur in nature as well as are made by humans.

Composite materials are on the basis of geometry of the reinforcement in matrix
phase can be characterized into particle-reinforced, fibre-reinforced or structural
composites.

31.1.2 Metal Matrix Composites

These composites comprise of metal as matrix stage while reinforcement might
be a different material or another metal. Different sorts of reinforcement phase, for
example, strands, hairs or particles are utilized inmetal matrix composites. Themetal
matrix composites have numerous favourable circumstances over different kinds of
materials like progressed mechanical, synthetic and actual properties.

31.1.3 Manufacturing of Metal Matrix Composites

The composites have many superior features compared to metals as discussed above
so their applications are increasing day by day in various engineering fields. Different
processes are used to manufacture MMCs. Primary processing of metal matrix
composites are classified into three processes namely vapour state processing, solid
state processing and liquid state processing. It is very economical to produce metal
matrix composites with stir casting. The stir casting parameters are to be controlled
to maintain the quality of samples. The stirring speed and time are very important in
the process. The pouring temperature factor also played important role in the process
of impeller. Properties like wettability and porosity in cast metal matrix composites
can be improved by controlling these boundaries.
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31.2 Literature Review

Aigbodion et al. [1] found that there was improvement in mechanical properties
with the expansion in weight level of SiC they saw the maturing conduct in Al-Cu-
Mg/Bagasse ash particulate composite. The processing parameters were controlled
to improve the quality. The effect of percentage of reinforcement on the proper-
ties of MMC was reported. The hardness and impact strength were enhanced as we
increased thepercentageof reinforcement. Itwas also found that the advancedmethod
is successful to obtain uniform mixing of reinforcement in the matrix. Srinivasan
et al. [2] produced Sugar Cane- Bagasse Ash, which contains silica and aluminium,
in concrete with cement by weight of 0, 5, 10, 15, 20 and 25%. They found that
cement can be replaced with bagasse ash in concrete to reduce cost. The prop-
erties of composites were seen to be profoundly influenced by the distribution of
reinforcement particulates in the framework and the morphology of the secondary
matrix. The properties of mix cast MMCs were inspected at various strides of the
castings. Sharanabasappa et al. [3] found that rice husk fly ash can be used as rein-
forcement to produce composite. It was observed that use of rice husk ash with high
silica content which not only improved the mechanical properties of aluminium but
also minimised the industrial waste thereby making it beneficial for the environment.
They investigated the effects of processing parameters and selection of matrix and
reinforcements on properties of MMCs. The mechanical properties, for example,
hardness and tensile strength were accounted for to be improved.

31.3 Experimental Work

31.3.1 Material Selection

Matrix and reinforcementphase: For thematrix phase of our compositematerialwe
have selected Aluminium alloy 6061. Aluminium 6061 alloy is the most affordable
of all the Aluminium alloys.

Reinforcement Phase: Bagasse Ash was obtained from Mansurpur Sugar Mill,
Muzaffarnagar as an industrial waste.

31.3.2 Experimental Set Up

Stir casting method was used because it is very economical process for making
metal matrix composites. The process started with the determination of quantities of
Bagasse ash required to produce 1, 3, 5 and 7 wt.% reinforcement (Figs. 31.1 and
31.2).
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Fig. 31.1 Stir casting setup

Fig. 31.2 Hardness test,
tensile test and impact test
specimens
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31.3.3 Mechanical Testing

The samples were manufactured for mechanical testing of samples. The samples
were manufactured as per ASTM standards. The samples were polished for optical
microscopy.

31.4 Results and Discussion

31.4.1 Microstructural Examination

The samples for optical micrcoscopy were polished using various emery papers. The
polishing machine was used for final polishing. The etchant was used properly for
seeing grain boundaries in microscope. It was observed the bagasse particles were
uniformly distributed in the mixture. The optical photographs were shown here for
various percentages as shown in figures here (Figs. 31.3, 31.4, 31.5, 31.6; Tables 31.1,
31.2).

It was found from the experimental results that the tensile strength of the MMCs
was enhanced the results of tensile test wre tabulated here. It can be noted that
the increase percentage of reinforcement particles enhances the tensile strength of
the MMCs.It was found that there was increase in UTS of cast composite samples
due to presence of hard ceramic particles. It was maximum in case of 20% Al2O3

and minimum in case of 5%Al2O3. The increment in UTS was due to increase
in dislocation density in the melt mixture. It was also due to difference of thermal
properties of both the phases in cast samples. The hardness of samples was measured
using vicker hardness testing. It was found that hardness of samples enhances due to
reinforcement of bagasse particles. It was found that therewas a decease in elongation

Fig. 31.3 Microscopic view of 1% Bagasse Ash reinforced Al at 100X and 200X
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Fig. 31.4 Microscopic view of 3% Bagasse Ash in Al at 100X and 200X

Fig. 31.5 Microscopic view of 5% Bagasse Ash reinforced in Al at 100X and 200X

Fig. 31.6 Microscopic view of 7% Bagasse Ash reinforced in Al at 100X and 200X
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Table 31.1 Hardness and tensile test results

Sample no Reinforcement
(%)

Hardness (VHN) UTS (N/mm2) Yield stress Elongation (%)

1 1 77 118 96.5 9.5

2 3 86 129 101 9.7

3 5 94 70.5 53.9 2.8

4 7 115 56 42 1.6

Table 31.2 Impact toughness
test results

Sample no Sample name (%age
reinforcement)

Impact energy (J)

1 1% Bagasse Ash 150

2 3% Bagasse Ash 166

3 5% Bagasse Ash 140

4 7% Bagasse Ash 120

which is due to brittle nature of Bagasse Ash particles. The toughness of samples
were improved initially but then decreased due to brittle nature of reinforcement
particles.

31.5 Conclusions

The ends drawn from the current examination are:

• The Hardness of MMCs samples were more than the matrix phases. As we
increased the percentage composition of our Bagasse Ash component hardness
of the metal matrix composite increased.

• Tensile strength of our MMC increased as we introduced the Bagasse Ash rein-
forcement and kept on increasing till 3% but it dropped substantially as it went
past 3%.

• The toughness of the MMC reduced as we kept on increasing the Bagasse Ash
content.

• The micro structural observations confirmed the presence of bagasse particles in
mixture. It was observed that as the percentage of Bagasse ash increases in our
MMC, it lead to agglomeration effect.



460 V. Singh et al.

References

1. Aigbodion, V.S., Hassan, S.B., Dauda, E.T., Mohammed, R.A.: Experimental study of ageing
behaviour ofAl-Cu-Mg/bagasse ash particulate composites. J. Tribol. Indus. 33(1), 28–35 (2011)

2. Srinivasan, R., Sathiya, K.: Experimental study on Bagasse ash in concrete. Int. J. Serv. Learn.
Eng. 5, 60–66 (2010)

3. Patil1, S.R., Motgi, B.S.: A study on mechanical properties of fly ash and alumina reinforced
aluminium alloy (LM25) composites. IOSR J. Mechan. Civil Eng. (IOSR-JMCE) 7(6), 41–46
(2013)



Chapter 32
Analysis of the Surface Roughness
Characteristics of EDMed Components
Using GRA Method

Vidyapati Kumar and Shankar Chakraborty

Abstract The mechanical efficiency of two mating surfaces is significantly affected
by the values of their surface roughness, which is also related to increased friction and
their tribological performance. In this paper, during generation of holes on D3 tool
steel material, the machining capability of an electrical discharge machining (EDM)
process is investigated, while considering pulse-on time, pulse-off time and peak
current as the controllable parameters. Various surface roughness characteristics,
like Rt, Ra, Rq, Rsk, Rz, Rku, Rk, Mr1 and Mr2 are contemplated here as the
process outputs because achievement of better tribological properties with low wear
significantly depends on those responses. During the experimental trials, pulse-on
time is varied from 90 to 250 µs, whereas, the values of pulse-off time and peak
current are altered from 45 to 150 µs and 14 to 22 A respectively. Multi-objective
optimization of the considered EDM process is accomplished using grey relational
analysis (GRA) technique. Confirmation experiment is also carried out to confirm
the betterness of the optimal parametric intermix for the said EDM process. It is
observed that almost all the surface roughness properties of the EDMed components
are mainly influenced by pulse-on time, followed by peak current.

Keywords EDM process · Surface roughness · Central composite design ·
Optimization

32.1 Introduction

Electrical discharge machining (EDM) is an extensively utilized unconventional
machining process for difficult-to-cut materials and alloys which are hard tomachine
using the conventional material removal techniques with excellent surface finish and
dimensional accuracy. It is a thermal and electrical energy-based process where
material is removed from the workpiece due to erosive effects caused by a series
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of sparks produced between the work material and tool submerged in a dielectric
fluid. Generally, deionized water or kerosene is utilized as the dielectric medium.
The sparks produce the impulsive pressure by dielectric explosion which generates
a high temperature of around 10,000 °C, resulting in melting as well as vaporization
of the work material [5]. With the help of dielectric liquid, the eroded debris from the
spark gap is rinsed away. This paper deals with the study of the influences of various
controllable factors of an EDM process on its responses (outputs) while machining
D3 grade tool steel material. For this EDMprocess, pulse-on time, pulse-off time and
peak current are considered as the controllable parameters, whereas, various surface
roughness characteristics of the machined components are treated as the responses.

In the EDMprocess, a perfect replication of the tool shape is generated on thework
material. It is especially appropriate for generating intricate shape profiles on elec-
trically conductive materials with low machinability. Since there is no direct contact
between the tool and the work material, this operation is free from any mechan-
ical stress generation, chatter/burr formation and vibration problem. Its machining
performance is also uninfluenced by the hardness of the work material because the
removal ofmaterial occurs due tomelting at elevated localized heat generation. Since
no cutting force is involved in this process, extremelydeepnarrowholes havinghigher
aspect ratio can be machined with minimum tool wear. It can even generate intricate
cavities in a single operation. But, this process suffers from several drawbacks, like
generation of recast layer, lowmaterial removal rate, highmachining time along with
the related cost, low flexibility, capability of machining only electrically conductive
materials etc.

For machining a particular material, there is a large pool of input variables that
can be controlled during the EDMoperation. During actual machining operation, it is
quite difficult to examine all the EDM process parameters, because the experimental
time as well as the related cost would proportionately increase with the number of
input parameters. It has been noticed that the machining performance of an EDM
operation with respect to material removal rate, surface roughness, tool wear rate,
radial overcut etc. is significantly affected by different electrical controllable factors
(peak current, pulse-on time, pulse-off time, polarity, gap voltage etc.) and non-
electric controllable factors (electrode material, type of the dielectric used, dielectric
pressure, rotation of the electrode etc.). Thus, to fulfil the requirements of better
response values, it is always preferred to operate an EDM set-up while maintaining
the settings of its different input parameters as their optimal levels. It would also
lead to higher production rate with reduced machining time. The literature analysis,
however, reveals that three main input parameters in the form peak current, pulse-on
time and pulse-off time typically control the machining performance of the EDM
operation. Keeping in mind the basic objective of this paper, it endeavours to apply
grey relational analysis (GRA) technique to explore the influences of these three
controllable EDM parameters on various surface roughness characteristics of the
machined components while machining D3 grade tool steel material. The adoption
of this technique also helps in searching out the optimal parametric intermix of
the considered EDM process for attaining the best possible values of the responses
(outputs).
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Thus, in this paper, pulse-on time, pulse-off time and peak current are considered
as the process parameters, whereas, nine most important surface roughness char-
acteristics, i.e. maximum magnitude of surface roughness (Rt), arithmetic average
deviation of the profile (Ra), root-mean-square deviation of the profile (Rq), skew-
ness of the amplitude distribution (Rsk), average maximum height of the profile
(Rz), kurtosis of the amplitude distribution (Rku), depth of the core roughness (Rk),
material components of the peaks (Mr1) and material components of the valleys
(Mr2) are treated as the responses. Finally, the computed grey relation grade (GRG)
values measured would assist the concerned process planners to evaluate the most
appropriate configuration of the NTM process parameters as well as optimize all the
competing performancemeasures. Therefore, implementation of this multi-objective
optimization tool would enhance the operational efficiency of the EDM processes.

32.2 Review of the Literature

Lee and Li [10] analyzed the significance of different input parameters of an EDM
process while machining tungsten carbide work material and attempted to correlate
them with the achieved surface finish of the machined components. Özdemir and
Özek [12] studied the machining potential of a wire EDM process during machining
of cast iron material, and adopted regression analysis coupled with statistical simu-
lation to explore the relationships between various input parameters and surface
roughness properties. Tomadi et al. [18] developed the corresponding mathemat-
ical models for identification of the most influential EDM process parameters and
modelled surface roughness with respect to those parameters during machining of
tungsten carbide work material. Kumar and Hariharan [7] explored the machining
capability of an EDM process on ductile iron material and modelled surface finish
based on variations of different input parameters. It can thus be propounded that there
is always a need to propose new models for investigating the surface quality on the
machined components for varying combinations of the process parameters or new
workpiece-tool combination. Hence, for prediction of surface finish of the EDMed
components, new models need to be developed. Surface roughness is also perceived
to be an indicator of product consistency [16]. Different machining processes were
studied by Benardos and Vosniakos [1], and it was concluded that varying surface
roughness parameters could be considered to describe mechanical properties of the
mating surfaces. Petropoulos et al. [13] also evaluated and characterized surface
texture related to various machining processes. De Chiffre et al. [2] pointed out that
despite the wide application of 2D surface parameters, it would not be enough for
the explanation of the functionality of the mating surfaces because they would also
interact in three dimensions rather than only in two dimensions.

Ramasawmy and Blunt [14] reported that the functional characteristics of the
surfaces of the machined components would significantly depend on various combi-
nations of the corresponding surface roughness parameters. Deleanu et al. [3]
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attempted to analyze surface texture parameters, and stated that if the initial magni-
tudes of those parameters, such as arithmetic mean deviation of the surface, RMS
deviation of the height difference of the surface and surface segment etc. were high,
wear generated in a machined surface would also be higher. Sedlaček et al. [15]
studied the influences of surface quality in lubricated and dry conditions. It was
reported that during dry wear test, friction coefficient would be low at higher surface
roughness. On the other hand, during lubricated case, friction coefficient would also
be low at smaller surface roughness. An increase in kurtosis topographic height distri-
bution would also result to an increase in friction during lubrication and a reduction
in friction at dry state. When skewness of the amplitude distribution would approach
to be more negative in lubricated samples, lower value of friction could be achieved.
Input process parameter optimization is thus a critical process and can serve as a
guide to define the set of the most influential EDM process parameters influencing
the machining performance.

Based on Taguchi’s design strategy, Mazarbhuiya et al. [11] carried out eight
experimental runs in an EDM set-up, and employed GRA technique to decide the
optimal settings of discharge current, flushing pressure, pulse-on time and polarity of
the tool to accomplish the targeted values of material removal rate and surface rough-
ness. While treating peak current, polarity of the tool, pulse-on time, gap voltage and
tool spindle speed as the input variables of an EDM operation, Gohil and Puri [6]
adopted Taguchi-GRA technique to maximize material removal rate and minimize
surface roughness during machining of titanium alloys. Tharian et al. [17] conducted
simultaneous optimization of material removal rate and surface roughness during
EDM operation of Al7075 alloy based on GRA technique. Kumar and Kumar [8]
utilized GRA methodology to find out the desired operating levels for various EDM
process parameters, i.e. electrode setting, discharge current, pulse-on time and gap
voltage, while treating material removal rate, electrode wear rate and surface rough-
ness as the critical responses. Material removal rate and tool wear rate were viewed
by Laxman and Guru Raj [9] as the two major respondents during EDM operation,
and GRA technique was later utilized to single out the optimal settings of various
input variables of the said process. Multi-response optimization of different uncon-
ventional machining operation has always remained a subject of immense research
interest since the past few years and GRA technique has been efficiently deployed by
the previous researchers for this purpose. It has already established itself as a popular
tool for deriving the best possible combinations of different controllable parameters
of diverse machining processes in order to achieve the targeted response values.

32.3 GRA Technique

Deng [4] first proposed the principle of grey system, in which grey means the rudi-
mentary data in a system that is underprivileged, incomplete and indeterminate.
Grey relation describes the insufficient relationship of knowledge within a given
dataset. The GRA technique performs a comparative analysis between quantitative
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data sequences, thus determining the degree of relationship between the ideal order
and an empirical order (response values). The calculated degree of sequence simi-
larity is referred to as the grey relational coefficient (GRC). If two values of the
components considered seem to be of similar significance, the subsequent GRC
value would be 1. Thus, in GRA technique, multi-response variables can be mapped
to a single GRG value while considering the average GRC values for every data
series (response). When the GRG value for an alternative is observed to be higher
than that of the others, it can be identified to be the most preferred choice.

The Taguchi approach was historically adopted to evaluate the most relevant
process parameters for a single quality characteristic. It was thus specifically aimed at
maximizing a single quality characteristic. However, products have multiple quality
characteristics in order to satisfy customers’ requirements. The Taguchi approach
employs engineering intuition to single out the optimal factor levels for achieving
targeted response values, which may often lead to uncertainty during the decision
making process. This drawback can be efficiently overcome by the principle of
grey system theory. This approach transforms the defined multiple quality charac-
teristics into single GRG values. In order to derive the optimal operating levels of
various process variables, the calculated GRG values are contrasted so as to meet the
requirements of attaining the most favoured response values.

In GRA technique, the earliest phase starts with the development of a decision
matrix comprising n criteria (responses) andm alternatives (experimental trials). The
steps used in GRA technique are presented as follows:

32.3.1 Step 1: Normalization

The values in the decision matrix are initially normalized to bring them within a
range of 0 to 1 in order to minimize variance and make them dimensionless. Based
on the type of the quality attribute under consideration, the following equations for
normalization can be employed.

For higher-the-better characteristic:

p∗
i ( j) = pi ( j) − min pi ( j)

max pi ( j) − min pi ( j)
i = 1, 2, ...,m and j = 1, 2, ..., n (32.1)

For lower-the-better characteristic:

p∗
i ( j) = max( j) − pi ( j)

max pi ( j) − min pi ( j)
(32.2)

where pi ( j) and p∗
i ( j) are the measured and normalized values for ith alternative

with respect to jth criterion respectively.
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32.3.2 Step 2: Computation of Grey Relational Coefficient

For each response, the corresponding GRC values are computed using Eq. (32.3)
from the normalized data. The association between the best and the normalized
values is represented using these GRC values.

ξi ( j) = δmin + ηδmax

δ0i ( j) + ηδmax
(32.3)

where δ0i ( j) is the deviation between the values, p0i ( j)(ideal order) and p∗
i ( j),

and η is the distinguishing coefficient which takes a value between 0 and 1 (η =
0.5 is usually preferred). It is mainly responsible for expansion or compression of
the range for GRCvalues. Moreover, δmin = ∀ jmin ∈ i∀ jmin

∥
∥p0( j) − p j ( j)

∥
∥ is

the minimum value of δ0i, and δmax = ∀ jmax ∈ i∀ jmax
∥
∥p0( j) − p j ( j)

∥
∥ is the

maximum value of δ0i. Higher value of GRCindicates an alternative to be closer to
the desired solution with regard to a particular criterion.

32.3.3 Step 3: Computation of Grey Relational Grade

The GRG values are finally computed while taking into account the average GRC
values of the considered criteria for each of the alternatives.

Gi = 1

n

n
∑

j=1

ξi ( j) (32.4)

The experimental trial with the highest GRG value is recognized to be the most
favoured alternative revealing its dominance over the others for a said machining
application. The procedural steps for the application of GRA technique are portrayed
in Fig. 32.1.

32.4 Experimental Details

Keeping in mind the basic objective of this paper, experimental trials are conducted
for generating holes onD3grade tool steelmaterial using anEDMset-up, considering
pulse-on time, pulse-off time and peak current as the controllable process parameters.
This work material has high carbon and chromium contents, exhibiting excellent
resistance to abrasion. It has found wide-ranging applications in plastic moulds,
brick and tile mould liners, punches etc. It can also be used in the blanking process
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Fig. 32.1 GRA technique for parametric optimization of the EDM Process

for complex applications. Its chemical composition and mechanical properties are
presented in Tables 32.1 and 32.2 respectively.

During the EDM operation on D3 grade tool steel material, values of each of the
considered parameters are varied at five different operating levels, as provided in
Table 32.3. According to the three-factor five-level central composite design plan,
20 experiments are conducted in an Oscar Max EDM machine. The technical spec-
ifications of this set-up are provided in Table 32.4 and its photograph is shown in
Fig. 32.2. During the machining operation, Castrol SE 180 EDM fluid is used as the

Table 32.1 Chemical composition of D3 grade tool steel material

Element C Si Mn P S Cr Ni Mo V Cu Al Others

% 2.1 0.29 0.21 0.03 0.04 11.35 0.16 0.08 0.06 0 0.002 85.678

Table 32.2 Mechanical
properties of D3 grade tool
steel

Mechanical property Value

Tensile strength 970 MPa

Yield strength 850 MPa

Hardness 28 HRC

Density 7.86 gm/cm3

Heat conductivity 20 W/m K
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Table 32.3 Process Parameters of the EDM with their operating levels

Process parameter Symbol Unit Level

−2 −1 0 1 2

Pulse-on time Ton Ms 90 120 150 200 250

Pulse-off time Toff Ms 45 60 90 120 150

Peak current I A 14 16 18 20 22

Table 32.4 Oscar Max EDM
specifications

Make Taiwan

Model Oscar S 430

Travel [X400 Y300 Z300] mm

Accuracy 0.02 mm/300 mm

Fig. 32.2 EDM set-up

dielectric fluid because of its various advantageous properties, like low odour, higher
stability with extended life, low viscosity, high flash point, increased reliability and
safe use. The specimen size is taken as 15 × 40 mm.

It is worthwhile to mention here that all the 20 experiment runs are performed
here in random order to minimize the machining error. Nine most important surface
roughness characteristics, i.e. Rt, Ra, Rq, Rsk, Rz, Rku, Rk, Mr1 andMr2 are treated
as the responses. A profilometer (Mitutoyomake) with skid-less stylus having cut-off
length 2.5 mm is utilized for measurement of those surface roughness parameters.
Table 32.5 displays the experimental layout along with the measured values of the
considered responses. In Fig. 32.3, the photographs of the copper electrode utilized
during EDM operation and the machined component are provided (5 mm depth and
20 mm diameter).
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Fig. 32.3 Round copper tool and the machined component

32.5 Results and Discussions

TheGRA technique is now applied to search out for themost favourable combination
of the EDM process parameters which is responsible for simultaneous minimization
of all the considered surface roughness characteristics. As all the surface roughness
characteristics are ‘lower-the-better’ type attributes, the experimental values of Table
32.5 are pre-processedusingEq. (32.2) to convert them to anormalized rangebetween
0 and 1. Based on these normalized data, the correspondingGRC andGRGvalues are
subsequently estimated in Table 32.6. It can be noticed that experimental trial number
13 with the maximum GRG value gives the optimal parametric mix for this EDM
operation for simultaneous optimization of all the surface roughness characteristics
under consideration. Figure 32.4 provides the calculated GRG values for all the 20
experimental trials. The response table for these GRG values is presented in Table
32.7, developed based on averaging the GRG values at the corresponding operating
levels of the EDM process parameters. In this table, boldface highlights the highest
GRGvalue for each of the process variables. It can be observed fromTable 32.7 that in
order to achieve the most favoured values of all the surface roughness characteristics,
the corresponding input variables of the EDM process need to be set at Ton = 250µs,
Toff = 60 µs and I = 20 A.

In Table 32.7, the difference between the highest and lowest GRG values signifies
the influence of each of the EDMprocess parameters on the responses. Thus, it can be
observed that for the said EDM operation, the surface roughness characteristics are
primarily affected by pulse-on time, followed by peak current. The derived optimal
settings of the EDM process parameters can also be validated based on the response
graph, as shown in Fig. 32.5. The maximum steepness of pulse-on time identifies it
as the most prominent EDM process variable. The analysis of variance (ANOVA)
results based on GRG values, exhibited in Table 32.8, also ensure the maximum
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Fig. 32.4 GRG values for the experiment trials

Table 32.7 Response table for GRG values

Process parameter Level Max–Min Rank

−2 −1 0 1 2

Pulse-on Time 0.5227 0.5767 0.5416 0.5583 0.7691 0.2464 1

Pulse-off Time 0.5419 0.5702 0.5659 0.5647 0.5808 0.0389 3

Peak current 0.5634 0.5059 0.5608 0.6290 0.5732 0.1231 2
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Fig. 32.5 Response graph for GRG values
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Table 32.8 ANOVA results for EDM process

Source DF Seq SS Adj SS Adj MS F % Contribution

Ton 2 0.045679 0.045679 0.022840 6.46 55.98

Toff 2 0.013672 0.013672 0.006836 1.93 16.75

I 2 0.015181 0.015181 0.007591 2.15 18.60

Error 2 0.007072 0.007072 0.003536 8.67

Total 8 0.081605

Fig. 32.6 Surface plots indicating the effects of various EDM process variables on GRG value

contribution of pulse-on time in dominating the measured surface roughness values.
The related surface plots are also developed, as depicted in Fig. 32.6, displaying the
impacts of different EDM process parameters on the estimated GRG values.

32.5.1 Effect of Pulse-On Time

It is noticed from the ANOVA table that pulse-on time plays the pivotal role in influ-
encing all the considered surface roughness characteristics of the EDMed compo-
nents. As in EDM process, material is removed due to formation of craters resulted
from the sparks, greater crater sizes lead to rough surfaces. Thus, the dimension of
the crater, which primarily relies on the energy per spark, controls the consistency
of the machined surface. The surface roughness increases as pulse energy increases.
In other words, surface roughness characteristics are significantly affected by higher
pulse energy available during higher pulse-on time. Based on the distance between
the highest peak and the lowest valley located along the evaluation length, Rt is the
maximumprofiler height across the surface profile. Its value also drastically increases
due to rise in pulse-on time. It has been noticed that a discharge channel is devel-
oped during the EDM operation that contributes to material removal. When pulse-on
time increases, discharges are formed on the surface more rapidly resulting in higher
roughness due to excessive erosion. The Ra is the profile’s arithmetic average devi-
ation which also increases with increased pulse-on time. The estimated maximum
profiler height Rz is estimated along the cut-off lengths as the gap between the highest
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peak and the lowest valley, which shows an increasing trend with higher pulse-on
time.

The depth of core roughness, Rk is obtained from the ISO 13,565-2:1996 standard
bearing area curve [14]. The bearing area curve is developed for each surface profile
while simulating a horizontal line passing from the top-down across the profile,
assessing the percentage of contact that the line would make with the surface at each
step. Since an increase in pulse-on time contributes to an increase in the width of the
discharge channel, the depth of core roughness is thereby increased. The root-mean-
square deviation from the mean line (Rq) depends on the peaks and valleys of the
profile, which would again rise with an increase in pulse-on time.

The third central moment of the probability density function of the profile ampli-
tude, also referred to as the skewness of amplitude distribution (Rsk), usually
varies between 0 and 1. It also increases when pulse-on time increases. The fourth
central moment of the probability density function of the profile amplitude inten-
sity or kurtosis of the 3D surface texture’s amplitude distribution (Rku), exhibits an
increasing trend with increase in pulse-on time as the deviation from the ideal stan-
dard profile distribution also changes. The fractions of a line that slice through the
material at a given height above and below the mean line while sectioning a profile
are popularly referred to as material components of the peaks (Mr1) and material
components of the valleys (Mr2) respectively. If the distance of the peak from the
mean line increases, the value of Mr1 would rise with reduction in pulse-on time.
Higher pulse-on time results in an increase in Mr2 value.

32.5.2 Effect of Pulse-Off Time

Pulse-off time is the time gap between successive sparks duringEDMoperationwhen
current is not supplied to the electrodes and thus, dielectric deionization takes place.
As the dielectric flushes the debris from the machining gap during the pulse-of time,
it also plays a crucial role in controlling the surface roughness parameters, although
it has only 16.75% contribution, as noticed from the ANOVA results. Flushing of
debris can properly takes place when pulse-off time is longer. At higher pulse-off
time, Rt value would be smaller. As the distances between peaks and valleys decrease
at higher pulse-off time, lower values of both Ra and Rz can be obtained. It can be
unveiled that the value of Rk does not significantly vary with changing values of
pulse-off time, as it depends on the bearing area curve developed by simulating a
horizontal line passing through the surface profile. As the Rq also depends on the
peaks and valleys of the profile, its lower value can be attained at higher pulse-off
time. In the similar direction, higher pulse-off time would be responsible for lower
values of both Rsk and Rku. With rise in pulse-off time, Mr1 value decreases as the
distances of the peaks from the mean line are reduced due to proper flushing of the
eroded material. On the other hand, as a rise in pulse-off time increases the valley
size, Mr2 value of the machined surface is supposed to decrease.
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32.5.3 Effect of Peak Current

In EDM operation, peak current is the amount of energy effectively utilized for
material removal. It is the highest amount of current available from the power supply
at eachpulse. It canbe revealed that all the values ofRt,Ra andRz increasewith higher
peak current due to formation of more crater on the machined surface. Similarly,
higher peak current is accountable for poor quality of the machined surface with
respect to higher values of Rk, Rq, Rsk and Rku. As a rise in peak current results in
pulse’s high energy, the peak length decreases and the valley length rises from the
mean line, resulting in decrease of Mr1 and increase of Mr2.

32.5.4 Confirmation Test

The TOPSIS (technique for order of preference by similarity to ideal solution)
approach is a well accepted multi-criteria decision making tool which recognizes
the optimal solution based on the longest distance from the anti-ideal solution and
shortest distance from the ideal solution [19]. A validation test based on TOPSIS
exhibits that experiment number 13 (shown in Table 32.6) provides the optimal
parametric combination for multi-response optimization of the EDM operation, as
depicted in Fig. 32.7.

The predicted GRG (GRGp) value at the optimal parametric combination is esti-
mated using Eq. (32.5) to justify the applicability and potentiality of GRA technique
in improving the machining performance of the said EDM process.

GRGp = GRGm +
n

∑

i=1

(GRGi − GRGm) (32.5)

where GRGm is the average GRG value calculated for all the observational trials
performed, n is the number of input parameters and GRGi is the mean value of
GRG with respect to the ith optimal level of a process parameter. From Table 32.9,
it can be revealed that the GRG value predicted at the derived optimal parametric
intermix is better than that calculated at the initial experimental trial (Ton = 150 µs,
Toff = 90 µs and I = 18 A). A confirmatory test run is also performed at the optimal
combination of Ton = 250 µs, Toff = 150 µs and I = 20 A, and the corresponding
values of all the surface roughness characteristics under consideration are measured.
It can be confirmed from Table 32.9 that the derived optimal parametric mix causes
improvements in Rt, Ra, Rq, Rsk, Rz, Rku, Rk, Mr1 and Mr2 by 6.74, 20.33, 5.03,
76.75, 68.40, 48.42, 48.42, 44.80, 69.07, and 4.49% respectively, with an overall
increment in GRG value by 45.48%.
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Fig. 32.7 Comparison between GRG and TOPSIS scores

Table 32.9 Comparison of the response values

Response Initial parametric
combination

Optimal parametric combination % Improvement

Ton = 150 µs, Toff =
90 µs, I = 18 A

Ton = 250 µs, Toff = 150 µs, I = 20 A

Predicted Experimental

Rt (µm) 79.4790 74.12 6.74

Ra (µm) 11.4527 9.124 20.33

Rq (µm) 12.7630 12.121 5.03

Rsk (µm) 0.5203 0.1644 76.75

Rz (µm) 56.5120 48.517 68.40

Rku (µm) 3.9010 2.0123 48.42

Rk (µm) 42.2465 23.321 44.80

Mr1 (%) 16.7500 5.18 69.07

Mr2 (%) 80.1400 76.54 4.49

GRG 0.5286 0.7698 0.7690 45.48
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32.6 Conclusions

This paper investigates the effects of pulse-on time, pulse-off time and peak current
on Rt, Ra, Rq, Rsk, Rz, Rku, Rk, Mr1 and Mr2 during EDM operation on D3 tool
steel material. A multi-objective optimization tool in the form of GRA technique is
employed for identifying the best parametric intermix for the said process. Based on
this experimental study, the following inferences can be drawn:

(a) The corresponding EDM process parameters must be set at pulse-on time =
250 µs, pulse-off time = 150 µs and peak current = 20 A to obtain the most
favourable response values.

(b) With a contribution of 55.98% in deciding the GRG values, pulse-on time
appears out as the most vital EDM process parameter, accompanied by peak
current with a contribution of 18.60%.

(c) The confirmatory tests demonstrate that the values of Rt, Ra, Rq, Rsk, Rz, Rku,
Rk, Mr1 and Mr2 can be improved by 6.74, 20.33, 5.03, 76.75, 68.40, 48.42,
44.80, 69.07 and 4.49% respectively at this optimal parametric combination.

(d) The GRG value is also enhanced by 45.48% at this combination as compared
to the initial machining condition.

It can thus be concluded that in obtaining the optimal parametric combina-
tion of the considered EDM operation, GRA approach with a sound mathematical
foundation can be effectively deployed.
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Chapter 33
Smart Materials for 4-D Printing:
A Comprehensive Review

Amit Gupta, P. Sudhakar Rao, and Mohd. Yunus Khan

Abstract 4-D printing is an exciting new technology that combines the concept of
multi-material 3-D printing and smart materials to form a printable material that has
an additional dimension of time. The process of 4-D printing employs programmable
matter such that the printer product reacts with external stimuli and changes its
shape. These kinds of materials find their application in the carious fields such as
self-construction structures, medicinal devices, smart pipes and soft robotics. In this
paper, review of smart materials and their possible applications has been conducted.

Keywords 4-D printing · Smart materials · External stimuli · 3D printing

33.1 Introduction

4-D printing is one of the hot topics of research and is some of the most common
methods of Additive Manufacturing (AM). The idea of 4-D printing was first put
forward by Tibbit [1], which redefined the definition of 3-D printed structures which
can change their state in terms of shape or properties due to the influence of external
stimuli, thereby giving a 4-D printed section which is time-reliant yet expectable
[2]. The process of 4-D printing is quite similar to that of 3-D printing except for
the fact that in the case of 3-D printing [3], the printed material is static in nature,
while for 4-D printing the printed product has another dimension of time [4]. The
characteristic of printing static structures of 3-D printing fall short for applications
that demand exhibiting dynamic capabilities from printed materials such as soft
grippers for surgery [5], self-folding packages [6] and adaptive wind turbines [7].
4-D printing advances from 3-D printing in terms of smart materials and smart design
[8].

Apart from this, there are many differences noticed in comparing 3-D printing
and 4-D printing. The materials used for 3-D printing are commonly thermoplastics,
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metals, ceramics or biomaterials. While for 4-D printing, the materials include self-
assembly materials, multilateral etc. For 3-D printing technology, the design require-
ments include scanning or drawings.While for 4-D printing, the design requirements
are 3-D digital information for change/deformation. The 3-D printed materials don’t
show any change with respect to time, while 4-D printed materials exhibit change is
printed material in the form of shape, color, function etc. [4]. 4-D printing exhibits
many advantages over traditional AM in terms of basic factors such as association
time, net cost and failure rate [9]. Other major differences between 4-D printing and
traditional AM are highlighted in [10]. 4-D printed parts show changing aspects in
shapes, properties and functionality [11, 12], these parts exhibit two states, which
undergo a change on exposure to stimuli [13].

The whole process of 4-D printing comprises of five features namely, the AM
method, the type of stimulus- responsive solid, the kind of stimuli, interaction
mechanism between material and stimuli, and mathematical modeling. Mathemat-
ical modeling is needed to calculate the time required and the sequence of stimuli
actions on the stimuli-responsive content. Mathematical modeling is carried out as a
combination of geometric programming and finite element analysis [14]. One such
illustration of 4-D printing is shown in Fig. 33.1.

The major aspects behind 4-D printing include:

1. Smart materials (which depict the change in shape on action by external stimuli)
2. 3-D printing using smart materials and
3. Self-assembly of micro-sized smart particles [16].

Common methods of 4-D printing include laser-assisted bio-printing [17], Fused
Deposition Modeling (FDM) [18, 19], Stereolithography (SLA) [19], Direct inkjet
cure [20–22], Selective LaserMelting (SLM) [23]. Commonly available 4-D printers
are discussed in [24, 25]. The research aspects of 4-D printing begin with a basic
idea of manipulating the materials at Nano and Micro levels to produce 3-D printed
products which can modify their structures at macro levels over time. Such kind of

Fig. 33.1 Illustration of 4-D
printing [15]
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Fig. 33.2 General classification of smart materials

manipulated materials are termed as Smart Materials. In 4-D printing, the commonly
used smart materials include Shape Memory Polymers (SMP) and Shape Memory
Alloys (SMA). Apart from these self-assembled materials, hydrophilic polymers,
biomaterials and plant oils are also used. The applications of 4-D printed structures
have major applications in healthcare, from nano-particle design to human scale
biomaterials [3, 4, 11]. Other important applications of 4-D printed structures include
self-assembling origami [26]. 4-D printed products are found suitable for creating
artificial muscles that could be subjected to a stress range of 40–80 MPa due to their
low mechanical strength and durability [27]. In this paper, review of some common
smart materials for 4-D printing and their possible applications has been carried out.

33.2 Smart Materials for 4-D Printing

For created 4-D printed products, the special kind of materials employed is Smart
Materials. These Smart materials have special properties due to which they exhibit
a change on application of external stimuli including young’s modulus, stiffness
and resistance [28]. These stimulus-responsive materials based on their ability to
change their physical assets are classified these are Shape Change Material and
Shape Memory Material. Shape change materials change their shape on response
to stimuli and returns to their original shape on the elimination of stimuli. Shape
memory materials possess the skill to remember and mend to original form from
short-term shape on the application of a stimulus, due to Shape Memory Effect
(SME) [14].

A general classification of smart materials is shown in Fig. 33.2, while the
classification of methods of stimuli is shown in Fig. 33.3.

Commonly used printing technologies for 4-D printing along with the material
type and types of stimuli are discussed in Table 33.1.

33.3 Shape Memory Alloys

SMA’s are metal systems which are capable of existing in multiple exclusive phases
when subjected to stimuli and can retain their unique shape after severe distortion
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Fig. 33.3 Methods of stimuli

Table 33.1 Commonly used 4-D printing technologies [29]

Printing
technology

Material type used Driving mechanism Stimuli Physical
change
observed

Polyjet Shape memory
polymer (SMP)

Shape memory effect
(SME)

Heat Strain

Hydrophilic
polymer

Swelling Moisture Strain

SLA Shape memory
polymer (SMP)

Shape memory effect
(SME)

Heat Strain

Piezoelectric
material

Change of state of energy Voltage Strain

SLM Shape memory
alloy (SMA)

Shape memory effect
(SME)

Heat Strain

Extrusion
based

Hydrogel Expansion/contraction Heat Strain

[29, 30]. The two phases of SMA’ are namely, Martensite phase (Low Tempera-
ture) and the Austentite phase (High Temperature).Transformation of SMA’s has
a forward phase, also referred as austentic-martenstie transformation, and reverse-
phase referred as matensite-austenite transformation [31]. These changes of phases
have shown an impact on strength of SMA’s; the forwards transformation had a
decrement effect on strength, while reverse transformation has a negligible impact
as discussed in [32].

Applications of SMA’s can be found in engineering and medical sectors [33, 34],
like repair of structures [35], automotive applications [36] and aerospace applications
[30]. Various industrial and commercials applications of SMA’s are discussed in [37].
One such application of SMA’s in aerospace applications are discussed, where Ni
Mn based SMA systems are used for the production of actuators and sensors [38].
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33.4 Shape Memory Polymers

SMP’s are majorly polymeric resources with an ability to return back to its pre-
programmed shape from the temporary structure on exposure to stimuli [39]. SMP’s
shows a combination of polymers and programming [40]. Polymer is deformed into
an irregular shape, which then regains its final form on the application of external
energy predominantly heat [41, 42]. SMP’s responding to thermal stimuli have a
typical changeover temperature, such as glass transition temperature (Tg) which
demands the retrieval force to be harnessed for material activation [28]. Time series
of shapememory tube formed using polymethacrylate polymer is shown in Fig. 33.4.

Applications of SMP’s in biomedical is seen inform of creating a shape
memory airway stent [43], which then recovers to its original shape to match the
target anatomy. Another important SMP is Mitsubishi Heavy Industries (MHI)
polyurethane SMP [44], which showed a wide series of transition temperatures
making it ideal for several scenarios. Thermal and moisture properties of MHI

Fig. 33.4 Time series of shape memory tube forms using Polymethacrylyate polymer [41]
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polyurethane SMP are discussed in [45]. Some of the applications of MHI
polyurethane SMP’s include thermal responsive Braille Pen and moisture respon-
sive SMP stents. Multilateral gripper was constructed with cross-linked polymers
using projection micro stereolithography that has a resolution of a few microns [46].

Apart fromSMP’swhich exhibit two primary shapes on exposure to stimuli, Triple
SMP’s exhibit a tertiary shape consisting of covalent cross links [47]. A detailed
comparison between SMP’s and SMA’s are discussed in [48].

33.5 Hydrogels

Hydrogels, also referred to as Hydrophilic polymeric materials, show a change in
volume in response to stimuli [49]. Structures made up of hydrogels tend to be frail
and brittle, so they are permeated with secondary polymeric networks are shown in
Fig. 33.5. Hydrogels are normally operated in aqueous atmosphere, which causes
them to absorb moisture till moisture saturation point of hydrogel. The control of
hydrogel working can be achieved by controlling the temperature of the environment.
One such example is interpenetrating network hydrogels made up of ionic and cova-
lently bonded cross-linked polymeric networks [50]. Hinges with optimized bending
characteristics are made up of hybrid hydrogel inks that are discussed in [51]. Hydro-
gels find applications in biomedicine [52, 53], such as creating cellular constructs
like kidney cells [54], wound healing medicines [52, 55]. Temperature responsive
valvewas designed hydrogelswith actuating temperature oscillating from20 to 60 °C
[49]. The very demonstration of the hydrophilic polymer was a multi-material 1D
strand used to form the abbreviation ‘MIT’ in water [56] as shown in Fig. 33.5.
Moisture actuated 3D printed objects were designed in [57] using natural occur-
rences such as dispersal of seeds and hygroscopicity of wood fiber. The Smart valve
which controlled flow rate in response to the pressure of liquid flow is designed
using polydimethylsiloxane hydrogel [58]. Hydrogels have an additional advantage
of biocompatible and easiness of printing with direct-ink [59]. Micro gripper joints
are fabricated using pNIPAM-AAC soft hydrogels, which are gradient cross-linked
[5].

Fig. 33.5 Multi-material
1-D strand made up of
hydrogel [56]
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33.6 Other Materials

Other kinds of smart materials include piezoelectric materials, magnetostricitive
materials and light-sensitive materials which change/undergo deformation on the
application of electromotive force (emf), magnetic field or light respectively. Piezo-
electric material show change in force with respect to change in voltage. A 4-D
part was created using piezoelectric composite slurry using mask image projection
based stereolithography technology [60]. Piezoelectric ink was created to manufac-
ture thick films by piezoelectric inkjet printing [61]. A printed soft artificial muscle,
comprise of silicone elastomer and ethanol. This structure acted on the application
of minute current which caused ethanol to evaporate, expanding the whole matrix
[62].

Magneto responsive materials form a 4-D printed structure that responds to
magnetic fields. This kind of materials shows change is mechanical energy on
the use of stimuli in the procedure of magnetic energy, like Terbium, Iron and
Dysporium, with an application in telephone receivers, oscillators, sonar scanning,
damping systems and positioning equipment. Micro gripper printed from hydrogels
and remotely controlled by magnetic fields was discussed in this study [5].

Smart polymers which are activated by light are created using hinges of pre-
stressed polystyrene sheets, with black ink. The Stimulus used in infrared light to
create a temperature change, to change the geometry of thematerial [63].The bending
of 4-D printed structures was achieved by projecting weak UV light on liquid resin
[64].

A comprehensive reviewof various industries and4-Dprinted products are defined
in Table 33.2.

Table 33.2 Various
industries and 4-D printed
products

Industry 4-D printed products References

Electronics industry Smart Sensors [38]

Smart Valves [58]

Healthcare Airway Stents [43]

Kidney Cells [54]

Wound healing structures [52]

Micro-grippers [5]

Industrial Machinery Grippers [46]

Actuators [38]



486 A. Gupta et al.

33.7 Conclusions

4-D printing is the future of research in AM, where the studies focus on using smart
materials to develop time-dependent yet predictable products. From the first demon-
stration of SLA machine in 1983, to Tibbits self-assembly lab, material research has
proved its contribution towards societal development. 4-D printing opened up paths
to develop printed products for a wide range of solicitations such as home appli-
ances and health care. SMA’s, SMP’s, Hydrogels prove to be commonly used smart
materials used for 4-D printing. A comprehensive review of these smart materials
along with some applications was discussed in depth in this paper. Being a hot topic
of research, many new printed products using new materials is expected in the near
future, which will continue driving further, the research in AM.

References

1. https://www.ted.com/talks/skylar_tibbits_the_emergence_of_4d_printing. Accessed 25 Mar
2020

2. Momeni, F., Hassani, N., Liu, X., Ni, J.: A Review of 4D printing. Mater 122, 42–79 (2017)
3. Gao, W., Zhang, Y., Ramanujan, D., Ramani, K., Chen, Y., Williams, C.B., Wang, C.C., Shin,

Y.C., Zhang, S., Zavattieri, P.D.: The status, challenges, and future of additive manufacturing
in engineering. Comput. Aided Des. 69, 65–89 (2015)

4. Choi, J., Kwon, O.C., Jo, W., Lee, H.J., Moon, M.W.: 4D printing technology: a review. 3D
Print. Addit. Manuf. 2(4), 159–167 (2015)

5. Breger, J.C., Yoon, C., Xiao, R., Kwag, H.R., Wang, M.O., Fisher, J.P., Nguyen, T.D., Gracias,
D.H.: Self-folding thermo-magnetically responsive soft microgrippers. ACS Appl. Mater.
Interf. 7(5), 3398–3405 (2015)

6. Ge, Q., Qi, H.J., Dunn, M.L.: Active materials by four-dimension printing. Appl. Phys. Lett.
103(13), 131901 (2013)

7. Momeni, F., Sabzpoushan, S., Valizadeh, R., Morad, M.R., Liu, X., Ni, J.: Plant leaf-mimetic
smart wind turbine blades by 4D printing. Renew. Energy 130, 329–351 (2019)

8. Sharma, A., Singholi, A.K.: A Comprehensive Review of Materials Used for 4D Printing. In:
Advances in Engineering Design, pp. 747–754. Springer, Singapore (2019)

9. Tibbits, S., McKnelly, C., Olguin, C., Dikovsky, D., Hirsch, S.: 4D Printing and Universal
Transformation, pp. 539–548 (2014)

10. Gurung, D.: Technological Comparison of 3D and 4D Printing: Analytical Study (2017)
11. Ge, Q., Dunn, C.K., Qi, H.J., Dunn, M.L.: Active origami by 4D printing. Smart Mater. Struct.

23(9), 094007 (2014)
12. Campbell, T.A., Tibbits, S., Garrett, B.: The next wave: 4D printing programming the material

world, pp. 1–15. The Atlantic Council, Washington, DC (2014)
13. Leist, S.K., Zhou, J.: Current status of 4D printing technology and the potential of light-reactive

smart materials as 4D printable materials. Virt. Phys. Prototyp. 11(4), 249–262 (2016)
14. Pei, E., Loh, G.H.: Technological considerations for 4D printing: an overview. Progr. Addit.

Manuf. 3(1–2), 95–107 (2018)
15. https://futurism.com/forget-3d-printed-constructs-4d-printing-is-becoming-all-the-rage.

Accessed on 27 Mar 2020
16. Koch, L., Deiwick, A., Chichkov, B.: Laser-Based Cell Printing. In: 3D Printing and

Biofabrication, pp. 303–329. Springer International Publishing, Cham (2018)

https://www.ted.com/talks/skylar_tibbits_the_emergence_of_4d_printing
https://futurism.com/forget-3d-printed-constructs-4d-printing-is-becoming-all-the-rage


33 Smart Materials for 4-D Printing: A Comprehensive Review 487

17. Wang, G., Do, Y., Cheng, T., Yang, H., Tao, Y., Gu, J., An, B., Yao, L.: Demonstrating printed
paper actuator: a low-cost reversible actuation and sensing method for shape changing inter-
faces. In: Extended Abstracts of the 2018 CHI Conference on Human Factors in Computing
Systems, pp. 1–4 (2018)

18. Miao, S., Cui, H., Nowicki, M., Xia, L., Zhou, X., Lee, S.J., Zhu, W., Sarkar, K., Zhang,
Z., Zhang, L.G.: Stereolithographic 4D bioprinting of multiresponsive architectures for neural
engineering. Adv. Biosyst. 2(9), 1800101 (2018)

19. Liu, Y., Shaw, B., Dickey, M.D., Genzer, J.: Sequential self-folding of polymer sheets. Sci.
Adv. 3(3), 602417 (2017)

20. Zolfagharian, A., Kaynak, A., Khoo, S.Y., Kouzani, A.: Pattern-driven 4D printing. Sens.
Actuat. A 274, 231–243 (2018)

21. Akbari, S., Sakhaei, A.H., Kowsari, K., Yang, B., Serjouei, A., Yuanfang, Z., Ge, Q.: Enhanced
multimaterial 4D printing with active hinges. Smart Mater. Struct. 27(6), 065027 (2018)

22. Dadbakhsh, S., Speirs, M., Kruth, J.P., Schrooten, J., Luyten, J., Van Humbeeck, J.: Effect of
SLM parameters on transformation temperatures of shape memory nickel titanium parts. Adv.
Eng. Mater. 16(9), 1140–1146 (2014)

23. https://www.slideshare.net/Funk98/4d-printing-with-smart-materials. Accessed 25 Mar 2020
24. https://shop.prusa3d.com/en/31-printer-upgrades. Accessed 25 Mar 2020
25. Pati, F., Jang, J., Ha, D.H., Kim, S.W., Rhie, J.W., Shim, J.H., Kim, D.H., Cho, D.W.:

Printing three-dimensional tissue analogues with decellularized extracellular matrix bioink.
Nat. Commun. 5(1), 1–11 (2014)

26. Ramakrishna, S., Mayer, J., Wintermantel, E., Leong, K.W.: Biomedical applications of
polymer-composite materials: a review. Compos. Sci. Technol. 61(9), 1189–1224 (2001)

27. Lee, V.K., Dias, A., Ozturk, M.S., Chen, K., Tricomi, B., Corr, D.T., Intes, X., Dai, G.: 3D
bioprinting and3D imaging for stemcell engineering. In:Bioprinting inRegenerativeMedicine,
pp. 33–66. Springer, Cham (2015)

28. Shin, D.G., Kim, T.H., Kim, D.E.: Review of 4D printing materials and their properties. Int. J.
Precis. Eng. Manuf. Green Technol. 4(3), 349–357 (2017)

29. Sossou, G., Demoly, F., Montavon, G., Gomes, S.: Design for 4D printing: rapidly exploring
the design space around smart materials. Procedia CIRP 70, 120–125 (2018)

30. Cipollo, P., Surrusco, B.: An Electrically Actuated Pin-Puller for Space Application using
Nickel-Titanium Memory Alloy (2004)

31. Wang, G.Z.: Effect of martensite transformation on fracture behavior of shape memory alloy
NiTi in a notched specimen. Int. J. Fract. 146(1–2), 93–104 (2007)

32. Yan, W., Wang, C.H., Zhang, X.P., Mai, Y.W.: Effect of transformation volume contraction on
the toughness of superelastic shape memory alloys. Smart Mater. Struct. 11(6), 947 (2002)

33. Loh, C.S., Yokoi, H., Arai, T.: New shape memory alloy actuator: design and application in the
prosthetic hand. In: 2005 IEEE Engineering inMedicine and Biology 27th Annual Conference.
IEEE, pp. 6900–6903 (2006)

34. Haga, Y., Esashi, M.: Small diameter active catheter using shape memory alloy coils. IEEJ
Trans. Sens. Micromach. 120(11), 509–514 (2000)

35. Cladera, A., Weber, B., Leinenbach, C., Czaderski, C., Shahverdi, M., Motavalli, M.: Iron-
based shape memory alloys for civil engineering structures: an overview. Constr. Build. Mater.
63, 281–293 (2014)

36. Saghaian, S.M., Karaca, H.E., Souri, M., Turabi, A.S., Noebe, R.D.: Tensile shape memory
behavior of Ni50. 3Ti29. 7Hf20 high temperature shape memory alloys. Mater. Des. 101,
340–345 (2016)

37. Jani, J.M., Leary, M., Subic, A., Gibson, M.A.: A review of shape memory alloy research,
applications and opportunities. Mater. Des. (1980–2015) 56, 1078–1113 (2014)

38. Umetsu, R.Y., Xu, X., Kainuma, R.: NiMn-based metamagnetic shape memory alloys. Scripta
Mater. 116, 1–6 (2016)

39. Monzón, M.D., Paz, R., Pei, E., Ortega, F., Suárez, L.A., Ortega, Z., Alemán, M.E., Plucinski,
T., Clow, N.: 4D printing: processability and measurement of recovery force in shape memory
polymers. Int. J. Adv. Manuf. Technol. 89(5–8), 1827–1836 (2017)

https://www.slideshare.net/Funk98/4d-printing-with-smart-materials
https://shop.prusa3d.com/en/31-printer-upgrades


488 A. Gupta et al.

40. Mather, P.T., Luo, X., Rousseau, I.A.: Shape memory polymer research. Annu. Rev. Mater.
Res. 39, 445–471 (2009)

41. Langer, R., Tirrell, D.A.: Designing materials for biology and medicine. Nature 428(6982),
487–492 (2004)

42. Behl, M., Lendlein, A.: Shape-memory polymers. Kirk-Othmer Encyclopedia of Chemical
Technology, pp. 1–16 (2000)

43. Zarek,M.,Mansour,N., Shapira, S.,Cohn,D.: 4Dprintingof shapememory-basedpersonalized
endoluminal medical devices. Macromol. Rapid Commun. 38(2), 1600628 (2017)

44. Liang, C., Rogers, C.A., Malafeew, E.: Investigation of shape memory polymers and their
hybrid composites. J. Intell. Mater. Syst. Struct. 8(4), 380–386 (1997)

45. Huang, W.M., Yang, B., Zhao, Y., Ding, Z.: Thermo-moisture responsive polyurethane shape-
memory polymer and composites: a review. J. Mater. Chem. 20(17), 3367–3381 (2010)

46. Ge, Q., Sakhaei, A.H., Lee, H., Dunn, C.K., Fang, N.X., Dunn,M.L.:Multimaterial 4D printing
with tailorable shape memory polymers. Sci. Rep. 6, 31110 (2016)

47. Moon, S., Rao, I.J., Chester, S.A.: Triple shape memory polymers: constitutive modeling and
numerical simulation. J. Appl. Mechan. 83(7) (2016)

48. Liu, C., Qin, H., Mather, P.T.: Review of progress in shape-memory polymers. J. Mater. Chem.
17(16), 1543–1558 (2007)

49. Bakarich, S.E., Gorkin, R., III., Panhuis, M.I.H., Spinks, G.M.: 4D printing with mechanically
robust, thermally actuating hydrogels. Macromol. Rapid Commun. 36(12), 1211–1217 (2015)

50. Sun, J.Y., Zhao, X., Illeperuma, W.R., Chaudhuri, O., Oh, K.H., Mooney, D.J., Vlassak, J.J.,
Suo, Z.: Highly stretchable and tough hydrogels. Nature 489(7414), 133–136 (2012)

51. Naficy, S., Gately, R., Gorkin, R., III., Xin, H., Spinks, G.M.: 4D printing of reversible shape
morphing hydrogel structures. Macromol. Mater. Eng. 302(1), 1600212 (2017)

52. Thakur, S., Chaudhary, J., Kumar, V., Thakur, V.K.: Progress in pectin based hydrogels for
water purification: trends and challenges. J. Environ. Manage. 238, 210–223 (2019)

53. Mohammadinejad, R., Maleki, H., Larrañeta, E., Fajardo, A.R., Nik, A.B., Shavandi, A.,
Sheikhi, A., Ghorbanpour, M., Farokhi, M., Govindh, P., Cabane, E.: Status and future scope
of plant-based green hydrogels in biomedical engineering. Appl. Mater. Today 16, 213–246
(2019)

54. Hong, S., Sycks, D., Chan, H.F., Lin, S., Lopez, G.P., Guilak, F., Leong, K.W., Zhao, X.: 3D
printing of highly stretchable and tough hydrogels into complex, cellularized structures. Adv.
Mater. 27(27), 4035–4040 (2015)

55. Murphy, S.V., Skardal, A., Atala, A.: Evaluation of hydrogels for bio-printing applications. J.
Biomed. Mater. Res., Part A 101(1), 272–284 (2013)

56. Tibbits, S.: 4D printing: multi-material shape change. Architect. Des. 84(1), 116–121 (2014)
57. Le Duigou, A., Castro, M., Bevan, R., Martin, N.: 3D printing of wood fibre biocomposites:

from mechanical to actuation functionality. Mater. Des. 96, 106–114 (2016)
58. Zhang, Y.S., Yue, K., Aleman, J., Mollazadeh-Moghaddam, K., Bakht, S.M., Yang, J., Jia, W.,

Dell’Erba, V., Assawes, P., Shin, S.R., Dokmeci, M.R.: 3D bioprinting for tissue and organ
fabrication. Ann. Biomed. Eng. 45(1), 148–163 (2017)

59. Au, A.K., Bhattacharjee, N., Horowitz, L.F., Chang, T.C., Folch, A.: 3D-printed microfluidic
automation. Lab Chip 15(8), 1934–1941 (2015)

60. Chen, Z., Song, X., Lei, L., Chen, X., Fei, C., Chiu, C.T., Qian, X., Ma, T., Yang, Y., Shung,
K., Chen, Y.: 3D printing of piezoelectric element for energy focusing and ultrasonic sensing.
Nano Energy 27, 78–86 (2016)
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Chapter 34
Composites in Context to Additive
Manufacturing

Mohd Shoeb, Lokesh Kumar, Abid Haleem, and Mohd Javaid

Abstract Theveryfirst application in theAdditiveManufacturing (AM) is the devel-
opment of prototypes, that too by using plastic in fused deposition modeling (FDM)
3D printing processes, Stereolithography, SLS and others. Apart from printing ordi-
nary shaped objects, Additive Manufacturing is also able to produce composites
by using different materials on a single production platform. Continuous research
and development has improvedAdditivemanufacturing capability to develop various
composite materials including fiber-reinforced composite, Biocomposite, Nanocom-
posites, Polymer matrix composites and Polymers. The primary purpose of this work
is the literature-based study on FDM printed composite materials. For this purpose,
the keyword “FDM Composites” is used in SCOPUS search and research papers
from reputed publishers and Journals were identified and studied. Further, discussed
the methods for the development of composite using FDM, and different composite
materials with their types which can be printed by using FDM are discussed in a
tabular form. It is learned that FDM provides an extraordinary chance to develop
typical AM parts with the use of composite materials. Exploration, expansion and
commercialization of AM materials are a significant extent of the study in the field
of a composite at present.

Keywords Additive manufacturing (AM) · Composites · Fused deposition
modeling (FDM) 3D printing

34.1 Introduction

3D Printing is the rapid production technology for making 3D parts directly from
CAD files [1]. This process can produce 3D parts without using the conventional
technique. It made layer by layer deposition of materials. There are different ways to
produce a layer by using different 3D printers which may be with the help of binders
[2] or by using 3D lithographic method [3] or by sintering using laser [4] or by plastic
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filament deposition [5] or by the electron beam [6]. It observed that the FDM is most
economic and suitable technology [7]. The broad dissemination of Additive Manu-
facturing and innovative performance necessities required advanced composite and
multimaterial solutions [8]. Properties of composites generally depends on compar-
ative quantities, production technique, geometry such as shape and size, distribution
and positioning of reinforcement phase, phases properties and interfacial boundaries
strength [9]. This work comprises the study of composite material printing with help
of Fused Deposition Modeling method. In FDM 3D printing the thermoplastic fila-
ment is used for deposition in a reel form which passes through a hot head. The
temperature in head is maintained above the filaments melting point and the melted
filament is deposited inXYplane developing a solidmaterial layers on build platform
[10]. The Fused Deposition Modeling is found most commonly used method due to
their advantages such as economical, reliable, dimensionally stable, high-quality
resolution [8], customization of a variety of materials [9] easy fabrication method
[10] and capability to develop common geometrical objects in friendly environment
conditions. The highly flexible process simply incorporated with CAD packages.
Researchers are working on the process parameters optimization and concentrate
on the study to inter-relate the various parameters and their response to the final
developed product [11].

The most common classification of the 3DP process is based on the initial state
of materials and working principle [12] (Kindly see Table 34.1).

34.2 Reason to Embrace 3D Printing for Composites

The main reason for AM implementation and its industrial applications are Geomet-
rical independence, Part functionality, economic and environmental sustainability
[13]. The critical application of AM are in the field of energy, aerospace, biomedical,
automotive and others [14, 15].

Composites are used in making light structures in different medical and industrial
applications. In automobile sector, since 2015, it is observed that there is 5% increase
in composites use [16].

34.3 Materials Used in 3D Printing Technologies

3D printing is considered as an important technology in the manufacturing sector
worldwide. Its success mainly depends on the enhancement of the materials for the
requirement of different applications. This enhancement includes the class, strength,
cost and types of materials. There is a variety of materials that can be used in 3D
printing according to the requirements of the market. The different types of mate-
rials used in 3D Printing are briefly discussed here [17]: Nylon (Polyamide)—Flex-
ible, strong and durable. Resin—Delicate but rigid. ABS—Created by filament-like
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Table 34.1 3DP process based on the initial state of materials and working principle

Materials
initial state

Distinctive
materials

Preparation of
material

Process Method of layer
formation

Uses

Solid sheet Metal, plastic,
paper

Laser cutting LOM Sheets binding
and feeding with
the help of
adhesives

Models
casting and
prototypes

Liquid UV curable
resin, ceramic
suspension
Ceramic paste

The resin in a
vat Paste in
nozzle

SLA
Robocasting

Laser scanning
Continuous
extrusion

Casting
patterns,
Prototypes
Functional
parts

Powder Polymer,
ceramic powders
Metal

Powder in bed
Powder in bed
Powder in bed

3DP
SLM
EBM

Drop-on-demand
binder printing
Laser scanning
Electron beams
scanning

Casting
shells,
Prototypes
Tooling
Tooling,
functional
parts
Tooling,
functional
parts

Filament Thermoplastics,
waxes

Melted in
nozzle

FDM Continuous
extrusion and
deposition

Casting
patterns,
prototypes

spaghetti and many colour options. Silver and Gold—In the category of Strong mate-
rials. Titanium—In the category of strongest materials. Gypsum—Fragile and rigid
known as rainbow ceramics or sandstone. Ceramics—Found in rigid form but deli-
cate, obtained by printing and glazing the surface. VisiJet CF-BK—Black rubber-like
material, appeared in rubber form, highly flexible good ability to absorbs impacts
and shocks. VisiJet FTX Materials—Parts are micro-manufactured generally used
for Jewelry items. VisiJet CR-WT—Rigid white ABS-like material, high-temperature
resistance greater rigidity highly durable.

34.4 Methods Used for Composites Creation Using FDM

The following methods are briefly discussed here for composite creation using FDM
technique:
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34.4.1 Multi-Material Structures Creation Using an Element

By this method, multi-material structures are created by printing polymer material
layers onwood,metal, ceramic or polymermaterials surfaces. The elements obtained
by thismethod have fewmaterials, and built-inmaterial inhabitsmuch of total volume
[18]. The main limitation is to break the prototype in parts alienated by comparable
planes, successive printing stages to be identified and to resume printing without
interrupting the steadiness of material.

34.4.2 Composite Structure Creation Using a Single Nozzle
with Reinforcement Material

A composite structure is created by printing using a single nozzle on reinforce-
ment material. The method is same as of multi-material structures creation. The
multi-stage method used for composite creation, the amount of stages corresponds
to reinforcement layers of the final element. Each stage is planned by the required
division plate to enable discontinuing the printing and reinforcement phase deposi-
tion on print. Composite may reinforce with cloth and the fibre [19]. The restriction
for reinforcement of material layers thickness is the disadvantage of this method.
The approximately 0.5 mm layer thickness of reinforcement is generally found.

34.4.3 Composite Structure Creation Using a Single Nozzle
with Specific Filament

This method creates composite structure by using different filament with the help of
conventional 3D printingmethod, in addition to polymeric material has additives like
microspheres, carbon fiber, wood flour, particles of glass etc. [20]. The limitation of
this method is printing material availability.

34.4.4 Composite Creation Using Two Different Materials
Alternatively

The process of printing by two materials alternatively is considered as modern and
most commonly used 3D printing process. In this method, a head with two nozzles
or a nozzle with changeable filament system is used. Alternate layers of different
materials are possible in one printing step [21]. Disadvantages of this method are
contamination due to problem of transition in filaments and fragments.
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34.4.5 Layered Composite Creation Using Two Different
Materials

This method is similar to the method using two materials method only they differ
by way of deposition of materials [21]. In this method first, apply one material layer
then apply the layer of other material.

34.4.6 Skeletal Composite Creation Using Two Different
Materials

This method is similar to the method of creating a layered composite the only differ-
ence is that the material is a skeletal structure instead of solid. Reducing infills algo-
rithm is used, which reduces materials consumption and time in the printing process.
Commonly known skeletal structures are honeycomb, square cells, hexagonal cells
and other self-designed structure can be used.

34.4.7 Layered Composite Creation Using a Special Nozzle
for Continuous Fiber Introduction

The filaments used as matrix material and reinforcing fibers provided independently
to the nozzle. The fiber is heated to increase the mixing capacity to thermoplastic
materials and reinforcement phase before entering the nozzle [21]. Fibers supplied
to printer head by filament motion automatically, and in printer head the plasticized
filament is linked to reinforcement phase. The other stages of printing are the same
as the standard 3D printing method.

34.5 Various Composites Printed by FDM 3D Printing

The various composite materials printed by FDM are arranged in tabular form (Table
34.2) based on types, constituents, findings and references.

34.6 Implications of This Study

The present state ofmanufacturingmethods generally depends on composite, plastics
and polymer because of high strength corresponding to weight ratio, lightweight and
low cost. Various kinds of composites which are commonly used for research are
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discussed here. Researchers mainly focused on mechanical properties, rheological
properties, process parameters optimization, stability, and finding new areas like
dimensional accuracy and tissue engineering. Various composite materials for FDM
use are studied and a brief discussion is arranged in tabular form based on types,
constituents, findings and references.

Table 34.2 Composites by using FDM based on types, Constituents, findings and references

S. No. Types of
composites

Constituents Findings References

1 Fiber-reinforced
composites

Fiber-reinforced
thermoplastic
composites

UTS 165 MPa for
isotropic layers of
carbon fiber and
better fatigue
performance

Alberto et al. [22]

Carbon
fiber—Nylon
Glass fiber—Nylon
Kevlar
fiber—Nylon

Impact strength
82.26 kJ/m2

Impact strength
280.95 kJ/m2

Impact strength
184.76 kJ/m2

Caminero et al. [23]

Carbon
fibers—Epoxy resin

792 MPa UTS and
161 GPa Young’s
modulus were found

Hao et al. [24]

PLA—Carbon fiber Impregnation
advances on
increasing melting
temperature,
mechanical
properties increases,
above 2400C surface
accuracy decreases

Tian et al. [25]

PLA—Carbon fiber Ellipsoid shaped
holes observed by
SEM. the orientation
of extrusion coincide
with a major axis and
thus decreasing
tensile strength

Hofstatter et al. [26]

PLA—Bamboo
fiber

At 160 °C, 273 MPa
flexural strength and
6.8 GPa modulus are
found. Strength
increases at 160 °C
and decreases after
180 °C while
modulus increases at
140 °C

Ochi [27]

(continued)
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Table 34.2 (continued)

S. No. Types of
composites

Constituents Findings References

2 Bio-composites Woven cotton
fabric—PLA

Fabrics with pore
sizes 0.5 mm,
1.0 mm, 1.5 mm and
concentrations of
PLA, 0.01 g/mL,
0.03 g/mL, and
0.06 g/mL used to
develop woven
cotton fabric—PLA
composite

Macha et al. [28]

Cow Dung
(CD)—Poly lactic
acid (PLA)

Improvement in
flexural properties
and drop in tensile
and impact strength
with increasing CD
loading

Yusef et al. [29]

Wood
bio-composite

Mechanical
behaviour observed
by changing the
printing width,
porosity increases by
increasing the
printing width

Duigou et al. [30]

Blended
TPS—ABS
Biomass Alloys

Filaments flowing
capability, organic
emissions,
mechanical, thermal
and physical
properties are found
better than that of
commercial ABS

Kuo et al. [31]

Polyester scaffolds
with PCL and PLA

Biocompatibility
found increases by
proliferation and
adhesion on their
surfaces

Sabino et al. [32]

TCP-PLA TCPmorphology
depends on the
process temperature
and affects the
biodegradability.
Superior
compactness and
dimensional accuracy
affect mechanical
performance

Drummer et al. [33]

(continued)
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Table 34.2 (continued)

S. No. Types of
composites

Constituents Findings References

3 Nano-composites ABS-Carbon
Nanotubes (CNT)

Optimal CNT
content in the
filament at 6 wt%,
thermal, mechanical
and electrical
properties
investigated

Dul et al. [34]

Graphene-ABS A significant
reduction in
deformation at
tensile and breaking
strength in the Z
direction and small in
X and Y directions.
Filler content
optimized to 4%,
reduction in creep
compliance and
thermal coefficient

Dul et al. [35]

Nano clay—ABS Tensile strength and
modulus increases
with increase in
loading weight from
5 to 10% but
decreases if increases
to 15%. For
batch-loading, 5% to
10% hardness
increases to 60.5%
and compressive
strength increases to
24.6% as compared
to ABS material

Francis and Jain [36]

CNT-PLA Observed
UTS—80 MPa
Young’s
Modulus—1.99 GPa

Melenka et al. [37]

Graphene in ABS
and PLA

Higher mechanical
strength achieved

Wei et al. [38]

4 Polymer matrix
composites

Al2O3 powder with
Nylon

Al2O3 significantly
increases the wear
resistance and length
of the part greatly
affects the
dimensional accuracy

Singh et al. [39]

(continued)
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Table 34.2 (continued)

S. No. Types of
composites

Constituents Findings References

Fe-Nylon Nearly alike
influence of three
parameters, extrusion
temperature 20%,
filler materials shares
25% and extrusion
load 45%

Garg and Singh [40]

Copper and Iron
micro-scale in ABS

Observed
UTS—15 MPa
Young’s
modulus—0.23 GPa

Nikzad et al. [41]

PA6-TiO2 Excellent mechanical
properties of PA6 at
30 weight per cent of
TiO2 obtained while
10 and 20 weight
percentage shows
reasonable. 30%TiO2
shows minimum
wear of PA6 at load
20 N and 10 min run
time

Soundararajan et al.
[42]

Fe3O4 in P301
Nylon

UTS—4 MPa &
Young’s
modulus—0.054 GPa

Masood [43]

5 Polymers ABS For impact loading,
the tensile test shows
brittle nature with
moderate Elasticity
Modulus

Owolabi et al. [44]

PEEK Comparatively best
results are possible at
300 µm layer
thickness and 0°/90°
raster angle

Wu et al. [45]

Nylon Tensile strength
increased at 77 °K

Cruz et al. [46]

ABS-TPE,
ABS-TiO2.
ABS-Jute fibre and
Pure-ABS

Improvement in the
surface finishes with
TPE, improvement in
ultimate tensile
strength for ABS
with TiO2 in
comparison to pure
ABS, high roughness
for ABS with jute
fiber

Perez et al. [47]

(continued)
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Table 34.2 (continued)

S. No. Types of
composites

Constituents Findings References

ABS Elastic behaviour of
ABS parts is affected
by the parameters
like an air gap, raster
angle and layer
thickness

Lee et al. [48]

34.7 Future Opportunities

The developments in 3D printing have a greater impact on medical and indus-
trial engineering field with different ink designs, enhanced depiction and ink assets
modelling in deposition and improved ink deposition and better robotic control for
smarter précised 3D printing. The capability of locally specify for both structure
and composition is permitting better mechanism concluded the functionality and
possessions of the subsequently developed materials.

34.8 Conclusions

This work presents a literature-based study on composite development with FDM
technology. This has been done to identify the suitability of FDMfor the development
of different composite applications. For this research papers from reputed journals
are selected and studied. Identified 3DP processes based on the initial state of mate-
rials and working principles. Also presents in tabular format the types of composites
based on types, constituents and research findings with references. In this study,
various materials like Fiber-reinforced composite, Biocomposites, Nanocomposites,
Polymer matrix composites and Polymers have been studied and found that FDM
seems most suitable for manufacturing parts with composites. Finally attaining chal-
lenges, prospects and future aspects of FDM provides a compelling way to blowout
smooth technique in various areas like building construction, farming and biomedical
fields.
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Chapter 35
A Critical Review on Dissimilar Joining
of ASS and FSS

Chetan Tembhurkar, Ravinder Kataria, Sachin P. Ambade,
and Jagesvar Verma

Abstract Austenitic stainless steel used worldwide in various major industries like
chemical, petrochemical and shipbuilding industries but the cost of material is high
and it highly affects the producers and end-users. But, Ni price is the prime concerned
for various industries as there is a shortage of nickel and nickel price increasing
day by day according to the London Metal Exchange (LME). So, the demand
for low nickel alloy which might be welded with austenitic stainless steel will be
used worldwide in industries that need higher heat input, correct choice of filler
material and defect-free joints for high production rate. However various welding
techniques like Tungsten Inert Gas (TIG)/Metal Inert Gas (MIG)/Electron beam
(EBW)/Shielded metal arc (SMAW)/Submerged arc (SAW)/Electron BeamMelting
(EBM)/Resistance Spot/Laser and friction welding are used for welding austenitic
with ferritic stainless steel. Apart from different techniques used for welding, the
dissimilar welding is advantageous proving beneficial and more popular. However
dissimilar welding is not so easy and information regarding this is dispersedly avail-
able. In view of this, systematic information for better understanding of this process is
needed. This paper attempts a critical reviewof the process of joining the fundamental
difference between ferritic and austenitic stainless steel, effect on a microstructure,
mechanical properties and resistance to corrosion in various combinations.
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35.1 Introduction

An austenitic stainless steel (ASS) is employed worldwide as a result of its higher
strength and higher corrosion resistance. But due to the high nickel price which is
increasing day by day the whole replacement of 300 series austenitic stainless steel
is not possible but welding with ferritic stainless steel (FSS) 400 series is possible
as this steel has higher property than ASS. The deformation is limited to the FSS
exclusively in stainless steel joint of austenitic-ferritic [1]. Welding techniques such
as electron beam (EBW)/tungsten inert gas (TIG), and friction welding is used to join
dissimilar material [2]. For joining the two materials there are different parameters
which are current, voltage, welding speed, energy input and types of filler mate-
rials used in welding. The optimum parametric combination can be determined by
Taguchi-Desirability analysis for optimization of process parameters [3].

35.2 Problem During Welding

For different industrial applications 316L ASS is widely used in industrial appli-
cations are completely different on different leading temperature for exceptional
mechanical properties and better resistance against corrosion [4]. An addition of
nickel into bit contributes to develop the mechanical strength and creep resistance
of the material [5]. During welding, FSS would be difficult to weld due to excessive
growth of grains, coarse grains into heating affected zone (HAZ) and welding zone
of fusion welding. But according to the various authors of the low heat input reduces
the formation of coarse grains into a material [6]. A sensitization and mechanical
properties of FSS can be eliminated by adding carbide and nitride [7]. Teker and
Kurşun [8] investigated ferritic stainless steel (AISI 430)which showed higher tensile
strength, minimum heat affected zone (HAZ) and less grain growth in GMAW-P
joints compared with GMAW joints due to minor heating input, better hardness of
fusion, and better fusion zone grain. Mallaiah et al. [9] improve the percentage of
weight of titanium(Ti), copper(Cu), and aluminum(Al) for operation of mechanical
properties and substance of austenite within the welding region for AISI 430 FSS by
Taguchi Method. Sarkari Khorrami et al. [10] used GTAW for welding plain carbon
steel and AISI 430 FSS by using ER309L filler metal, the ultimate tensile strength,
absorbed energy and hardness increases by the addition of filler metal.

35.3 Process Selection

Tjong et al. [11] investigated in 316L ASS and the same two metals are joined by
utilizing electron beam welding (EBW) and laser technology. The joint failed in the
parting and the HAZ regions of the weld due to creep. Reddy et al. [12] used friction
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and electron beamwelding for a same and different from ferritic stainless steel (AISI
430), austenitic stainless steel (AISI304), andduplex stainless steel (AISI 2205). Steel
welding duplex stainless-highest observed tensile strength while friction welding
shows better resistance to impact and notch tensile strength of welding by electron
beam.Martins et al. [13] replaced AISI 316LASSwith Cr-Mn Stainless Steel having
less pitting corrosion resistance by TIGWelding process and by analysing the fatigue
crack propagation in the exhaust systemof a naval gas turbine. Sarkari Khorrami et al.
[10] foundductile fracture in specimen welded with ER 309 L filler metal though
in autogenous weld, plain carbon steel welded with AISI 430FSS by GTAW the
cleavage fracture occurs. Reddy et al. [14] welded AISI 4140 and AISI 316, using a
TIGweldingmethodwith andwithout filler and found that theweld strength is judged
to be higher and comparable. Hara et al. [15], used Ferritic/Martensitic and 316L
austenitic steel. Electron beam welding is used to locate the mechanical properties
and better by optimizing the position of the electron beam welding. Ravikumar et al.
[16], found that higher tensile strength obtained at a 750groove angle, 120 A current,
and 15 LPM gas flow rate. The range of hardness for the weld zone is 153–172 BHN
for 304 ASS by TIG welding. Singh et al. [17] found that 5-weld pass technique
caused greater impact toughness than the 3-weld pass technique by using 316 ASS
compared with GTAW and GMAW process. Ghasemi et al. [18] found that grain
growth phenomenon was accompanied by the martensite formation in HAZ of FSS
therefore this region was the weakest zone in all specimens by welding 304 with
430 FSS by GTAW process. Verma et.al. [19] welded dissimilar joints AISI 430 and
UNS 32,205 of stainless steel with arc welding technique and found that UNS 32,205
provides better charge transfer resistance which indicates that the sample shows the
optimum corrosion resistance than others. The filler E309LMo and duplex E2209
electrodes shows better weld joints. Jeraldnavinsavio et al. [20] welded dissimilar
metals of AISI 316L ASS and 430FSS with TIG welding process and with two
types of fillers ER310 and ER2594 and found that the ER2594 weld shows greater
mechanical properties than ER310 filler weld.

35.4 Dissimilar Welding of 316L ASS and 430FSS
with Other Alloys

The different researches have welded the austenitic and ferritic stainless steel with
different types of fillers and there has been a change in themicrostructure,mechanical
and corrosion properties of the welded plates. Table 35.1 represents the fillers used
for similar and dissimilar combination used by different researchers.

In the friction welding of 304 ASS and 430 FSS steel, the toughness and strength
properties are greater than the base material of ferritic stainless steel [1]. Impacts
of different welding process like FW, GTAW, and EBW upon a microstructure,
the toughness and strength of ferritic stainless steels and austenitic similar to the
combination of different metals are found. Resistance welding of dissimilar metals
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Table 35.1 Fillers used for similar and dissimilar combination used by different researchers

Grades 316 L
ASS

430
FSS

409 FSS 304 ASS Carbon
steel/low
carbon steel

Duplex
stainless
steel

316 L
ASS

316 L,
Inconel 182,
Inconel 82,
430L and
2209

E309L and
E2209
Duplex SS

AISI 308 Without filler
material

ER 309L E2209

430 FSS E309L and
E2209

– – ER 430, 316
L, 2594 L

316 L,
ER309 L

is intermediate into a gas tungsten arc, electron beam, and friction welding shows
improved toughness into all dissimilar welds [2].

There are different welding processes for Ferritic and Austenitic Stainless
Steel such as Electron Beam/Friction/Gas Tungsten Arc/Resistance Spot/Gas Metal
Arc/Laser Beam/Arc/Electron Beam Machining/Laser Beam Machining/and Spot
Welding.

X-ray diffraction (XRD), energy dispersive spectroscopy (EDS) and scanning
electron microscope (SEM) techniques can be utilized for analyse the welding evalu-
ation of two dissimilar joints.Using SEM–EDS to analyse the frictionwelding perfor-
mance of carbon steel in 304 ASS and AISI 1040, the results show that the increment
of percentage of chromium combined with a concentration of carbon and nickel is
sufficient for forming of several type of nickel-based intermetallic compound within
a reduced range of carbide precipitation at an interface [21]. SEM/EDAX analysis of
weldments in the heat-affected zone of AISI 4140 and AISI 316 showed that large
amounts of iron and carbon and trace amounts of nickel, chromium and manganese
[22]. According to EDAX analysis, it has been observed that in autogenously weld-
ments form carbides into a heating affected zone ofAISI 316, and the high percentage
of C and Cr are present in the weldments [23]. X-ray diffraction (XRD) is utilized
for analyse EBM manufactured by 316L ASS, in which a large proportion of delta
ferrite is transformed into XRD spectrum located in the precursor and manufactured
316L stainless steel product [24].

35.5 Aspects of Mechanical Properties Due to Welding
Parameters

The different welding parameters impact on microstructure, mechanical and corro-
sion properties of the welded metals. Tjong et al. [11] welded similar two plates of
316L ASS with electron beam welding process and found that the mechanical prop-
erties are virtuous for the parameters used and microstructural observation shows
equiaxed and cellular structured grains.Reddy et al. [12] usedGTAWtoweld 304ASS
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and 430FSS and found poor toughness compared to other welding processes due to
the formation of columnar grains in the direction of crack. Martins et al. [13] welded
316L ASS and Cr Mn ASS by TIG welding process and found that the yield strength
values found to be higher for CrMnASS than 316LASS at 24, 350 and 500 °Cwhich
leads to be an important factor to obtain shock resistance. Sarkari Khorrami et al.
[10] revealed that the ER309L filler weld of AISI 430 and Plain Carbon Steel have
greater hardness and tensile properties due to the higher absorbed energy with higher
strength and ductility due to the presence of martensite and ferrite and strengthening
elements. Reddy et al. [14] found that the tensile strength is reduced for the ER309L
filler weld than autogenous weld due to the decrease in hardness value in 316L ASS
side which results in fracture of 316L ASS side in tensile test. Hara et al. [15] used
electron beam dissimilar welded F82HIEA and SUS 316L ASS and revealed that the
tensile, hardness and toghness properties were improved due to the optimization of
electron beam position. Singh et al. [17] compared 3-weld pass welding with 5-weld
pass welding of 316L ASS and found that the impact toughness value for 5-pass
weld were found to be higher than 3-pass weld due to the thermal aging techniques
conducted at various time and temperatures. Verma et al. [25] used shieldedmetal arc
welding to weld 316L ASS and 2205DSS with E2209 and E309L fillers and found
that the ultimate tensile strength, hardness and toughness were found to be higher for
E2209 filler weld than E309L filler weld. Jeraldnavinsavio et al. [20]. TIG welded
316L and 430 with fillers ER2594 and ER310 and found that the ER2594 weld have
better mechanical properties (tensile and toughness) than ER310 filler weld. Table
35.2 represents the different suggested welding parameters by different researchers.

35.6 Corrosion Properties

The welded joints are more susceptible to corrosion attack in the heat affected zone
region of the welded joints. Figures 35.1 and 35.2 show the cyclic potentiodynamic
polarization (CPDP) curve for 316L ASS and 430 FSS in sodium chloride (NaCl)
solution. The different researchers have predicted the intergranular and pitting corro-
sion attack on the weldments. The Chromium carbide formation predicts the pres-
ence of intergranular corrosion in the weld joint. The intergranular corrosion were
found in the autogenous weld of 316L ASS and 430 FSS were found to be highest
than the ER309L and ER316L filler weld and found that the 430 FSS base metal
found greater degree of sensitization than 316L ASS base metal [41]. The E2209
weld shows higher degree of sensitisation (Cr-C formation) than the E309LMo and
E309L weld due to the more perception nature of the austenite. The highest pitting
corrosion resistance were found with E2209 weld than other two filler welds due
to the increased amount of nitrogen present in the duplex filler materials [26]. The
dissimilar metal of AISI304L ASS and AISI430 FSS welded by GTAW with 316L
and 2594L fillers with two different heat treatment temperatures 860 and and 960 °C
and found that the pitting corrosion resistance were found to be less for 860 °C than
960 °C due to the residual stress and presence of precipitation in grain boundaries due
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Table 35.2 Different suggested welding parameters by different researchers

Welding
processes

Welded material Fillers used Current (A) Voltage (V) Welding speed
(mm/s)

EBW 316L ASS – 0.042 60,000 20

GTAW 304ASS and
430 FSS

ER430 170 10 1.16

GTAW 430FSS and
plain carbon
steel

ER309L 85 12 2

GTAW 316ASS and
4140

ER309L 150–170 16–18 –

EBW F82H IEA and
SUS316L ASS

– 0.02 150,000 16.67

GTAW 316L ASS – 120 18–20 4

GMAW 316L ASS – 180–230 22–27 3–4

Arc
welding

32,205 and 430 E309L Mo and
E2209

120 21–29 4.6

SMAW 316L ASS and
2205DSS

E2209 and
E309L

120 25–26 3.1–3.3

TIG 316L ASS and
430FSS

ER310 and
ER2594

50–70 10–12 –

Fig. 35.1 CPDP curve for
316L ASS in 3.5 wt% NaCl
[30]
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Fig. 35.2 CPDP curve for
430 FSS in 3 wt% NaCl [30]

to quenching [27]. Figure 35.3 shows the SEM/EDS images of the chromium carbide
concentration for E309L, E309L Mo and E2209 filler weld. Figure 35.4 shows the
SEM images of the pitting corrosion of base metal 430 and 304 L and HAZ area of
ferritic and austenitic stainless steel at 860 and 960 °C. The variation in the heat input
in GTAW varies the corrosion rate of 409 M ferritic stainless steel. The corrosion
rate were found to be less for GTAW as compared to GMAW and SMAW [28]. As
for higher heat input the corrosion rate is less as compared to low heat input due to
the presence of grain boundary austenite (GBA) and windmanstatten austenite (WA)
with high nickel content which increases the corrosion resistance of the weld joint
[29].

In the presence of aggressive ions, the breakdown of the passivation film will
produce corrosion similar to pitting corrosion. The special type potentiometer is used
for electrochemical measurement. The cyclic potentiodynamic polarization (CPDP)
is employed for beginning of passivity, breakdown of oxide film, susceptibility to
repassivation and calculation of the rate of pitting corrosion due to the extensive
variety of scanning potential [30]. ASTM G61 and F2129 standards are used to
conduct the CPDP test for iron, nickel or cobalt based alloys [30]. Record the steady-
state potential after immersing the sample within the electrolyte for 10 min, and
use a scanning potentiostat to increase the potential at scanning rate of 2 mV/s
[31]. A current potential increase suddenly after passive zone is pitting potential
(Epit). Samples showing a large number of positive potentials are considered to have
superior pitting resistance [32]. As comparing with the parent metal, the resistance
to pitting corrosion of the weld has been greatly improved, which can be because
of a presence of the dynamic recrystallization microstructure and the consistency of
the composition due to the increased cooling rate fast, which does not favour the
separation of the element [1, 33].
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Fig. 35.3 SEM /EDS images of Chromium carbide precipitation for fillers E309L, E309L Mo and
E2209 [26]

35.7 Temperature Distribution in the Weld Region

The temperature distribution in the weld region is given by the various advanced soft-
ware such as ANSYS it helps to analyse the temperature fields and stress distribution
in the weld joint, beam, etc. [34, 35]. The temperature distribution of the weld region
for filler ER309L, ER316L andwithout filler are compared and found that the temper-
ature distribution for without filler weld were found to be higher than other two types
of fillers [36]. Two carbon steel plates were welded with manual metal arc welding
process and the residual stresses and magnitude in the axial direction were obtained.
The results shows that the experimental residual stresses values are very much noble
with the simulation results [37]. The FEM simulation of similar 304ASS by adapting
constant heat flux analysis shows that the transient thermal temperature and residual
stresses. The thermal temperature distributions at weld zone were found to be higher
than the heat affected zone and base metal region [38]. The TIG and Laser welding
techniques were used to weld two dissimilar Inconel 625 and AISI 316ASS and
different mechanical properties are recorded such as yield strength, tensile strength
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Fig. 35.4 SEM images of Pitting corrosion of base metal 430 and 304 L and HAZ area of ferritic
and austenitic stainless steel at 860 °C and 960 °C [27]

and elastic modulus for different temperatures. The pseudo-linear approach was used
to estimate the final stresses developed in the joint [39]. Figures 35.5, 35.6 and 35.7
show the temperature distribution across the weld region ER309L, ER316L (fillers)
and autogenous weld.

Fig. 35.5 Temperature distribution across the weld region for ER309L filler weld [36]
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Fig. 35.6 Temperature distribution across the weld region for ER316L filler weld [36]

Fig. 35.7 Temperature distribution across the weld region for Autogenous weld [36]

35.8 Recent Trends and Future Perspectives

Many countries are being utilized several materials in a single industry to reduce
the maintenance cost and increase the life span of the components such as chemical
industries in the UK, petrochemical industries in USA & Japan and oil industries in
Saudi Arabia which opens the wide space for the constructions with reliability or
sustainability of the material. Irrespective of the extensive work by the researchers
still there are many other issues.

Recent Trends

Currently, industries around the world need to fully own materials with higher
strength and corrosion resistance composed of 316L ASS. The production has been
significantly modified to find materials with the same strength and compatibility as
316L ASS. In some engineering applications that require the use of different mate-
rials for welding, outstanding and widely used grades require additional analysis in
this space.

Welding of 316L ASS through different alloys (like ferrite, martensite and carbon
steel) still clearly selects filler materials. In processes such as GTA, GMA, SMA
welding, undesirable precipitates formed, and the increasing rate of deformation
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in multi-pass welding is still a problem [40]. The high residual stresses obtained
in friction welding resulted within the deformation of the material. Recently, the
formation of welds and defects within the weld region due to the multi-pass welding
process are some of the main issues in industries.

Future Perspective

The advanced techniques such as hybrid welding to join dissimilar metal still an issue
and should be developed in the future. The main and foremost issue is the corrosion
behaviour of dissimilar welding for other advanced processes. The development of a
cost-efficient electrode is the need an hour for industries. It is a challenge for several
sorts of analysis to seek out the heat distribution across the weld zone and analyse
which parameter affects the foremost by analysing the heat distribution phenomenon.

35.9 Conclusions

(1) The frictionwelding and fusionwelding processes arewell adequate for similar
and dissimilar joining processes. But still, there is a scope in this area for a few
materials of austenitic and ferritic grades.

(2) The high heat ratewhen ferritic stainless steel iswelded to othermetals converts
it to martensitic grade, hence they are prone to corrosion.

(3) Advanced laser hybrid technique is required to weld thick materials as multi-
pass welding increases the distortion of material.

(4) The dissimilarwelding of austenitic-ferritic steel by frictionwelding has higher
strength and toughness than the base material of ferritic stainless steel.

(5) Since an influence of carbides into a microstructure is smaller as comparing
with similar welding processes (GTAW and EBW like), friction welding of the
dissimilar weld has greater resistance to pitting corrosion.
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Abstract Portugal received 330,915 tons of waste and out of which 57,740 tons
of waste has already been exported according to the 2018 Transboundary Waste
Movement Survey. Shortly, Portugal is preparing to reduce this import. Physical,
chemical, high temperature, and biological approaches are utilized for the handling
of hazardous waste. Hazardous waste which cannot be treated by incineration or
other chemical methods is landfilled. Disposing radioactive wastes in lagoons is
risky. It is advised to get a form of engineering studies before any remedial action.
The current research has systematically examined the numerous kinds of hazardous
waste produced in Portugal and its management.

Keywords Environment · Hazardous waste · Industrial · Portugal

36.1 Introduction

Asmore andmore industries and companies emerge, waste generation from factories
and societies in industrialized and developing countries has continued to increase,
together with rising urbanization rates and global population. Consequently, proper
management of waste is required at all levels of society. Waste management is the
behaviour and practices necessary, including mitigation measures for the treatment
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or recycling of waste from source to the final disposal. Waste may be liquid, solid or
gas, and with each form of destruction, there are various management and disposal
methods. In certain situations, waste can pose a danger to human health. Waste is
often generated by human operations, such as refining and mining of raw materials.
Waste management is proposed to reduce the unfriendly health, environmental or
aesthetic effects of waste and enhance hygiene. Waste management acts are not
universal among all developed- and developing-country countries; regions (urban
and rural) and residential and industrial areas can follow different strategies. The
enormous waste management system handles municipal solid waste (MSW) and
wastes, comprised of the heft of the waste created by agricultural, domestic and
commercial operations.

Outside the development of large quantities of liquid and solid waste, rapid indus-
trialization has culminated in sugar, pulp and paper, fruit and food processing,
Amylum, distillery, livestock, tannery, slaughterhouses, poultry, etc. Such pollu-
tants are usually discarded on land or dumped onto water sources, given the
criteria for emission control measures, though. Portugal Industry was put together
in several large urban areas: South Focal Lisbon-Setubal and North Porto-Aveiro-
Braga. Overall, they produced almost three-fourths of both of the total manufacturing
production in Portugal. The territories of Lisbon contained significant undertakings
like iron and steel; development and maintenance of transport; oil processing, equip-
ment, mineral, cement and electronics, liquor and fruit. Setubal, some 80 km south-
east of Lisbon, also had an immense shipyard and vehicle assembly and machine
production facility, an amendment, wood pulp, plug and fish handling plants. Sines,
which is centred 40 km Lisbon, was the locate Deepwater port and large indus-
trial complex. Started under Caetano, Sines installed an oil refinery, petrochemical
facilities, and a coal-fired power plant of 1200 megawatts. Mainly a centre of light
manufacture centre Porto contained textiles, shoes, wine, and food handling. Porto
was also the region with the most significant oil refinery in the world. The other one
was based in Lisbon. Portimao became a fishing place. Aveiro investedmuch time not
only in wood pulp and other wood products but also in boots and machinery. Braga
trades in textiles, cutlery, chairs, and accessories. Covilha was a textiles region, too
[1]. All industrial installation sector in percentages shown Fig. 36.1.

Waste management is a significant component in a business or an industrial ability
to retain ISO14001 accreditation. The ISO14001 standard helps companies to expand
their waste by eliminating waste through resource recovery procedures, management
and environmental efficiencies each year. Implementing resource recovery proce-
dures such as recycling products such as food scraps, paper and cardboard, glass,
metals, and plastic bottles is one way to do this. It is possible to supply recycled
materials to the building industry [4]. Many inorganic waste sources may be used to
produce construction materials.
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Fig. 36.1 Number of
Industrial emissions directive
(IED) industrial installations
by sector, Portugal (2015) [2,
3]. A = Food, drink, textiles,
surface treatment, pulp,
paper, wood, intensive
rearing of poultry or pigs and
other activities. B =
Non-hazardous waste and
hazardous waste. C =
Mineral and other. D =
Metals (Iron and steel),
Non-ferrous. E = Chemical.
F = Energy and Power

36.2 Methodology

Industrial waste generated by the inventory of data relating to industrial waste gener-
ation was developed by conducting a list of Academic surveys and accompanied
by data verification field visits. It is essential to verify the data obtained from
the previous secondary data options (either published data or available for another
industry producing similar products). The estimated rates of industrial waste genera-
tion from plant capacity in the Portuguese industry are available and will help recog-
nise any inaccurate data and corrections in the database. The key search engines used
were: ScienceDirect, PubMed, and ResearchGate. These are the primary sources of
academic information on managing waste and threats to the environment and public
health. A search was also carried out on the Ministry of the Environment’s website,
the central government agency responsible for Portugal’s environmental manage-
ment. Investigations were also carried out on the websites of critical newspapers and
industry sources. ‘Portugal’, ‘Industrial waste management’ were the principal terms
used. To ensure that the content was as recent as possible, articles that were more
than five years old were excluded from the search. Focusing on only reliable and
verifiable sources is (e.g., Government sources).

36.3 Hazardous Industrial Waste in Portugal

Every year the European Union generates about 3 billion tons of waste, out of which
90 million tons are hazardous waste, these wastes are very harmful to the Environ-
ment. In the early 90s in Europe, there was an increase in production of 10% waste.
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To deal with this problem, some part of the waste was dumped into the incinerator.
This caused extreme damage to the Environment. This condition is very harmful to
human health as well as plants and animals. Considering it as a severe problem, the
European Union and the Portuguese made a policy. The main objective of this policy
was to reduce the rate of increase inwaste produced every year. In 1997 Strategic Plan
(PERSUI) was created in Portugal. So that the amount of solid waste can be reduced
[5]. The most significant and most rancorous environmental dispute in the nation’s
history, which occurred in Portugal, was the decontamination of hazardous industrial
waste in cement kilns by the co-incineration method. There was a controversy where
between government and experts over dangerous industrial wastemanagement. Their
behaviour exposed the false premise that a decontextualized technical and science
policy focused solely on mathematical likelihood equations might take the place of
the political order, societal needs and values.

The main reason for the origin of hazardous waste is industrial waste. It is found
in solid, liquid and gaseous state. Various agencies have defined dangerous waste
in their ways. Thus, no uniformly accepted international definition has been created
so far. According to the National Institute of Waste, Portugal generated around 13
million tons of industrial waste in 2001, 1.4% of which was hazardous. In this,
South Region (Lisbon, Setubal) and North Region (Porto, Aveiro, Braga) dangerous
toxic waste production added much. The mining sector, manufacturing industry and
energy have contributed to the enormous amount of pollution. The production of
industrial waste increased by about 50% in the middle of 1998 until 2007. Portugal
sent 193,928 tons of hazardous waste for recycling and disposal in 2008 [6] (Table
36.1).

Table 36.1 Hazardous industrial waste in Portugal (2000), [7]

S.No Hazardous industrial waste Percentages

1 Oil refinement and used oils 51.0

2 Solvents, ink, polish and enamel 13.1

3 Organic 12.8

4 Treatment of metal, water treatment and plastic surfaces 6.2

5 Inorganic material from the thermal process and inorganic material with
metals

6.1

6 Inorganic chemist 4.3

7 Non specified and other 6.5
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36.4 General Principles of Waste Management

36.4.1 Waste Hierarchy

The waste hierarchy explains that about EUR 0.033 has been decreased, processed
and re-used to identify waste management methods according to their suitability in
waste minimization. The hierarchy of waste is the reason for most waste minimiza-
tion strategies. The goal of the waste hierarchy is to increase the goods’ functional
utility and produce minimal volumes of end waste. Provided that the rudimentary
waste hierarchy is a pyramid, the idea is that strategies would encourage attempts
to prevent the creation of waste. The next or preferred step is to search for alter-
nate uses for waste already created (i.e., reuse). Next is recycling, like composting.
This process is accompanied by resource recycling and waste-to-energy. The final
action is recycling, incineration and waste disposal, without energy recovery. This
last step is not to prevent, redirect or recover waste from the final resort. While
complete and absolute waste prevention is almost impossible, the most effective way
of waste management is to avoid waste generation at least it reduces waste genera-
tion. The waste hierarchy reflects the progression through sequential phases of the
waste management pyramid of a material or product. This plan’s main objective
was to reduce waste and promote recovery and recycling centres with technology.
To manage this plan, the European Union approved the management of waste by
the hierarchy waste management principles (Fig. 36.2), which was included in the
(PESGRI99) Act [7, 8].

Fig. 36.2 Hierarchy waste
management principle [8]
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36.4.2 Polluter-Pays Principle

The polluter pays theory allows the polluting group to compensate for the effect on
the climate. Regarding waste control, this is generally related to the requirement for
waste generators to compensate for the effective disposal of unrecoverable content.

36.4.3 Resource Efficiency

The efficiency for resources reflects the fundamental understanding that the existing
production and consumption patterns cannot maintain world economic growth and
development. Universally, humans extract more energy than the earth can replenish
to generate products and services. Energy efficiency is the elimination of the envi-
ronmental effects of these products’ manufacture and consumption, from the final
production of raw materials to the last use and then disposal.

36.5 Waste Transport and Handling Practices

Methods for waste disposal vary significantly between different countries. Domestic
waste disposal systems are supplied regularly by municipal councils or commercial
waste collection services. Companies of commercial and industrial waste. There is
no structured waste collection system in some areas and regions, particularly in less
developed countries. Curbside collection is the most common disposal method in
most of Canada, New Zealand, the US, Europe and many other areas of the devel-
oped world, where waste is gathered regularly at intervals by specialist vehicles.
This is generally related to the isolation of curb-side waste. Waste will have to be
carried to the rural transfer station. The waste obtained is then transferred to appro-
priate treatment facilities. Vacuum collection is used in several areas, where waste is
intrigued by vacuum along some small-scale tubes from ho companies. Systems are
in operation in Europe and North America. Unsegregated garbage is processed and
converted into unusable waste and recyclables in different jurisdictions at the curb-
or waste collection stations. These machines will sort large amounts of solid waste,
conserve recyclable materials and turn the remains into biogas and soil conditioners.
In San Francisco, with its zero-wash goal by 2020, the city government (LG) set
up the Obligatory Recycling and Composting Ordinance (MRCO), which required
everyone to keep compostable recyclables from the waste site. TheWonderful three-
bin curbside device collects the three streams. Black for waste-fill materials, blue
for recyclables and green for compostable commodities sponsored and serviced for
businesses and people by Recology (San Francisco’s only reject carrier). “The City
“Pay-As-you-Throw” programme taxes consumers by volume of waste products;
this offers cash rewards for sorting other discards from compostable materials and
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recyclables [4]. The City’s Environment Department’s zero waste plan has driven
the City to reach 80 per cent diversion, North America’s highest diversion rate.

36.6 Common Waste Disposal and Management Methods

36.6.1 Incineration

Incineration is a waste management process in which agricultural solid waste is
combusted to be converted into both contaminants and gases. Incineration is effec-
tive in eliminating all solid residues fromwastewater treatment and commercial solid
waste. It lowers thequantity of solidwaste by80–95%.High-temperaturewaste incin-
eration and other treatment systems are also defined as thermal treatment. Waste is
transformed into fire, gas, ash and steam by incinerators. Individuals conduct small-
scale incineration and companies or governments on a large scale. Any toxic waste
is regarded as a realistic type of disposal (e.g., biological and medical wastes). Incin-
eration is a problematic waste management method owing to concerns such as the
leakage of gaseous contaminants. Combustion is not always perfect in an incinerator,
and chemicals in gas waste stacks are of concern. Some organic compounds, such
as furans, PAHs, and dioxins that are incredibly persistent and may have broader
environmental consequences, have been of particular concern.

36.6.2 Landfill

A landfill site is a site whereas typically seen in most parts of the world. Waste
materials are disposed of by burial. Although the burying of waste is modern, the
landfill is the oldest method of waste treatment; traditionally, the refuse was simply
dumped in pits or left in piles.

36.6.3 Recycling

Recycling is a resource recycling method that refers to waste products such as plastic
containers and empty beverage containers being collected and reused. It is possible to
reprocess materials from which the items are produced into new products. Through
some dedicated bins and vans, kerbside disposal may be taken, recycling separately
from the general waste. In most cultures, the waste owner is expected to separate the
waste.Materials to be recycled before recycling in various bins (e.g. formetals, paper,
plastics); whereas in other cultures, all recyclable materials are placed in a single
container for collection. Collection and sorting are handled at the central facility later
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on. The latter mechanism is known as single-stream recycling. Due to the additional
dismantling and the separation necessary, recycling complex items (such as electronic
equipment, computers) is more complicated. The materials approved for recycling
differ according to city and country. To manage the various types of recyclable
materials, each city and country has different recycling programs. However, some
differences in acceptance are expressed in products’ resale value after they have been
reprocessed. The Chinese government declared in July 2017 that the ban on imports
of 24 categories of recyclables and solid waste, including plastic, mixed paper and
textiles, has had a tremendous effect on developing countries worldwide that have
exported directly or indirectly to China.

36.6.4 Pyrolysis

Pyrolysis is the thermochemical oxidation by heat in the absence of stoichiometric
oxygen concentrations; various hydrocarbon gases are produced by decomposition.
Pyrolysis is typically used for transforming different forms of manufacturing and
household residues into recycled fuels. Other conditions of waste materials in the
pyrolysis procedure (e.g. agricultural waste, pneumatic waste, food waste) are likely
to provide alternate fossil fuels sources. During pyrolysis, the object’s molecules
vibrate at high speeds such that themolecules are breakingdown.The rate of pyrolysis
rises with the temperature. Temperatures in commercial applications are over 430 °C.
Slow pyrolysis produces reliable charcoal and gases. Pyrolysis has the promise to
turn waste biomass into usable liquid fuel. Some pyrolysis methods yield less chlo-
rine, alkalinemetal and sulphur-containing by-products than the incineration system.
However, pyrolysis of this waste creates gases like SO2 and HCl that impact the
atmosphere.

36.6.5 Reuse

36.6.5.1 Energy Recovery

Waste energy recycling is the processing of non-recyclable waste materials to useful
heat, power or electricity by different methods: combustion, pyrolysis, anaerobic
digestion, gasification, and waste filling. In general, the technique is known as waste-
to-energy. Energy waste recycling is part of non-hazardous waste disposal treatment
Structure. The use of energy regeneration to turn non-recyclable wastes into heat and
electricity will create green energy supplies and reduce CO2 pollution by balancing
the demand for fossil fuel energy and reducing methane output from sites. Globally,
16% of waste disposal is replaced from waste to electricity.
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36.6.5.2 Biological Reprocessing

To decompose organic matter, recoverable organic materials, such as food waste,
paper products and plant material, can be recovered by digestion and composting
processes. For landscaping or agricultural purposes, the resulting organic materials
are then recycled as mulch or compost. Also, waste gas from the process, such
as methane, can be collected and used to increase electricity and heat generation
efficiency. The purpose of biological processing in waste management is to monitor
and accelerate organic matter decomposition’s natural process.

36.7 Health Consequences of Poor Industrial Waste
Disposal

Many chemicals are contained in the solid waste produced from industrial sources,
some of which are toxic. If the concentration of the ingredients exceeds the spec-
ified value, the waste is known as harmful. Although the quantities of individual
components that sometimes exceed the acceptable limit, only if the ingredients’
overall value reaches the toxicity level can the waste be deemed toxic. To assess
a given substance’s toxicity, various standards and tests have been established by
multiple agencies. Determining whether unchecked release into the Environment
causes adverse effects on people or other living species in the ecosystem, the proper-
ties of the waste should be identified. Criteria such as toxicity, phytotoxicity, genetic
activity and bio-concentration are used to carry out this assessment. The quantity
of the toxic constituents also depends on the possible harmful effects. Depending
on the dosage, exposure, and duration of exposure, substances are categorised as
hazardous or otherwise dependent. It needs to contact or penetrate the human body
for a chemical to affect human health. There are many ways that this can occur.

36.7.1 Skin Contact

Normally, chemicals that cause dermatitis do so by directly contacting the skin
contact. The skin can be affected by certain chemicals like corrosive acids by a
single connection, while others can cause harm, such as organic solvent, by exposure
repeatedly.
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36.7.2 Inhalation

Inhalation is the most common cause of exposure to chemicals in the workplace and
the hardest to manage. Air emissions may be directly affected by harm to the respi-
ratory tract or are absorbed by the lung and cause it to system/systemic implications.
An adult male is about to breathe 10 cubic metres the air on a regular day of work.

36.7.3 Ingestion

contamination of groundwater and subsoil water from leachates Ingestion may result
from waste dumps and poorly maintained landfill sites—toxic compounds from
communities of people residing far from the plant Sites and decades after garbage
was processed.

36.8 Industrial Waste Management

Today the entire world is struggling with the amount of industrial waste. Its quantity
is increasing at a rate of 100 million tons per year. If we look at the Portugal system,
then in July 1995, the national project plan added industrial waste with solid waste.
The project calculated that Portugal produced 4.4million tones, ofwhich 1,37million
were dangerous, during 1994. According to this project’s objective, about 82.9% of
hazardous industrial waste was to be treated locally, and out of this, only 17.09%
was to be an integrated system of industrial waste treatment. One incinerator, one
physical–chemical treatment and two landfill units were also included in this plan. In
1997, in industrial waste management, the European Union made a new rule whose
primary purpose was to treat and manage the hazardous waste [4–9]. Subsequently,
a strategic industrial waste plan was formed at the end of 1999 (Table 36.2).

Article 278 (damage against nature), Article 279 (pollution), and Article 279-A
(dangerous activities to the Environment) are classified as criminal penalties. About
87 waste management industrial installations in Portugal (2015) must have a permit
based on the Industrial emissions directive (IED). A lot of effort is being made by the
Portugal government for themanagement of hazardouswaste tomeet the objective set
by the government in this field [10–12]. There are strict legislation and regulations in
this direction, and the nation even decreases the manufacture of this waste to achieve
its targets.
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Table 36.2 Event details of co-incineration conflict [5]

S.
No.

Year Events details

1 1998 The Environmental impact statement was submitted for a public
inquiry. The result is hundreds of opinion, criticism and requests.
The EIS is presented for a public examination

2 2000 (December) In consideration of co-incineration the Scientific Committee study
states

3 2001 The Environment Ministry receives nearly 12,000 positive reviews.
General discussion on the findings of the two independent
committees of experts

4 2001 (May) It is released the results of a government-class stock of (ordinary
and hazardous) waste forms and amounts collected in Portugal.
This inventory suggests no co-incineration alternative in terms of
the amount of dangerous industrial waste generated globally

5 2003 The PSD-CDS government reveals a modern way of handling
hazardous industrial waste—CIRVER

36.9 Management in Other Countries

36.9.1 The United States

The 1976 Resource Management and Recovery Act (RCRA) establishes govern-
ment oversight of solid waste in the United States. The United States has released
national guidelines on the storage, storage and recycling of waste. Committee for
Environmental Conservation (EPA). The EPA has allowed individual State envi-
ronmental agencies to enforce and implement the RCRA legislation by licenced
waste management programmes. The EPA presently treats 2.96 million tonnes of
solid, toxic and industrial waste. The RCRA policy has improved since it was imple-
mented, as inefficiencies grow and waste management advances. One of the earliest
efforts to enact environmental emission regulations was the Clean Air Act in 1963
and the Air Quality Act in 1967. There has since been a tighter control of interstate
air emissions. The Clean Air Act of 1970 extended pollution restriction rules. The
government watched, for example, mobile sources such as cars, vehicles and manu-
facturing sources. This intervention aimed to monitor the spread of ozone, nitrogen
dioxide, plum,monoxide, and sulphur dioxide.According to the EPA, these six pollu-
tants were the most common (the United States Environmental Protection Agency).
The 1977 Clean Air Act Amendments: Air quality regions under national guide-
lines for environmental quality management have improved attention to prevent
PSD (Prevention of Significant Deterioration). Clean Water Act: The 1972 CWA
safeguards certain places against contamination. Industrial firms in these areas are
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not allowed to dump until CWA protects them [4]. This is situated where the consis-
tency of the water is regulated. In the United States, these two actions led to pollu-
tion control, but several improvements remain. With proposals in motion, emissions
preservation would not be cheap in the United States.

36.9.2 China

The amount of water contamination has risen, triggering diarrhoea in children.
Chinese air and water quality have been covered by around $100 billion. However, if
China ignores China’s quality, it would accentuate water pollution. One of China’s
biggest air contamination sources is carbon combustion, which causes people to
wear facial masks. Problems of emissions occur in manufacturing and power plants.
Residents who aim to push the State to engage in this study. The government did not
deal with the heavy industry. There are many common ways of treating hazardous
waste. Stricter rules for hazardous waste firms often have to be enforced. Waste heat
is sometimes produced and dumped into the field, according to an article. Water
evaporation in the sector produces excess heat. If businesses utilise extra heat to their
gain, fossil fuels may be reduced. Many attempts to eliminate industrial waste are
attributed to improvements in human lifestyle and better environmental control.

36.9.3 London

There has been a 20 million pound fund to boost air quality in London. The above
comes from our Mayor’s Air Quality Fund (MAQF). 12 Emission Low Bus Areas
were implemented in London. It helps to eliminate harmful fumes that are released
from cars. London is in the same condition as in The United States when it comes
to handling waste.

36.10 Factors Affecting Industrial Waste

36.10.1 Environmental Impact

Since vast quantities of water are required for production or cooling of equip-
ment, factories and power stations are typically situated in water sources. Several
regions with industrialised resources or technologies already have little resources or
technology accessible for disposing of waste that is less environmentally-friendly.
Wastewater, both untreated and partially handled, is regularly expressed in an almost
lying body of water. Sea ecosystems and the wellbeing of those that depend on water
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as food or drinking water supplies are specifically influenced by water resources
emitted frommetals, chemicals andwaste. Depending onmarine organisms, wastew-
ater pollutants can destroy marine life or trigger different disease degrees for those
that use a pollutant for these marine animals. Metals and chemicals influence water
habitats in water bodies.

36.10.2 Air Pollution

Another clear consequence of industrial waste is the release of air from the burning of
fossil fuels. As they do not have the money to tackle this particular issue, many envi-
ronmental issues have disastrous consequences on third world countries. Nitrogen
dioxide is also a natural air contaminant present in the air. Air pollutants are devas-
tating to humans because they trigger many diseases, while others involve carbon
monoxide and also causes death when significant amounts reach the body limit;
there have been many instances in which individuals and even whole families have
unintentionally been killed due to severe mortality, in Nigeria and other parts of the
world. Ammonia is often the source of several lung conditions and may be acquired
from the environment. Air exposure disorders include inflammation of the eye, skin,
mouth or nose. There is also the risk of severe bronchitis and pneumonia. Citizens
have also mentioned headache, dizziness and nausea from air emissions. The WHO
has said that air contamination is the worst threat to human health. Air contamination
has been around for a long time. Indoor air quality is also a possibility for humans.
This kind of air emission is induced by burning solid fuel, mostly through cooking
or heating.

36.10.3 Water Pollution

One of the most damaging effects of hazardous waste is water contamination. For
specific processing methods, heavy volumes of water that come into contact with
harmful substances are used. There usually are metals or toxic products. When the
majority of trash ends in oceans, lakes or waterways, the environment is impaired.
As a result, water gets polluted, creating a danger to everyone’s wellbeing. Farmers
depend on this water, so it can pollute the planted crops if the water is polluted. This
affects communities’ wellbeing, so industrial firms cannot clean up their pollution
because it affects people’s life and livestock. The wellbeing of aquatic organisms is
impaired by the chance of life from this polluted water.
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36.11 International Waste Movement

Although waste transport is subject to national regulations in a given region, the
transportation of waste across frontiers is often regulated by international treaties.
For several nations, it’s a huge concern. Dangerous pollution persisted. The Basel
Convention, signed by 172 nations, denounces radioactive waste from advanced
to less developed countries. The provisions of the Convention have been incorpo-
rated into the European Union’s laws on waste shipping in Basel. While dangerous,
radioactive waste does not come under the control of the Basel Convention.

36.12 Waste Challenges in Developing Countries

In addition to inadequately unregulated and maintained dumpsites, areas with devel-
oping economies typically experience depleted waste collection systems. The issues
are worsening. Governance issues exacerbate circumstances. Waste management in
the field of owing to poor institutions, rapid population growth, and chronic under-
resourcing, these developing countries and cities face an ongoing challenge. Many
of these challenges, along with the absence of awareness of multiple factors related
to the waste management hierarchy, influence waste treatment.

36.13 Focus on Developing Countries

Mobilize humanitarian assistance and climate and conservation assets to support
the most impoverished nations. Increase the level of funding on waste management
by a factor of 10, from the 0.3% achieved since 2020 to an average of 3 of total
international aid funding in the period from 2015 to 2030.

• As a first stage, the target is:
• hit 100 per cent coverage in all cities with more than 1 million inhabitants;
• Prevent free combustion of industrial and related solid waste;
• close, wide open dumps and substitute them with managed waste installations.
• Establish a systematic approach to all residues treatment. Establish convergence

of wastewater services and solid waste management services in particular.
• Draw on current recycling programmes, thus removing toxic waste recovery

activities for safe livelihoods and city costs.
• Safe handling of radioactive waste. Enforce and adequately fund the Basel

Convention’s domestic implementation and guarantee that waste is sufficient for
developed countries’ sound infrastructure.

• Encourage production responsibility initiatives to guarantee that foreign busi-
nesses assume full responsibility for their commodity and waste disposal in
developed countries.
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• Create/strengthen diverse capacity-building initiatives in the institutional, tech-
nological and market sectors. Involve existing communities and encourage
cooperation by twinning.

36.14 Focus on All Countries

Both countries also have a path to accomplish their 2030 objectives:

• Improved access to support for and activities of adequate waste treatment systems.
• Removes waste at root, includes residents, businesses and other players—from

linear to circular waste management.
• Increase the availability and reliability of waste and resource control data—you

cannot handle it if you don’t calculate it.

36.15 Conclusions

In recent decades, the world’s excessive human growth and the ecosystem change
have shown a drastic increase in waste production. To that end, the Portuguese
Government has introduced substantial improvements to the treatment of this form
of waste. The hazardous waste collection and management software in Portugal is
more effective. The Portuguese Government is operating in this direction dynami-
cally. More recently, reforms have been introduced in legislation pertaining to the
import of this form of waste. Your nation is increasingly heading in this direction
and will soon reach the goal set here.

References

1. Solsten, E.: Portugal: A Country Study. Washington: GPO for the Library of Congress, 1993.
https://countrystudies.us/portugal/69.htm

2. European Commission: The EU Environmental Implementation Review 2019 Country
Report—Portugal, 2019

3. Scarbrough, T., Menadue, H., Zettl, E., Doktorova, J.: Industrial emissions policy country
profiles—Methodology Paper. Ricardo Energy & Environment, Issue-5 (2018)

4. Chinaza, A., et al.: Industrial and community waste management: global perspective. Am. J.
Phys. Sci. 1(1), 1–16 (2020)

5. Ribeiro, A., Castro, F., Macedo, M., Carvalho, J.: Waste management in Portugal and Europe:
an overview of the past, present and future.WASTES: Solutions, Treatments and Opportunities
(2011)

6. Jerónimo, H.M., Garcia, J.L.: Risks, alternative knowledge strategies and democratic legiti-
macy: the conflict over co-incineration of hazardous industrial waste in Portugal. J. Risk Res.
14(8), 951–967 (2011). https://doi.org/10.1080/13669877.2011.571783

7. Couto, N., Silva, V., Monteiro, E., Rouboa, A.: Hazardous waste management in Portugal: an
overview. Energy Procedia 36, 607–611 (2013). https://doi.org/10.1016/j.egypro.2013.07.069

https://countrystudies.us/portugal/69.htm
https://doi.org/10.1080/13669877.2011.571783
https://doi.org/10.1016/j.egypro.2013.07.069


534 Mayank et al.

8. EPA’s Guide for Industrial Waste Management, Chapter-Integrating Pollution Prevention,
pp. 1–18

9. Portugal: Governmental order 205/1997 (1995a). Last access December 2020
10. Portugal: Ministers Resolution No 98/1997 (1995b). Last access December 2020
11. Portugal: Decree-Law 239/1997 (1997). Last access December 2020
12. Portugal: Decree-Law 516/1999 (1999). Last access December 2020



Chapter 37
Designing a Mechanism to Paint
a Conical Shaped Part

Rufus R. Thomas, C. N. Sakhale, M. S. Giripunje, and Sagar D. Shelare

Abstract Many manufacturers desire for automating their painting processes for
improvement in quality, reduction in the time, reduction in coating, and reduction in
labor content. Automation into paint systems is a sustainable solution to overcome
the above mentioned drawback but initial cost of automation is quite higher for small
scale industry. Therefore this paper presents design of a mechanisms made by raw
material available into the industry for conical part painting. The mechanism will
function via motor for rotation, fixture for mounting of work piece and cam follower
principle etc. The simple controls for the painting were provided with ON/OFF
knob. Proposedmechanism contains of numerousmechanical parts which assembled
together for carrying out a specific task.Mainly the synchronizedmovement between
the rotating motor with work piece and spraying spray from automatic spray gun is
the key factor for this assembly model. Through the present mechanization speed of
the motor as well as paint flow can be controlled which results in enhanced finishing
and reduction in processing time.

Keywords Conical shaped part · Production technology · Fixture development ·
Synchronize movement

37.1 Introduction

In this competitive world we are tending towards automation which will replace
all manual efforts to automation [1]. The functions will remain same as far as the
mechanism and objectives are concerned. Automation can be classified into two
major sections as complete automatic and semi-automatic. In semi-automation the
joint effort of manual efforts and mechanical mechanism is required where as in full
automation human interference is neglected [2, 3]. The purpose of this project is to
understand the design and fabrication of the mechanism which ease the painting task
efficiently. The knowledge of this mechanism was very important so as to carry out
the task efficiently.
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Previously the painting task was carried out by the worker manually by actually
making the use of paint brush, paint etc. [4, 5]. Because of this the amount of the
paint used was uneven and there was the issue of wastage of the paint from the paint
brush and spills around the surrounding work place making it untidy. By the use of
this old and conventional manual method the production achieved was very less and
hardly we have to limit our production requirement to a minimum numbers [6]. Thus
the need of manual method has to be brought into existence. Thus it gave birth to
the idea of doing such innovative task. This manual method not only gave us limited
production but also it has certain limitation within it. After working on this task
worker starts feeling the fatigue which also leads an indirect reduction in production.

In this project we are simply going to design and fabricate a mechanism which is
going to ease the efforts taken by the worker to accomplish this task. It also enables
the management to get readily available components for the next process [7, 8]. By
making use of this mechanism one can minimise the usage of the following things
like time, efforts, paint etc. Today in this competitive world we cannot afford in
getting minimum production instead we have to make something innovative which
eases almost all hardships etc.

Hence the objective to carrying out the research was

• To reduce the time utilised for painting work piece via. Electrically operated spray
gun.

• To gain the work done efficiently by an automation of mechanism without having
much interference of human being.

• To reduce the wastage of the paint, since we are making use of the spray gun.
• To reduce human efforts since the mechanism is designed in such a way so that

the work done is much more intense.
• To gain smooth spraying on the surface.

37.2 Overview of the Problem

The title statement starts in this way “DESIGNING A MECHANISM TO PAINT
A CONICAL PART” means that particular component was earlier painted manually
by an operator. The total production comes out to be 250–280 nos per 8 h shift. In
complete machining of this component, the most important steps as it is the base
for finishing the product that is painting and it plays important role in durability and
the life of the components [9, 10]. The problem which was faced in priming process
was mainly production is mainly the amount of efforts required which are in terms
of Technical skills, Labor, time and cost [11, 12]. Secondly the major parameter is
quality and consistency of work. So we can come to a point that is we need to work
on these problems and give valid solutions. For giving vital solution extensive study
and efforts are required [13, 14]. The solutions can be in terms of design of some
automation which can standardize the whole process of priming on the sheet metal
components.
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37.3 Designing the Mechanism for the Model

In this project we will be proceeding further on the left over work done as mentioned
in previous stages. It is a continuous and never-ending practice of a human being
towards the simplification of their critical task in the companies gave the birth of
automation in the manufacturing companies [15]. Automation in the manufacturing
companies has become an important objective to built or invent those ideas which
later on will takes the phase of model, whereas the culture of getting more and
more production in an manufacturing companies has emerged a lot during this age
[16]. Let’s talk about how the automatic paint spilling device will help companies
to increase more production and how practical exercises will lead to overcome the
paint usage. This automatic technique is followed by many sections such domestic,
household, factories and companies etc. Following are the components used in the
making of the mechanism:

37.3.1 0.5 HP CNC Lathe m/c Chips Conveyor Motor

Generally this motor is attached to the conveyor which drags away the chips gener-
ated by the cutting operation inside the machine. With the gear ratio of 270:10 and
maximum of 20 rpm within build worm and worm gear. Figure 37.1 shows the
conveyor motor.

Fig. 37.1 Conveyor motor
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Fig. 37.2 Electrically
operated paint gun

37.3.2 Electrically Operated Paint Spray Gun

This is electrically operated paint gun which after proper setting will discharge the
jet of the paint on the decided area of the conical component. Electrically operated
means it actually compresses the air with in it and mixes with the paint to form
amalgam and discharges it out [17, 18]. This gun have a 0.8 L paint holding capacity.
Figure 37.2 shows the electrically operated paint gun.

37.4 Fabrication and Working of Model

Once the design has been decided or framed, we have to work on model making.
While the model is been prepared we have to consider all the aspect like model size
that the size of the model should not be the as large as it consumes lot of space. The
performance should be based on the trial and error parameters until it has been set
to a particular parameters. In this all the components should be tagged with label.
The main motto of preparing this model is to make prototype and it can be used in
a very simple way, with a low expenses and without taking much efforts. Taking the
reference of the previous work done. Following are the list of the components which
are used in model making: (1) CNC chips conveyor motor, (2) Electrically operated
automatic paint spray gun, (3) Base platform, (4) Electric cable etc. Figure 37.3
shows the actual set up of the mechanism.

The working of the actual set up is explained step by step below:

• First the base plate is fixes and isolated so that we can make use of it.
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Fig. 37.3 Actual set up of the mechanism

• Nowmount the motor on the base plate platform and make alignment of it so that
it can carry the entire weight of the assembly.

• Mount the electrically operated automatic spray gun just in front of the motor in
a aligned way.

• Mount fixture on the spindle shaft of the motor.
• Mount the work piece on the fixture.
• Adjust the length of the flow of the paint from the paint gun.
• Care should be taken that the length should not be too long or not too short.
• Hit the ON button, by which the cycle starts and the process of painting goes on.
• Soon after the completion of one rotation, automatically the cycle gets stops. And

we get the work piece painted.
• The construction of this mechanism is bifurcated into the following path lines.
• First of all when the on button is switched on the current passes through motor

leading to the rotation of the shaft attached to it on which a holding fixture is fixed
which will rotate the conical component on it in a desire rpm.

• At the same time the trigger of the spray gun also gets pressed via a attachment
attached on it. Specifies arrangements are made that will enable the paint to spray
on a desired spot with the accuracy.

• Now, there is a attachment of the limit switch which will enable the mechanism
to open the spraying port for the require time and for the particular duration.

• The main motto of the limit switch is to on start and stops the trigger for paint
flow thru the nozzle.

• That can be utilised on particular shaped work piece say conical shaped one.

37.5 Experimentation

Figure 37.4 shows the conical model which need to be painted with the help of
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Fig. 37.4 Conical part to be
painted

designed mechanism. For checking the suitability of the mechanism, this conical
shaped part was painted manually and the overall production was noted for contin-
uous ten days. Time required for painting and consumption of the paint was also
calculated. On the similar line, painting operation was done with the help of devel-
oped mechanism and time required for painting and consumption of the paint was
calculated.

Figure 37.5 shows the conical model after painting on the designed mechanism.

37.6 Result and Discussion

Table 37.1 shows the result obtained for manual painting of the conical part. While
calculating the total times following factors were considered.

• Time required painting single component = 50 s
• Handling time = 17 s
• Allowances include 0.5 h. Lunch/dinner time + Non value added time (like

washroom, drinking water, fatigue feeling).

Figure 37.6 shows the graph of comparative results for the comparison between
the theoretical and actual output per hour and per day when the process carried out
manually.

Table 37.2 shows the result obtained for automated painting of the conical part
with the help of developed mechanism. While calculating the total times following
factors were considered.

• Time required painting twenty component (twenty component mounted simulta-
neously = 480 s

• Machine setting time = 30 min.
• Allowances includes 0.5 h. Lunch/dinner time + Non value added time (like

washroom, drinking water, fatigue feeling) of the operating worker.
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Fig. 37.5 Conical part after
painting

Table 37.1 Result for manual painting

Day Theoretical
output per
hour

Theoretical
output per
day (8 h)

Actual
output per
hour

Actual
output per
day

Total paint
consumption

Paint
consumption
per
component

1 53 424 52 390 4290 11

2 53 424 51 408 4773.6 11.7

3 53 424 50 400 4760 11.9

4 53 424 52 416 4451.2 10.7

5 53 424 53 424 4960.8 11.7

6 53 424 51 408 4528.8 11.1

7 53 424 51 408 4120.8 10.1

8 53 424 50 400 3880 9.7

9 53 424 52 416 4867.2 11.7

10 53 424 53 424 4282.4 10.1
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Fig. 37.6 Comparative results for the manual painting process

Table 37.2 Result for automated painting with developed mechanism

Day Theoretical
output per
hour

Theoretical
output per
day (8 h)

Actual
output per
hour

Actual
output per
day

Total paint
consumption

Paint
consumption
per
component

1 150 1200 140 1120 7952 7.1

2 150 1200 140 1120 8176 7.3

3 150 1200 140 1120 7280 6.5

4 150 1200 160 1280 8832 6.9

5 150 1200 160 1280 9216 7.2

6 150 1200 160 1280 8704 6.8

7 150 1200 120 960 6720 7

8 150 1200 120 960 6336 6.6

9 150 1200 140 1120 8176 7.3

10 150 1200 120 960 6432 6.7

Figure 37.7 shows the graph of comparative results for the comparison between
the theoretical and actual output per hour and per day when the process carried out
with the help of automated mechanism.

Figure 37.8 shows the graph of comparative results for the comparison between
the actual output per hour and per day when the process carried out manually and
with the help of automated mechanism.

Figure 37.9 shows the graph of consumption of the paint when the paintings were
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Fig. 37.7 Comparative results for automated painting with developed mechanism

Fig. 37.8 Comparative results for manual and automated painting with developed mechanism

carried out manually and with the help of automated mechanism.
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Fig. 37.9 Consumption of the paint when the paintings were carried out manually and with the
help of automated mechanism

37.7 Conclusion

A mechanism was successfully developed and tested for painting a conical shaped
part. Following major conclusions can be drawn from this research:

1. With the help of developed mechanism production rate was increased signifi-
cantly with minimised consumption of paint.

2. The surface finish obtained is much superior to the manual painting.
3. Developed model is useful for the small scale industry having manual painting

operation.
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Chapter 38
Designing of an Anti Roll Bar to Adjust
the Balance and Stability of a Formula
Student Car

Ankit Kumar Singh, Ekansh Prasad, and Pradeep Kumar Jain

Abstract This paper focuses on the designing procedure of an adjustable anti-roll
bar (ARB) for a Formula Student Car. ARB is a component in suspension assembly
which can provide a specific understeering effect to the vehicle depending on its roll
stiffness. Different drivers prefer different understeering effects on the car depending
on their driving style. For this project, Adjustability in ARB leads to 4 roll rate
distribution and 3 roll gradients in the car hence overall 12 settings from one ARB
assembly.TheARBhas beendesignedusing software likeMATLABandMSExcel to
obtain the geometric dimensions and specific orientation of theARBblade pertaining
to different balance and stability. This paper also demonstrates the effect of ARB
on suspension travel. The proposed method can help drivers to choose the vehicle
dynamics according to their driving style in different tracks.

Keywords Anti roll bar · FSAE · Roll gradient · Roll rate distribution ·
Suspension travel · MATLAB

38.1 Introduction

FSAE cars are developed with independent Double A-arm suspension but since
FSAE racetracks are smooth and the merits of adding ARB, certainly overpower the
inherent dependence on left-right suspension that it creates. Anti-Roll Bar can be
placed both at the front-rear end of the car which can lead to a specific balance of
the car. But Anti Roll Bar can also be designed such that the roll rate is adjustable
providing driver specific understeering and oversteering effect. It is important to
fix the roll rate distribution and roll gradient according to the driver’s preference
and is specific to the racetrack. But due to different nature of racetracks in different
competitions, it is a good choice to develop an Adjustable anti roll bar which can
provide variable roll rate distribution (Front-Rear) and variable roll gradient up to a
certain range.
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Bhanage and Padmanabhan [1] suggests that an important parameterwhich affects
the design of an anti-roll bar is choosing the stabilizer bar rate correctly. This paper
presents the reliability of an anti roll bar using AISI 1020, SAE 4340, SAE 5160
and SAE 9262 materials under constant amplitude loading before ductile to brittle
transition temperature, which leads to failure. It concludes that SAE 5160 has higher
fatigue life compared to others in similar conditions usingANSYS n codeDesign life
software. Reimpell et al. [2] use of the stabilizer bar gives different characteristics
to the vehicle. Using an Anti-roll Bar enables to increase the understeering in front
suspension and to improve the manoeuvre attribute while changing the direction and,
for rear suspension, using an-roll bar enables to increase the oversteering. Tuysuz
et al. [3] aims to correlate the results of test rig and FE model for the design of ARB
of a vehicle. According to their calculation and FE Analysis results for different
diameters of ARB tubes, while doing new design of An-roll bar, FEA analysis results
can be found by multiplying the calculation result with 0.97 which is roll rate factor
without applying FEA analysis. Sharma et al. [4] in his paper analyse stiffness of
anti-roll bars by varying the various geometric conditions of the anti-roll bar. This
paper shows that the lowest value of the roll angle is obtained with the bar having
minimum length of arm. He also concluded that the distance between the bushes
should be greater as less portions of the bar will be subjected to bending thereby
improving the stiffness of the anti-roll bar.

From the above references it is evident that limited work has been done in
designing an adjustable ARB which can be used by the driver to choose the vehicle
dynamics according to the track manoeuvrability and driving preference. The ARB
is designed such that it has the adjustability to achieve the required ARB percentages
for different settings from single assembly only. The MATLAB software is used
to quickly set the Blade angles, geometric dimensions of the ARB and simulate it.
This process saves time considering the number of dimensions that can be altered to
achieve the required rate.

38.2 Design Methodology

38.2.1 Desired ARB Rate Calculation

Roll rate distribution and Roll gradient are the input parameters used in the designing
process. As we know, these parameters decide the overall performance of the car on
track given the engine parameters, track characteristics are constant. If the track
profile is known and the driver preference is known beforehand the designing of
the suspension system, it is preferred to fix the two parameters to minimize the
complexity. Otherwise, adjustability is incorporated so that one can change the two
parameters in real time to tune the car according to the driver’s preference.

After studying several research papers and Vehicle Dynamics books the preferred
range of roll rate (r) distribution is 0.4–0.625 and roll gradient (R) is 0.5–0.7. The
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Table 38.1 Range of roll
balance and roll gradient

S. No. r R (deg/g)

1 0.5 0.45

2 0.55 0.45

3 0.6 0.45

4 0.65 0.45

5 0.5 0.53

6 0.55 0.53

7 0.6 0.53

8 0.65 0.53

9 0.5 0.6

10 0.55 0.6

11 0.6 0.6

12 0.65 0.6

roll rate distribution is divided into 4 steps and roll gradient is divided into 3 steps
which gives overall 12 cases of unique parameters which is presented in Table 38.1.

Several input parameters that are decided by taking into consideration the FSAE
rulebook and the trends in FSAE cars like Weight, State of the vehicle, Dimensions,
roll axis heights above ground, Spring Rates etc. are defined below:

Vehicle State:

Cornering acceleration (Ay) = 1.5 g m/s2

Longitudinal acceleration (Ax) = 0 m/s2

Track curve radius = 914 mm

Yaw velocity = 2.21 rad/s

Longitudinal velocity (Vx) ~ 40 m/s1.

Vehicle Parameters:

Total weight of vehicle (WT) = 258.54 kg

Front vehicle track (tf) = 1524 mm

Rear vehicle track (tr) = 1524 mm

Vehicle Wheelbase (l) = 2895 mm

Centre of Gravity height (h) = 457 mm

CG to Roll Axis height (H) = 335 mm

Distance front track to CG (a) = 789 mm

Distance rear track to CG (b) = 759 mm



550 A. K. Singh et al.

Table 38.2 Net load on wheels after load transfer

S. No. Wfo Wfi Wro Wri

N N N N

1 1116.66 302.364 1201.02 269.064

Front Roll centre height (zrf) = 76 mm

Rear Roll centre height (zrr) = 190 mm

Tire stiffness (Kt) = 117 N/mm

Actual spring rate front (Ks rate f) = 26.27 N/mm

Actual spring rate rear (Ks rate f) = 26.37 N/mm

Weight Distribution = 49%.

Using the above State and Geometry of the vehicle, we can calculate the effective
load on each wheel i.e. Front-Outer, Front-Inner, Rear-Outer, Rear-Inner. The load
transfer calculation has been shown in [4–8]. The effect of gyroscopic moments on
a wheel is illustrated in [9]. The load transfer equation for this paper is elaborated in
(Appendix 1) (Table 38.2).

FSAE race cars usually run on frequencies around 3 to 4 Hz. The frequency for
front (ωf) and rear (ωr) section is chosen in such a way that the ARB percentage
comes out to be positive or approximately zero. The chosen frequency for first is
tabulated in Table 38.3. Similarly, other 11 cases can be obtained. After choosing the
appropriate frequencies, the ride rate can be calculated using formulae:

ωf = 1

2π

√
Kr f × 12 × 32.2

W2
; ωf = 1

2π

√
Krr × 12 × 32.2

W4
(38.1)

Assuming the stiffness of tire and ride rate to be as Kt and Kr respectively, we
can calculate the Wheel Rate (Kw) using Eq. 38.2. The ride rates (Front/Rear) and
wheel rates (Front/Rear) abbreviated as (Krf/Krr) and (Kwf/Kwr) are calculated using
Eqs. 38.1 and 38.2 respectively are presented in Table 38.3.

Kw = KrKt/Kt − Kr (38.2)

Table 38.3 Frequency and wheel rates front/rear

S. No. ωf (new) ωr (new) Krf (new) Krr (new) Kwf (new) Kwr (new)

Hz Hz N/mm N/mm N/mm N/mm

1 3.55 3.51 31.6 32.1 43.2 44.2
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The overall roll rate (Kφ) required to satisfy the initial chosen roll gradient at
given lateral acceleration (Ay) and total sprung mass (Wtsp Wtsp) is derived using
the formula

Kφ = Wτ sp × H

R
(38.3)

According to the roll rate distribution, the obtained roll rate is divided into front
(KFf) and rear (KFr) roll rates using:

Kφf = r × Kφ; Kφ r = (1 − r) × Kφ (38.4)

The desired roll rate front (KFaf) and rear (KFar) through ARB from Front and
Rear can be further calculated using:

Kφaf = Kφ f × 6 × Kt × T f 2

(6 × Kt × T f 2 − Kφ f
− 6 × Kwr × T2

r ;

Kφar = Kφr × 6 × Kt × Tr2(
6 × Kt × Tr2

) − Kφr
− 6 × Kwr × T2

r (38.5)

The percentage of ARB for Front (ARB % F) and Rear (ARB % R) is obtained
using:

ARB%F = Kφaf/Kφf × 100; ARB%R = Kφar/Kφr × 100; (38.6)

Equations 38.1–38.6 has been obtained from [7]. The numerical value of each
parameter in Eqs. 38.3, 38.4, 38.5 and 38.6 has been tabulated in Table 38.4. In the
ARB%F and ARB%R column of Table 38.4, we can see that each of the 12 cases
requires a different percentage ofARB (Front andRear) to satisfy the initial condition
of Roll Gradient and Roll Rate Distribution. Therefore, it is essential to design an
Adjustable ARB to satisfy these cases.

Table 38.4 Desired arb rate and percentage front/rear

S. No. Kϕf (N-m/rad) Kϕr (N-m/rad) Kϕaf (N-m/rad) Kϕar (N-m/rad) ARB
% F

ARB
% R

1 27,692.456 27,692.456 9943.504 11,835.4 35.9 42.7
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38.2.2 Proposition to Derive Suspension Travel w.r.t. Wheel
Centre

Now, as we know that the ARB makes the suspension system dependent, therefore
the suspension travel of the inner wheel should affect the respective travel of the
outer wheel and vice versa. Let us assume,

xinner = deflection of inner wheel centre; xouter = deflection of outer wheel centre

Net load transfer(outer) = (Fsdo − W f sts);
Net load trans f er(inner) = (W f sts − Fsdi)

The proposed governing equation for deflection calculation at wheel centre is

Net load transfer(outer) = [xouter]
[
Kωouter + Karb] + [xinner][Karb] (38.7)

Net load transfer(inner) = [xinner]
[
Kωouter + Karb] + [xouter][Karb] (38.8)

ARB ride sti f f ness WC Front (Karb) =
(

Kφa f

12 T f 2

)
(38.9)

Solving the above Eqs. 38.7, 38.8 and 38.9, we get the expression of xouter and
xinner as shown in Eq. 38.10.

xinner =
(W f sts − Fsdi)

(
Kw f + Kφa f

12T f 2

)
− (Fsdo − W f sts)

(
Kφa f
12T f 2

)
(
Kw f + Kφa f

12T f 2

)2 −
(

Kφa f
12T f 2

)2 ;

xouter =
(Fsdo − W f sts)

(
kw f + Kφa f

12T f 2

)
− (W f sts − Fsdi)

(
Kφa f
12T f 2

)
(
Kw f + Kφa f

12T f 2

)2 −
(

Kφa f
12T f 2

)2 (38.10)

38.2.3 Calculation of Force Versus Deflection for ARB

Using the deflections obtained in from Eq. 38.10, we can calculate the force due to
ARB at wheel centre (Front and Rear) using:

ARB Force at WC Front =
(
Kφa f

12T f 2

)
(xinner + xouter ) (38.11)
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Table 38.5 Force versus deflection of ARB

S. No. Front Rear

ARB force at WC ARB droop link
relative travel at WC

ARB force at WC ARB droop link
relative travel at WC

N mm N mm

1 74.52 13.74 84.33 9.78

Now, the force on the ARB w.r.t wheel centre and its deflection has been deter-
mined using Eqs. 38.10 and 38.11. It is tabulated below in Table 38.5 for the first
case. Similarly other 11 cases can be obtained.

We will use the above force vs deflection table to determine the geometry of the
ARB, and the angular orientation of left and right blade independently.

38.2.4 Calculation of Geometric Dimensions of Blade
and Tube

The deflection of cantilever beam (Y) with uniform cross section as shown in [10]
is given below,

Y = wl3/3EI (38.12)

But, if the cross-section of the beam changes continuously along the length of the
blade, the Moment of Inertia becomes variable. Also, the taper angle of the blade
as shown in Fig. 38.3 can be defined by the equation of line given by Eq. 38.16
(Figs. 38.1 and 38.2).

Equation of line in Fig. 38.3,

Z = mx + c (38.13)

Fig. 38.1 Side view of ARB
blade

W

A

Fig. 38.2 Front view of
ARB blade
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Fig. 38.3 Top view of ARB
blade

(0 0)

Now, Moment of Inertia along required axis,

Iz = 2z
(
t2

)
12

; Iy = (t)(2z)3

12
(38.14)

Iz = (
Ix + Iy

)
/2 + (

Iz − Iy
)
/2 × cos(2a) (38.15)

Now, the modified bending equation for cantilever beam with variable cross
section as shown in Fig. 38.3. Equation 38.16 is integrated twice and the constants of
integration are obtained using the following boundary conditions given in Eq. 38.17.
Also the origin point is defined in Fig. 38.3.

d2y

dx2
= Wx

E
(
I ′
z

) (38.16)

y = 0 at x = 1; dy

dx
= 0 at x = 1 (38.17)

The deflection of the ARB when the left and right blade are rotated by an angle
‘a’ and ‘b’ respectively is obtained using the MATLAB script shown in Appendix 2.

38.2.5 Procedure of Using MATLAB Script

The script file has a designated section where geometric dimensions of the ARB
tube and blades can be provided. The various dimensions which is controlled by the
designer are as follows:

• Material property—Young’s Modulus of Elasticity
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• Thickness of the blade
• Taper angle of the blade
• Length of ARB tube
• Outer diameter of ARB tube
• Inner Diameter of ARB tube.

Once the geometric dimensions are defined, our aim is to find the appropriate
angle for left and right blade such that the input Force leads to the deflection which
matches the deflection column of Table 38.5 respectively.

38.3 Result and Discussion

The deflection of the inner and outer wheel centre comes out to be different due to
the presence of ARB in the suspension system. After solving the governing Eqs. 38.7
and 38.8, the obtained deflection is shown in Eqs. 38.9 and 38.10. Numerical results
of deflection in mm for the first case is tabulated in Table 38.6.

The results in Table 38.6 supports that the ARB creates dependency in the suspen-
sion system. Also, it has been shown how to calculate the deflection using Eqs. 38.9
and 38.10.

The second result is determining the geometric dimensions of the ARB such that
all the 12 cases can be satisfied from one blade angle or the other. The geometric
parameters of ARB are tabulated in Table 38.7.

Table 38.6 Suspension travel due to presence of ARB

S. No. Inner_WheelCenter_Travel (mm) Outer_WheelCenter_Travel (mm)

1 5.69 8.05

Table 38.7 Geometric parameters of ARB

S. No. Property name Symbol a b

1 Shear modulus G 78 × 109 Pascal

2 Young’s modulus of elasticity E 193 × 103 N/mm2

3 Thickness of the blade t 4.75 mm

4 Taper angle of the blade m 0.05 –

5 Length of ARB tube q 521 –

6 Length of blade l 84 mm

7 Outer diameter of ARB tube D 19 mm

8 Inner diameter of ARB tube d 15 mm

9 Motion ratio of ARB MRarb 0.31 –
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Table 38.8 Blade angle left/right for corresponding setting of “r” and “R”

S. No. r R (deg/g) a (radian) b (radian)

1 0.5 0.45 pi/36 pi/36

2 0.55 0.45 pi/9 pi/9

3 0.6 0.45 pi/4 pi/10

4 0.65 0.45 pi/20 pi/2

5 0.5 0.53 pi/15 pi/15

6 0.55 0.53 pi/120 pi/180

7 0.6 0.53 pi/18 pi/18

8 0.65 0.53 pi/5 pi/10

9 0.5 0.6 N/A N/A

10 0.55 0.6 pi/20 pi/27

11 0.6 0.6 pi/2 pi/20

12 0.65 0.6 pi/23 pi/20

The third result is the calculation of appropriate angle for the left and right blade
of the arb to satisfy the corresponding condition of Roll gradient and Roll rate distri-
bution. It has been tabulated below in Table 38.8. We recommend to use matlab
code in Appendix 2, to calculate a and b respectively. It is to be noted that setting 9
which corresponds to r = 0.5 and R = 0.6 deg/g requires the ARB to be removed
completely.

38.4 Conclusion

This paper demonstrates the use of in-depth load transfer calculation by treating
sprung- unsprungmass separately and by including the effect of Gyroscopic moment
andOverturningmoment. The ride frequency has been chosen in such away to obtain
a positive contribution of ARB on total Roll rate. The dependency created by the
presence of ARB in the suspension system has been taken into account to calculate
the suspension travel, and it has been found that the suspension travel of inner and
outer wheel is unequal due to presence of ARB.

The MATLAB script is used to obtain the geometric dimensions of ARB such
that it satisfies all the given cases. Also the specific angle of blade can be noted
to achieve a specific setting. The proposed method saves a significant amount of
time when it is compared with respect to designing the ARB using Ansys simulation
Software. The simulation software needs to update the CAD model of ARB for
geometric dimensions and blade angle. However on the other hand, the proposed
MATLAB script allows us to change the dimensions and angle by just updating the
corresponding value in the script.



38 Designing of an Anti Roll Bar to Adjust the Balance … 557

The proposed design methodology shows that an ARB can be designed to
provide different driving experiences. The driver can choose the best possible setting
according to his driving style on a specific track.

Appendix 1: Weight Transfer Equations

1. Gyroscopic Load transfer
Gyroscopic Moment = 2 × (lx × wy × wz)/1.35
GyroscopicLoad transfer= (2 × (l x × wy × wz)/1.35)/T f = 6.88 pounds

where, wy =
√

AyRc
R wz =

√
Ay
Rc

R Radius of wheel = 0.228 m.
Rc Radius of track curvature = 3 m.
Ix Area MOI of wheel = 0.278 kg m2.
wy Angular velocity of wheel about lateral y-axis = 29.13 rad/s.
wz Yawing velocity of wheel about vertical z-axis = 2.214 rad/s.

Note: Gyroscopic Load transfer is positive for outer wheel and negative for
inner wheel.

2. Load Transfer Due To Overturning Moment

The equivalency has been drawn overturning moment at wheel center patch and
a force has been assumed at wheel center on its behalf, which is formulated
as:F f = Mx f

R

Fr = Mxr

R
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where,

Mx = Overturning Moment.

The weight transfer due to F has been taken into similar fashion as for un-
sprung mass.

Total Load Transfer = Sprung mass Load transfer + Unsprung Mass Load
Transfer+ Direct load transfer of Front and Rear+Gyroscopic Load transfer
+ Load transfer due to overturning moment.

W = Weight of Car b = Distance of CG from rear axle

Wfu = Front Un-sprung mass L = wheelbase

Ay = Cornering Acceleration Hs = sprung cg height

Ws = total sprung weight Tf = Front Track

WRU = Rear un-sprung Mass Zub = Height of Rear un-sprung mass

r = Roll Rate Distribution Wsb= Sprung mass rear

Tr= Rear Track a = distance of CG from front axle

Wsa= Sprung Mass Front Kφ= Roll rate

Zrf = Height Of front roll centre Zrr = Height of Rear roll centre

Zua = Height of front unsprung mass

∴ Load Transfer = W f u × Zua × Ay

T f
+ Wru × Zub × Ay

Tr

+ Wsa × Zr f × Ay

T f
+ Wsb × Zrr × Ay

Tr

+ Ws × Hs × Ay
T f

[
Kφ r + b

l WsHs

Kφ − WsHs

]

+ Ws × Hs × Ay

Tr

[
Kφ(1 − r) + a

l WsHs

Kφ − WsHs

]
+ (2 × (l x × wy × wz)/1.35)/T f

+ (2 × (l x × wy × wz)/1.35)/Tr + F f × Zua

T f

+ Fr × Zub

T f

Here,

Hs = W × h − Z f u × Wtu

Wts
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For the start, spring of 26 N/mm was used for both front and rear respectively.
Where, Aero load on the car = 78.6 lbs = Whaero.

Wfo = Wfsts + Wf + Whaero/4 Wfi = Wfsts − Wf + Whaero/4

Wro = Wrsts + Wr + Whaero/4 Wri = Wrsts − Wr + Whaero/4

Appendix 2: MATLAB Code to Determine the Geometric
Dimensions of ARB

%Input force at droop link from Table 38.5

Fwc = 96.542; % Force at Wheel Centre, N

%Blade angle adjustment to get the desired deflection from ARB

a = pi/62.3; % Angle in radian for left blade
b = pi/62.3; % Angle in radian for right blade

%User defined parameters, they can be tweaked to get the desired deflection
for a given input % force
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E = 193 * 103;                                                             % Young’s Modulus in (N/mm2)

G = 78 * 109;                                                            % Shear Modulus Pascal 

l = 84;                                                                                            % Length of blade, mm 

q = 521;                                                                                           % Length of tube, mm 

g = 5;                                                                                  %Thickness of gear blade, mm 

m = 0.05;                                                                           %Slope term of spline equation 

c = 7.5;                                                                          %Constant term of spline equation 

t = 4.75;                                                                                              %Thickness of blade

MRarb = 0.31;                                                                                  %Motion Ratio of arb 

w = Fwc/MRarb;                                                                  %Force at ARB droop link, N 

D = 0.019;                                                                                             %Outer Diameter, m 

Moment = w*(l+((D*1000)/2)+g)/1000;              %Moment about axis of arb tube, N*m  

dmax = ((((D)(4))-(((Moment*D/2)*32)/(G*1*pi)))(1/4)); 

d = 0.015;                                                                                              %Inner Diameter, m 

J = ((pi)*((D^4)-(d^4)))/32 ;                                                      %Torsional Constant m4

Travel = [1 1 1]; 

syms x c1 c2  f(c2) 

%Calculating the deflection at ARB droop link due to right ARB blade

z = (m*x)+c;                                         % Here “z” corresponds to half width of the blade 

Iz(x) = (2*z*(t^3))/12;                                                  % Moment of Inertia about Z-axis 

Iy(x) = (t*((2*z)^3)/12);                                               % Moment of Inertia about Y-axis  

Iz2(x) = (Iz + Iy)/2 + (Iz-Iy)*cos(2*b)/2  ;                 % Transformed MOI for ‘a’ angle of 

rotation 

sy(x) =  w*x/(E*Iz2);                                                      % Modified equation of Bending 

fy(x) = int(sy(x),x);                                                                                % First integration  

cy(x) = fy + -fy(l); 

c1 = -fy(l) ;                                                                % Value of first Integration Constant  

y(x) = int(cy(x),x); 

yc(x) = y + -y(l); 

c2 = -y(l);                                                              % Value of second Integration constant 

yc(x);                                                                                                 % Deflection at x = 0 

 (yc(0));                                                                     % Final deflection value of the blade 

Iarb(x) = (1*(int(int(w*x/(E*Iz2),x) + -fy(l),x) + -y(l))); 

Travel(1)=(Iarb(0)); 
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%Calculating the deflection at ARB droop link due to left ARB blade

z = (m*x)+c;                                         % Here “z” corresponds to half width of the blade 

Iz(x) = (2*z*(t3))/12;                                                  % Moment of Inertia about Z-axis 

Iy(x) = (t*((2*z)3)/12);                                               % Moment of Inertia about Y-axis 

Iz1(x) = (Iz + Iy)/2 + (Iz-Iy)*cos(2*a)/2;                  % Transformed MOI for ‘a’ angle of 

rotation 

sy(x) =  w*x/(E*Iz1);                                                      % Modified equation of Bending 

fy(x) = int(sy(x),x);                                                                               % First integration 

cy(x) = fy + -fy(l); 

c1 = -fy(l);                                                               % Value of first Integration Constant 

y(x) = int(cy(x),x); 

yc(x) = y + -y(l); 

c2 = -y(l);                                                              % Value of second Integration constant 

yc(x);                                                                                                 % Deflection at x = 0 

Travel(2) = (yc(0));                                                  % Final deflection value of the blade 

%Calculating the deflection at ARB droop link due to twist of ARB tube

Tube_Rate = (G *1000* J*pi)/(q*180);                                       %Tube Rate in N-m/deg 

Theta = Moment/Tube_Rate;                                                 %Twist angle of arb, Degree 

td = (Theta*pi/180)*(l+((D*1000)/2)+g);         %Droop link travel due to tube deflection 

Travel(3) = td; 

%Total deflection of ARB droop link due to individual deflection of 2 blades
and 1 hollow tube

Twc = ( ( Travel(1) + Travel(2) + Travel(3))/MRarb)
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Chapter 39
Study and Comparison of Initial
Populations on the Performance
of Modified Differential Evolution
Algorithm

I. R. Gawai and D. I. Lalwani

Abstract In nature, based on the survival of the fittest principle, the individual with
better fitness has more chance to survive and produce a competitive offspring with
inherited traits of the parent. Similarly, in evolutionary algorithms, individuals or
solutions with better fitness can generate better offspring with higher survival rate.
In evolutionary algorithms, the offspring are usually produced by variation operations
(mutation and crossover). The generated offspring are compared with parents and
better one either from the offspring or parent is selected in the next generation. The
quality of initial population (group of individuals or solutions) can affect the perfor-
mance of evolutionary algorithm. The present work aims to study the effect of initial
population on the performance of modified Differential Evolution (DE) algorithm.
Four types of initial population, generated by different techniques, are studied and
compared for some standard benchmark functions. Four population-generation tech-
niques, namely, random population, random population using the concept of design
of experiments, population using symmetric Latin hypercube design and opposition-
based learning population, are considered. The results are compared based on the
performance measure such as success rate, feasibility rate, success performance,
average number of evaluations to a solution, quality measure, enes and population
measure.

Keywords ADEA · DE · Random population · Grid wise population ·
Performance evaluation measures

39.1 Introduction

The optimization algorithms which are inspired by the nature are called as evolu-
tionary optimization algorithms. In the evolutionary algorithm, a sample of individ-
uals is created which is called as population. The procedure of creating population
is named as initialization. The population creation procedures are also known as
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space filling design. This population undergoes variation operations to find global
optimum. The efforts (Number of function evaluations) to reach global optimum is
based on this initial population. In evolutionary algorithms the initial population is
generated using techniques like random population generation technique, grid wise
population generation technique, univariate method and many others. The study
in this paper is focused on random population generation technique and grid wise
population generation technique.

Usually the initial population in evolutionary algorithm is randomly generated
according to uniform distribution. Tizhoosh [2] proposed the opposition based
learning (OBL) algorithm to generate initial population, which was used by Rahna-
mayan et al. [8] to modify differential algorithm, named as opposition based differ-
ential algorithm (ODE). McKay et al. [6] proposed a Latin Hypercube Sampling
(LHS) that divides the parameter bound using equal marginal probability. Fang et al.
[4] explained the use of Latin Hypercube Design, properties of orthogonal array
and the concept of SLHD (Symmetric Latin Hypercube Design) in the population
generation. Regis and Shoemaker [10] used SLHD as population generation tech-
nique in optimization of costly functions. Antony [1] explained the use of design of
experiments (DOE) in several engineering problems. Rana and Lalwani [9] used the
concept of DOE to generate population in modified DE algorithm, ADEA.

To test the population generation techniques, amended differential evolution algo-
rithm (ADEA) proposed by Rana and Lalwani [9], was used. Liang et al. [11] gave
performance parameters like successful rate (SR), feasible rate (FR) and success
performance (SP) to test the algorithm. Average number of evaluation to solutions
(AES) was adopted from Eiben et al. [3] to study the results of population generation
techniques in this paper. Feoktistov [5] listed some modern performance evaluation
measures like quality measure (Qm), Enes, population measure. These performance
evaluation measures are used to perform current study.

The structure of the paper is as follows: The 2nd section explains the population
generation techniques. The 3rd section explains ADEA, in 4th section performance
measures are listed with their respective formula. The results are listed in 5th section
and the paper is concluded in 6th section.

39.2 Population Generation Techniques

In this section, the population mentioned above are explained. The population gener-
ation is also called as sampling or space filling. The Individual in the population is
made up of the variables.
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39.2.1 Random Population Generation Technique

39.2.1.1 Random Population

Randompopulation creates an array of randompointswithin the boundaries of search
space. In the current study, the randomnumbers are generated by the rand() command
in theMatlab 2016b. This commandgenerates uniformly distributed randomnumbers
between interval (0, 1). Using followingMatlab code creates amatrixX, of uniformly
distributed random numbers is obtained.

X = lb + rand(NP,D) · ∗ (ub − lb) (39.1)

where NP is the population size, D is the number of decision variables and lb and
ub are the lower and upper bound of respective decision variable. The rand (NP, D)
will generate a random matrix of size (NP,D) between (0,1).

The uniform distribution ensures that every individual in the population has same
probability. Figure 39.1 shows the uniform random population between interval (0,
1).

Fig. 39.1 Plot of random points between intervals (0, 1)
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Fig. 39.2 Arbitrary representation of Opposition based population

39.2.1.2 Random Population Using Opposition Based Learning

Opposition based learning was introduced by Tizhoosh [12]. His concept is to create
the opposite of the existing population. Then compare them with each other and
select top individuals as population. To create the opposite of each individual in the
population having size NP, following equation is used:

x̃ = lb + ub − x (39.2)

where, x̃ is the opposite population, x is the existing population and lb and ub are the
lower and upper bound of the decision variable respectively. Therefore, the sample
space of the population after the creation of the opposite population will be twice
the initial population size and top NP individuals are selected from new population
for further processes. In Fig. 39.2, the x represents the existing individual and the
x̃ stands for opposition based individual and the dash dotted line shows the centre
of the line extended from lower bound to the upper bound. Considering the one-
dimensional problem shown in Fig. 39.2, the opposition-based individual x̃ is nearer
to the solution, hence x̃ will be selected for the final population instead of x .

39.2.2 Gridwise Population Generation

In this study, two grid wise population generation techniques discussed, they are
design of experiments and symmetric latin hypercube design. In grid search the
factors represents the controllable variables, the search space is known as experi-
mental domain or input variable space. It is the space where factors take values. The
search space is bound by the user defined boundaries. In search space the factors are
tested at some specified values. These values are known as levels. The combination
of the levels for the factors is called as the level combination. A run or trial is the
implementation of a level-combination in the experimental environment [4].

39.2.2.1 Symmetric Latin Hypercube Design

McKay et al. [6] considered LHDas designs for computer experiment. The advantage
of these designs over other designs is that they are well spread over search space
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without replication of coordinate values. Also, LHDs are computationally cheap to
construct. Fang et al. [4], defined LHD with n runs and s input variables, denoted by
LHD(n, s), as an n× s matrix, in which each column is a random permutation of {1,
2, …, n}.

For example, LHD for 5 runs and 2 input variables can be given as shown below.

LHD(5, 2) =

⎡
⎢⎢⎢⎢⎢⎣

1
4
3

5
4
3

2
5

1
2

⎤
⎥⎥⎥⎥⎥⎦

To create a sample using LHDs which is also called as latin hypercube sampling,
an algorithm is listed in Fang et al. [4].

Step 1:Generate anLHD(n, s)where each element is denoted byπ j (1), . . . , π j (n)

for j = 1, . . . , s.
Step 2: Take ns random numbers U j

k ∼ U (0, 1), k = 1, . . . , n, j = 1, . . . , s,
which are mutually independent. Let xk = (

x1k , . . . , x
s
k

)
, where

x j
k = π j (k) −U j

k

n
, k = 1, . . . , n, j = 1, . . . , s. (39.3)

The experimental points Dn = {x1, . . . , xn} is a LHS (Latin Hypercube Sample).
The termπ j (k) in Eq. (39.3) determines inwhich cell xk is located andU

j
k determines

where it is located. If we replace U j
k by 0.5 then the point will locate in the centre

of the cell. Figures 39.3 and 39.4 shows the difference between both. This design
is called as midpoint latin hypercube sampling (MLHS) or centred latin hypercube
sampling. As both are LHDs, there will be only one point is allotted for each pair of
row and column, i.e., there are no replication of coordinate values. This phenomenon
holds true also for higher number of factors or input variables.

A midpoint LHD is called a symmetric latin hypercube design, denoted by
SLHD(n, s), if it has the reflection property: for any row xk of the matrix there
exist another row such that it is the reflection of xk through the centre n+1

2 [4].
The reflection property can be explained as; if (a1, . . . , as) is kth row in an

MLHD(n, s) then therewill be a row in thematrixwhose value is (n+1−a1, . . . ., n+
1 − as) and its position will be (n − k + 1). Also, the summation of these rows is
(n + 1, . . . , n + 1). For example consider following matrix M, an MLHD(11,2).
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Fig. 39.3 LHS (10, 2)

Fig. 39.4 MLHS (10, 2)
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M =

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

1 5
2 8
8 2
5 3
9 11
6 6
3 1
7 9
4 10
10 4
11 7

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

In matrix M, the reflection of 1st row is (n + 1 − a1, n + 1 − a2) = (11 + 1 −
1, 11 + 1 − 5) = (11, 7). These values can be spotted in row 11 whose position
happens to be (n − k + 1) = (11 − 1 + 1) = 11 and the sum of rows 1 and 11 is
equal to (n + 1, n + 1) = (12, 12). This holds true for rows 2 and 10, 3 and 9, 4 and
8, 5 and 7 and as the 6th row is the middle row its reflection will be itself. Therefore,
the matrix M, an MLHD(11, 2), is an SLHD(11, 2).

Regis and Shoemaker [10] gave an algorithm to construct an SLHD, it is as
follows:

1. Initialize an array M of size ×D, where N P is population size and D is the
number of input variables (factors).

2. If M is odd, set M((N P + 1)/2, j) = (N P + 1)/2 for j = 1, …, D.
3. Define k = (N P − 1)/2
4. For each j = 1, . . . , d, randomly select a permutation of 1, . . . , k and denote

it by ψ j .
5. For each pair (i, j), where i = 1, . . . , k and j = 1, . . . , d,

(a) Generate a uniform random number ωi, j ∈ [0, 1].
(b) If ωi, j ≤ 0.5, set M(i, j) = ψ j (i) and M(N P + 1 − i, j) = N P + 1 −

φ j (i).

Otherwise, set M(i, j) = N P + 1 − φ j (i) and M(N P + 1 − i, j) = φ j (i).
6. For each j = 1, . . . , d, let π j be the j th column of M .
7. For each j = 1, . . . , d, partition the interval (variable bound)

[
a j , b j

]
into N P

subintervals of equal length and let c(i)
j denote themidpoint of the i th subinterval

of
[
a j , b j

]
.

8. Now, for each i = 1, . . . , N P , the i th SLHD point is given by(
c(π1(i))
1 , , c(π2(i))

2 , . . . , c(πd (i))
d

)
.

In above algorithm after step 5, a random SLHD has formed. The steps after step
5 are carried out to create SLHDwithin the variable bounds. Figure 39.5 given below
shows the SLHD within bounds.
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Fig. 39.5 SLHD(10, 2) within bounds

39.2.2.2 Population Using Design of Experiments

Various designs are available inDOE to study the system by performing experimental
dependency upon objective of study. In this study a face centred central composite
design (FCCD) is adopted [9] to create a matrix of level combinations of factors.
This matrix is converted into subspaces and a subpopulation, whose size is decided
by the user, is created within that subspace.

To create subspaces in the search space, the range of search space i.e. (lb − ub)
is divided into three equal parts, where lb and ub are lower and upper bound of the
search space. The points which divide the range into subrange are named as xmb1

and xmb2. The suffix mb1 stands for middle bound for factor one. Equations (39.4)
and (39.5) give the formula for determining the values of xmb1 and xmb2 respectively.
The subranges formed after division are coded as −1, 0 and 1, where −1 stands for
low range, 0 for middle and 1 for high range. These subranges create subspace. The
number of subspaces can be determined by Eq. (39.6).

xmb1 = lb +
(
ub − lb

3

)
(39.4)

xmb2 = lb + 2 ×
(
ub − lb

3

)
(39.5)

Number of subspaces = 2D + (2 × D) + 1 (39.6)
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The subspaces are given names they are corner region (CR), axial region (AR)
and centre region (CnR). In Eq. (39.4) the 2D gives the number of corner region,
(2 × D) gives the number of axial region and one axial region. For D = 2, nine
regions are created within the search space. As per the codes allotted to the region
their respective lower bounds and upper bounds are changed. For example for the
axial region whose codes are (0, −1), its lower bound will be [7, 3] and upper bound
will be [12, 8] as shown in Fig. 39.6. A random population is generated within their
respective updated bounds. The user can decide how many random points should
be generated in each subspace. Therefore, the individuals will spread all over the
search space and after function evaluation, top NP individuals are selected further
optimization process. In Fig. 39.7 two points are generated in each subspace and in
central region four points are generated. Hence, in total 20 points or individuals are
generated. In the following example the procedure for generating population using
DOE is explained.

There are two input variables X1[2, 17] and X2[3, 18], D = 2.

1. Number of regions = 2D + (2 × D) + CR = 22 + (2 × 2) + 1 = 9
2D:Number of corner regions, (2× p): Number of axial regions andCR:Number
of centre regions (number of centre regions can be decided by the user, it would
be one or more than one depending upon the requirement of centre points).

2. The sub-ranges of X1 and X2 are given as below.

Fig. 39.6 Two factor, face centred composite design [9]
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Fig. 39.7 Distribution of points in the search space generated by DOE technique

Middle Values Xmb1 = lb + ( ub−lb
3

)
Xmb2 = lb + 2

( ub−lb
3

)

Xmb1 5 12

Xmb2 8 13

Sub-ranges -1
[lb,Xmb1]

0
[Xmb1, Xmb2]

1
[Xmb2, ub]

X1 [2, 7] [7, 12] [12,17]

X2 [3, 8] [8, 13] [13,18]

Face Centered Central Composite Design (FCCD) for two process parameters (×
1 and ×2) as per the code and sub-population (n = 2) from each parameter range is
given in Table 39.1.
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Table 39.1 Decoding the FCCD codes to get parameter range and subpopulation

Region
No

FCCD(code) Parameter sub-bounds
as per codes

Sub-population, n = 2 Total
population

X1 X2 X1 X2 X1 X2

1 −1 −1 [2, 7] [3, 8] 3.312 7.426 1

2.428 3.189 1

2 −1 1 [2, 7] [13,18] 2.146 16.98 1

6.005 17.57 1

3 1 −1 [12, 17] [3, 8] 15.650 4.309 1

16.640 3.494 1

4 1 1 [12,17] [13,18] 14.890 16.400 1

14.440 14.680 1

5 0 −1 [7, 12] [3, 8] 8.158 6.895 1

9.606 5.471 1

6 0 1 [7, 12] [13, 18] 10.120 17.520 1

9.444 16.580 1

7 −1 0 [2, 7] [8,13] 4.294 11.610 1

3.186 8.534 1

8 1 0 [12,17] [8,13] 14.730 12.450 1

16.820 11.490 1

9 0 0 [7, 12] [8,13] 10.400 9.671 1

8.837 8.989 1

10a 0 0 [7, 12] [8,13] 8.978 11.270 1

11.940 8.534 1

Total Population 20

aTaking an extra centre point (0, 0) to generate extra 2 individual. Hence, there are four points in
the centre region. Figure 39.7 shows how the points are distributed. Out of 20 individuals top NP
individuals are selected based on their fitness value

39.3 ADEA

The original DE algorithm was proposed to solve the unconstrained optimization
problems, to solve the constrained optimization problems Rana and Lalwani [9]
made some changes in the original algorithm and named the algorithm as ADEA.
ADEA stands for amended differential evolution algorithm. The ADEA algorithm
proposed the

∑
-constrained handling technique to solve the constrained problem.

Other modifications or amendments made in original DE [7] are listed below:

1. Initialization of population using the concept of design of experiments.
2. Selection of scale factor (F) and crossover rate (CR) based on the rank of the

individual.
3. Mutant vector selection.
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4. Constraint handling technique.
5. Selection operation.

39.3.1 Population Generation Technique

The importance of good initial population is described in earlier chapters. In ADEA,
the initial random population is generated using DOE algorithm and it is named
as RPDoE. The DOE algorithm is explained with example in Sect. 39.2.2.2 of this
paper.

39.3.2 Range of Parameters and Ranking

In DE algorithm, the parameters mutation factor (F) and crossover ratio (Cr) have
a high influence on the optimization process. The parameter decides the scale of
exploration of search space and an individual’s probability of getting selected. In
classical DE there is a static value for F and Cr. When the population is converging,
the value of F and Cr remains same and hence its amount exploration and probability
of selection remains same.Therefore, it takesmore generations to reachoptimum.But
inADEA the values of F andCr changes according to the fitness of the individual. The
fitness is the measure of individual’s distance from optimum. To change the values
of F and Cr, all the NP individuals in population are ranked based on their fitness.
Also, a range is allotted to the parameters whose boundaries for mutation factor F
are Fmin and Fmax and for crossover ratio Cr are Crmin and Crmax. Equations (39.7)
and (39.8) gives formula for changing the value of parameters for each individual
according its fitness.

FG
i = Fmin + (Fmax − Fmin)

(
RG
i − 1

N P − 1

)
(39.7)

CrGi = Crmax − (Crmax − Crmin)

(
RG
i − 1

N P − 1

)
(39.8)

where RG
i is the rank for each individual that varies from 1 to NP (Population

Size) for Gth generation. According above equations, the individual which is ranked
first, will have minimum value of mutation factor i.e. Fmin and maximum value of
crossover ratio i.e., Crmax. Therefore, that individual will have least exploration and
high probability of selection.
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39.3.3 Mutation Strategy

In classical DE there is one mutation vector whereas in ADEA creates two muta-
tion vectors and selects one which has best fitness. Therefore in each generation
twice the exploration takes place. The one mutation vector generated in classical
DE is denoted by DE/rand/1. It stands for Differential evolution with mutation using
random individuals and one difference vector. In ADEA two mutation vectors are
generated using Eqs. (39.9) and (39.10).

MG
1 = Xa + F(Xb − Xc) (39.9)

MG
2 = Xa − F(Xb − Xc) (39.10)

where suffix a, b and c are three different index of individual which are also not equal
to current index and Xa , Xb and Xc are their respective individuals. M1 and M2 are
the mutation vectors for each individual at Gth generation and F is the mutation
factor. The fitness of both mutant vector is determined and the mutant vector with
best fitness is selected. Figure 39.8 shows the graphical representation of ADEA
mutation strategy.

Fig. 39.8 Two mutant vectors strategy for mutation factor F = 0.5
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39.3.4 Constraint Handling Technique

There are two types of constraints, i.e., equality constraints and inequality constraints.
The equality constraints are converted into inequality constraints, because the algo-
rithm requires some space before convergence. By converting the equality constraint
into inequality the search space is widened and algorithm can run. To convert equality
constraint into inequality, the technique given by Coello [2] is used. The technique
is given in Eq. (39.11).

∣∣hg
m

∣∣ − ε ≤ 0 (39.11)

where hg
m the equality constraint and m is the number of equality constraint. ε is a

very small value. For present work ε = 0.001 (1e−3) is taken [2].
In ADEA �-constraint handling technique is introduced. In this technique

constraints violation for an individual are summed up. This sum is added with objec-
tive function value for that individual and a value lambda (λ) is also added to it.
This total is named as combined function (�). The combined for each infeasible
individual is shown below in Eq. (39.12).

� = f x +
NOC∑
i=1

(V iolationi ) + λ (39.12)

where NOC is the number of constraints to an objective function, the λ is the
maximumof | fmax| and | fmin| and f x is the objective functionvalue for the individual.
The combined function is calculated only for infeasible solution.

39.3.5 Selection Operation

In ADEA instead of comparing the solution based on its combined function, the
solution is compared with respect to its objective function value and total constraint
violation value separately or total constraint violation value only. Equation (39.13)
shows the selection strategy.

xi,g+1 =
⎧⎨
⎩
ui,g

[
i f f

(
Ci,g

) ≤ f
(
xi,g

)
and �const

(
Ci,g

) ≤ �const
(
xi,g

)]
or[

�const
(
Ci,g

) ≤ �const
(
xi,g

)]
xi,g Otherwise

(39.13)

where Ci,g is the trial vector obtained after crossover operation in generation g for
solution i. If the objective function value of Fig. 39.9 shows the flowchart of the
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Fig. 39.9 Flowchart for ADEA [9]

ADEA algorithm.

39.4 Performance Evaluation Measures

The maximum number of function evaluations are set to 500,000. Within the
maximum function evaluation the solution must satisfy criteria for minimization
problem given in Eq. (39.14). The solutions which satisfies all the constraints are
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Table 39.2 Performance measures

Performance measure Expression

Feasibility rate, FR [11] FR =
(number of f easible run/total runs)

Success rate, SR [11] SR =
(number of success f ul run/total runs)

Success Performance, SP [11] SP = mean(FEs f or success f ul runs)

× (number of total runs)

(number of success f ul runs)

Q-measure [5] Qm =
(∑nc

j=1 FE j

)
/nc/nc/nt%

Enes [5] Enes = (∑nt
i=1 FEi

)
/nc

P-measure [5]
Pm = maxindi −

(∑N P
i=1 indi
N P

)

E
, i =

1, . . . , N P

Average number of evaluation to a solution,
AES [3]

AES =
sum of f unction evaluation f or success f ul trials

success f ul trials

known as feasible solutions and if at least one solution is feasible in a run, then
run is called as feasible run. In a run if Eq. (39.14) is satisfied then run is called as
successful run.

f (x) − f
(
x∗) ≤ 0.0001. (39.14)

where f (x) is the feasible optimized objective function value determined by the
algorithm and f (x∗) is the solution listed in CEC 2006 [11]. There are several
performance evaluation measures used in this study and they are listed in Table 39.2
given. In table FE stands for function evaluations, nc is number of successful runs, nt
is number of total runs, ind stands for individual or solution and N P is population
size.

On contemplating the performance measures SP , Qm , Enes and AES, it can be
seen that if number of successful run is equal to number of total runs, i.e., nc = nt
then SP = Qm = Enes = AES. Also it is observed that, lower the values of SP ,
Qm , Enes and AES, better is the algorithm.

39.5 Results and Discussion

13 benchmark problems from CEC 2006 [11] and ADEA [9] are used to calculate
FR, SR, SP, AES, Qm and Enes, time required to generate population, population
measure, grand sum of constraint violation and number of feasible individual in
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initial population. FR, SR, SP, AES, Qm and Enes are given in Table 39.3 and the
characteristics of initial population are given in Table 39.4. The best obtained values
are represented in bold letters in Tables 39.3 and 39.4.

The system used for solving the problems is HP Pavilion 15 Notebook with Intel
i5 1.6 GHz processor and 8 GB RAM. In ADEA, the size of initial population is set
to 50, the range of mutation factor is set between Fmin = 0.5 and Fmax = 0.85, the
range of crossover ratio is set between Crmin = 0.8 and Crmax = 0.95. The maximum
generations are set to 5000 and each problem has undergone 20 trials. The best, worst
and standard deviation of 20 solutions obtained after 20 trials are given in Table 39.3.

From the results shown in Table 39.3 it can be observed that OBL showed better
performance in 5 problems, namely g02, g03, g04, g06, g08, DOEPOP showed
excellence in 4 problems, g01, g07, g09, g12, SLHD and RANDPOP showed better
result in one problem each and they are g11 and g10 respectively. None of the
population generation techniques were able to find a successful run for problems
g05 and g13, therefore none of the performance measuring parameters could not be
calculated. But best feasible answer was reported by DOEPOP for g13 and solution
with least constraint violation was reported by SLHD for g05.

From Table 39.4 it is observed that RANDPOP takes least amount of time to
generate initial population, as built in function of MATLABwas used, and DOEPOP
took maximum amount of time among four population generation techniques. Also,
DOEPOPwasn’t able to generate population for g02benchmark functionbecauseg02
has 20 variables and the system was inadequate to spend the required computational
expense. But, DOEPOPhas the least amount of constraint violation for 11 benchmark
functions and for the remaining two, g06 and g08, OBL showed least amount of
constraint violation. Themore densely the population is better is the convergence [5].
Therefore, population generation technique with least amount of P-measure might
have better convergence. The farthest point in DOEPOP was reported closer to mean
for g01, g03, g07, g09, g12 and g13, than other population generation techniques.
OBL has least amount of P-measure in g04, g06, g08 and g11. SLHD has least
amount of P-measure for g02, g05 and g10, whereas RANDPOP has more scattered
population. Amount of feasible solutions in the initial population can decrease the
efforts required for achieving optimum solution. The DOEPOP showed maximum
number of feasible solutions in initial population for g01, g04 and g09. OBL showed
maximum feasible solutions in initial population for g02. The population size for
given study is 50 and OBL gave 100 feasible solutions, so top 50 solutions were
selected for optimization process.

39.6 Conclusion

From results and discussion it can be concluded that the overall performance of
the OBL population generation technique is better than other techniques. DOEPOP
showed good quality of initial population but for problems with large number of
variables, the computational cost of DOEPOP is higher. It is not advisable to use
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SLHD and RANDPOP for the generation of initial population as both were not able
to produce competitive results.
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Chapter 40
Evaluation of Smart Bio-materials
in Orthopedics and Tissue Engineering

Pravin S. Nerkar, Sanket J. Tawale, Shailesh M. Saoji, and Akshay D. Doye

Abstract Bio-materials are used to create bio-mimetic models with same character-
istics as biological entity to be operated. Far from these materials, new class of smart
bio-materials has been developed, and these materials are highly react to minute
changes in their environment. Smart bio-materials are classified on basis of piezo-
electric material, shape memory alloys, self healing materials, thermo-electric mate-
rials etc. The development of smart materials for various medical applications has
become centre of attention for research interest. Smart materials are growing interest
as model in research to understand complex bio-materials in medical applications.
The study of smart materials in orthopedics, tissue engineering and introduction of
advanced smart materials in current practice is necessary. In this paper recent smart
materials in orthopedics and tissue engineering were discussed. Different advanced
smart materials in orthopedics and tissue engineering were proposed to introduced
in actual practice. This paper focuses on advancement and new smart materials to
be introduced in biomedical applications. The information provided in this paper
may be beneficial for the future development of biomedical devices and their clinical
applications thus improving standard of patient life and advancement in biomedical
sector.

Keywords Smart bio-materials · Orthopedics · Tissue engineering · Advancement
in materials

40.1 Introduction

Biomaterials are natural or syntheticmaterials which can be able to permit absolutely
or quick with the useful resource of the human body. Bio materials are classified
into natural bio-materials and synthetic bio-materials. Synthetic bio-materials are
further classified into bio inert, bio reasonable and bio active materials [1]. Bio inert
are those materials which react minimum without surrounding tissue once located
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in human body. Stainless steel, alumina, platinum are most commonly used for
surgical equipment which include dental implant. Bio active materials react with
their surrounding bone and with smooth tissue in some instances. Glass ceramic
and hydroxyapatile are most commonly used. Bio active materials are commonly
used in hip joint surgery. Bio reasonable materials dissolve with nearby human body
changing injury with new joint. Such a material are used for cancer treatment. These
materials include gypsum, calcium oxide and calcium carbonate [2]. Loss of useful
integration is largest obstacle in fulfillment of bio medical industry. A new class of
smart bio materials has been developed and these materials notably react to minute
adjustment of their surroundings. Smart bio materials quick deliver curative action
to intended site of body. It is very tough to categorize smart bio materials because
of its different approach. Due to their active fixed properties smart materials allow
smart bio material to be developed. Smart bio-materials are classified on basis of
piezoelectric material, shape memory alloys or polymers, self healing materials,
thermo-electricmaterials etc. Thedevelopment of smartmaterials for variousmedical
applications has become centre of attention for research interest. Smart materials are
growing interest asmodel in research to understand complex bio-materials inmedical
applications [3]. Due to their dynamically alterable properties, smartmaterials allows
smart bio-materials to be developed.

The bone and joint disorder are leads to degeneration of the mechanical proper-
ties. Over few years revision surgical procedure of hip and knee implants has been
extremely increased. For this reason it is anticipated that there will be more demand
for new and advanced implants materials in in coming years. At present the mate-
rials used for implants are 316L stainless steel, Co-Cr alloys and titanium based
alloys [4]. But this material possesses tendencies to fail after long-term because of
high modulus in comparison to that of bone low strength, low wear and absence of
bio compatibility. Thus it is expected that implant should survive for longer period
or until lifetime without failure or revision surgery. Hence development of suitable
materials with the highest strength and good bio compatibility is essential.

The smart orthopedics and tissue engineering techniques based on bio-materials
have interesting potential to meet these urgent needs. Bio-materials in orthopedics
are those materials which are used to repair or rebuild bone disorder. The main
requirement of bio-material in orthopedics is to use those implant material which
can resist the effect of repeated stress mostly metals ceramics and composites satisfy
this requirement. The implant material should have high strength, high resistance to
fatigue and corrosion resistance. Tissue engineering involve use of dwelling cells or
entire endogenous cells to resource tissue formation for regeneration and therebyway
of manner of produce therapeutic or diagnostic benefits. New generation intelligent
bio materials offer exciting potential and provide promising opportunity to signifi-
cantly increase the efficiency of hard tissue engineering and regenerative medicine
[5]. The study of smart materials in orthopedics, tissue engineering and introduction
of advanced smart materials in current practice is necessary. In this paper, recently
developed titanium alloy as a smart materials and smart derivatives of calcium phos-
phate for bone tissue engineering is discussed. The main focus of this paper is on
advancement and new smart materials to be introduced in biomedical applications.
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The information provided in this paper may be beneficial for the future development
of biomedical devices and their clinical applications.

40.2 Bio-materials in Orthopedics and Tissue Engineering

Orthopaedics implants are commonly made of metal, ceramics, Polymers and
composites. Commonly used metallic bio-materials consists of the stainless steel,
Cobalt (Co)-Chromium (Cr) alloys and the pure Titanium and its alloy. Stainless
Steels and Co-Cr alloys was firstly metallic materials used for orthopedics appli-
cations. At present stainless steel with chromium content of the 20% and the high
nickel content of 0.3–0.4% has been used for joint prosthesis [6]. Earlier, Stainless
steel consists minor amount of chromium iron and nickel was used for the artificial
hip joint, but due to the poor strength, unable to the support under the high stress,
this material is replaced by the CO-Cr-Mo alloys. Steel with the high carbon propor-
tion has most commonly used in fracture plate, screws and medullary nail. Currently
Stainless steel (316L), Ti-6Al-4V and Ti-6Al-7Nb used for medullary nail. Co-Cr
alloys are always have excellent corrosion resistance and can sustain under load
more than of stainless steel. Co-Cr alloy shows the high elastic modulus i.e. 230GPa
which is much higher than the cortical bone. Co-Cr alloys are commonly used for the
making prosthetic femoral head. Higher hardness, corrosion resistance causes due to
the pitting in Co-Cr alloys can obtained by introducing molybdenum (Mo) thus, Co-
Cr-Mo alloy was used for the hip prostheses. Pure Titanium and its alloys especially
Ti-6Al-4V alloys are widely used in the current Orthopaedics applications. Table
40.1 shows detailed materials used in the orthopedics application. Porous tantalum
have also been successfully used for the many orthopedics purpose [7]. Due to its
high bulk density, low modulus of elasticity and good friction properties, tantalum
foam used for the load bearing applications such as total joint orthoplasty.

Ceramics are those materials which are ionic and covalent bonded brittle in nature
and shows good corrosion resistance they are normally used in the bone cement
and tissue engineering application. The commonly used ceramics material uses can
be categorized as Bio active glass (BGs), glass-ceramics and Calcium phosphate
(CaP). β-tricalcium phosphate (TCP) and the hydroxypatite (HA) and their deriva-
tives which are very similar to bones are widely used as bio ceramic. HA Indicates
desirable reactive properties and HA remain into the regenerate bone tissue after
implantation. High density and pure Alumina was used for the acetabular cups and
femoral head showing good wear, corrosion resistance, high strength and excellent
bio compatibility. Zirconia shows highest strength in ceramics thus well suited for
the orthopedics application. Due to low wear of zirconia femoral head was inserted
with alumina for hip prosthesis. High hardness of Zirconia shows good mechanical
properties for hip replacement [8]. CaP are infectable, harden inside the broken bone
tissue and generate low heat transfer thus avoids the ultimately demise of surrounding
cell. Glasses, glass-ceramics and ceramics that take specific organic reaction at the
interface among the fabric and the bone tissue which ends within the formation of
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Table. 40.1 Materials used in the orthopedics application

Orthopedics implants Bulk bio material used Types of system used

Bone attachment devices
and stabilizers

Stainless steel, titanium and
alloys, cobalt-chromium alloys,
carbon fibre reinforces PEEK,
PLLA

Intramedullary nail systems
Plate systems
Screw systems
Pins and wire systems
Other fastening devices

Artificial joints Stainless steel, titanium and
alloys, cobalt-chromium alloys,
tantalum, zirconia-toughened
aluminia, pyrocarbon,
UHMWPE, silicone

Hip replacement systems
Knee replacement systems
Shoulder replacement systems
Elbow replacement systems
Hand and foot joint replacement
systems

Artificial ligaments and
tendons

Stainless steel, titanium and
alloys, PEEK, carbon
fibre-reinforced PEEK, PLLA,
UHMWPE, PET, nylon,
absorbable composites

Non-absorbable sutures
Bone and suture anchor systems

Artificial spine devices Titanium, titanium alloys,
cobalt-chromium alloys,
tantalum, silicon nitride,
UHMWPE, PEEK

Inter-vertebral disc systems
Vertebral body replacement
systems
Inter-body fusion devices
Interspinous process fusion
devices
Spinal support devices

Biologic and tissue
engineering inducers

Calcium phosphate composites,
autografts, allografts, collagen,
PMMA, BMP-2 and other
growth factors

Bone grafts and fillers
Cartilage and osteochondral grafts
Osteogenic inducers

a bond between them. CaP based ceramics has commonly used for orthopedics and
tissue engineering due to their similar mechanical properties as that of the bone.
Silicon as bio ceramics improves bio activity by forming Si-OH group on the surface
[9]. The Si-OH involve in nucleation and formation of apatite layer on the surface
thus, improving material bone bonding.

Polymethylmethacrylate (PMMA) widely used as bone cement. Due to better
properties of PMMA bone cement, it provides good primary fixation of the pros-
thesis. Polyetheretherketone (PE) and especially ultra high molecular weight poly-
thene (UHMWPE) are very attractive for the application such as the actabular layer
for general hip replacement tibial inserts for the knee, orthoplasty as well as patella
components and intervertebral disc replacement. Polymers such as Poly lactic acid
(PLA), Polyglycolide (PGA), poly(E-coprolactone) (PCL), Poly (2-hydroxy-ethyl-
methacrylate) (PHEMA) are all biodegradable polymers. Biodegradable implants
reduces effect against stress, eliminate the follow up that may be required to remove
metal implant and allow post operative diagnostic imaging to present metal arti-
facts [10]. PLA, PGA, PCL are widely used. PLA clamps are used for foot surgery
fixation of the gaps. PLA arrows and plugs are also used to repair damage to knee
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joint and Shoulder dislocation. Chitosan, PHEMA, polyetheylene glycol (PEG) and
hydrouronic acid are some of the most suitable hydrogels used widely. Polymers
of these types are mainly used in the repair of the cartilage, ligaments, tendons
and the discs. PLA,PCL and poly hydroxybutyrate (PHB) are preferred for the
bone tissue engineering purpose. Biodegradable Complex scaffold with the biolog-
ical activity offer unique advantage in tissue engineering. Silicate Bio-ceramics,
Biphasic Calcium Phosphate (BCP), Bio active Glass and Glass-Ceramics, Calcium
Phosphates are used widely for bone tissue engineering.

40.3 Titanium Alloys as Smart Bio-materials for Bone
Implants

Titanium alloys are most commonly used as bio-materials because of their better
mechanical properties such as as high strength, low density, resistance to corrosion,
and bio-compatibility behaviour. Different Titanium alloys and various surfacemodi-
fication techniques to achieve bio-compatibility, higherwear and corrosion resistance
was discussed in detail [11–13]. Titanium alloys provides high strength and compar-
atively low Young’s modulus. The titanium materials are classified on a basics of
structure at equilibrium state such as alloys of α, α + β and β structure. β struc-
ture alloys are most commonly used, due to their high bio-compatibility and lowest
Young’s modulus [14, 15]. This make alloys close to that of human bone and reduces
stress shielding effect. Ti-6Al-4V mostly used for construction of implant devices.
But due to high Young’s modulus i.e. 108 GPa and released of aluminium ions from
implant and toxic nature of vandimum causes serious health problems. In orthopedic
applications, implant materials should have high strength and low Young’s modulus.
Hence, low Young’s modulus titanium alloys can be anticipated in practical applica-
tions as a implant material. Other properties such as small spring back, is essential
for maintaining the bending shape of the implant in the body, and simultaneously
low yielding stress and high ultimate strength. Schematic explanation of relationship
between Young’s modulus and spring back shown in Fig. 40.1.

Practical methods to improve the static and dynamic strength along with low
Young’smodulus for β-type titanium alloyswas discussed [16]. Recent developedTi-
based bio materials their properties and application demonstrate the latest advances
in Ti-basedmaterials [17]. Following are the smart Ti-based alloys that are developed
over recent year can satisfy to be use in actual applications.

40.3.1 Smart Ti–Zr–Mo Alloys

This alloy has lowYoung’s modulus of <70GPa. The tensile strength of is >700MPa.
It was found that tensile strength increases in this alloy after cold rolling. In an
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Fig. 40.1 Schematic
explanation of relationship
between Young’s modulus
and spring back [16]

Ti–30Zr–Cr and Ti–30Zr–Cr–Mo alloys elongation decreases with increasing Mo
content. Elongation of the Ti–30Zr–Cr alloys was found to be <10% and further
elongation of the Ti–30Zr–Cr–Mo alloys was found much larger than that of Ti–
30Zr–Cr alloys. Therefore, Mo is considered an important element to improve the
elongation ofTi–Zr alloy series. The crystal structure andmicro structure are sensitive
to the concentration of molybdneum and shows β phase the in this alloys with addi-
tion of 5 wt% and 10 wt% molybdenum. The Ti-15Mo-15Zr provides best results,
making it an excellent material for analytical and biomedical applications. Vickers
micro hardness for Ti-15Zr-Mo alloy shown in Fig. 40.2 which proves Mo content
plays an effective role in this alloy series [18]. It was proved experimentally that
adding Mo into Zr improved its corrosion resistance which effects in increasing
the thermodynamic stability and passivity of zirconium [19]. During cold rolling
process a deformation- induced phase transformation was seen in this alloy series.
In this alloy series Ti–30Zr–3Cr–3Mo (3Cr3Mo) exhibits excellent tensile proper-
ties. The transmission electron microscope and X-ray diffraction technique of phase
constitution alloys is greatly depend on Mo content. Mo content effect on shape

Fig. 40.2 Vickers micro
hardness for Ti-15Zr-Mo
alloy [18]
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memory recovery ratio, η first increases and then decreases with the increasing of
Mo content was experimentally proved [20]. Laser manufacturing methods proved
effective for manufacture Ti–Zr–Mo implants and it can eliminate certain drawback
[21]. Moreover Young’s modulus and hardness of Ti-8Mo-19Zr alloys is low and
elastic modulus was found to be 78 GPa which is close to that of bone, thus it is
efficient to use for implant applications.

40.3.2 Smart Ti-29Nb-13Ta-4.6Zr (TNTZ) Alloy

The strength of TNTZ alloy can increases by adding alloying element such as Fe, Si
and O [22]. It was found strength increases by 20% and elastic modulus decreases by
20% was achieved in TNTZ-Fe-Si-O alloys when compared with Ti-6Al-4V alloy.
The Stress–strain curves with addition of alloying element was shown in Fig. 40.3a.
It was also seen that yield strength and ultimate strength doubles by addition of
0.7 wt% of oxygen. Although Fe and Si provides additional strengthening, TNTZ
alloy with 0.7 wt% of oxygen alloy shows better mechanical properties and suit-
able for load-bearing orthopaedics implants manufacturing. Moreover this alloying
element provides good effect on the modulus of elasticity which is maintained at
75GPa approx, yield strength values is 1000 MPa, and ductility [23]. The appear-
ance of TNTZ-(O) films has highly depend on oxygen addition [24].With an addition
oxygen the mechanical properties and grain refinement of TNTZ-(O) film increases.
Moreover, hardness increase of grain refinement and compressive stress increases.
Deposition of super elastic thin film under a appropriate quantity of oxygen was
recommended and leads to improvemechanical properties. It was proved that oxygen
added β-type Ti-29Nb-13Ta-4.6Zr alloy to increase strength, while keeping Young’s
modulus low. It was found that single β phase structure gives the excellent super
elastic behavior with pseudo elastic strain ratio (S) of 20% in TNTZ alloys [25]. The
super elasticity decreases as themicro structure consist of α precipitates was assign to

Fig. 40.3 a Stress-strain curves with alloy addition of alloying element [22], b True stress-strain
curves of TNTZ [27]
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a higher stability of β phase due to the mechanical and chemical stabilization. Gener-
ally, with an increase in the oxygen content, an alloy’s tensile strength increases, but
its tensile elongation failure decreases. In order to prove this a series of TNTZ-
(0.1, 0.3, and 0.7 mass pct) O alloy samples was prepared and solution treated. This
samples are named as 0.1ST, 0.3ST, and 0.7ST [26]. It was observed that because of
higher work-hardening rate and higher resistance to local stress concentration, 0.1ST
and 0.7ST elongation to failure was larger and increased monotonically, while their
elongation to failure decreased in 0.3ST. Hence, it is recommended to use TNTZ
alloy with 0.3ST for better mechanical properties. The TNTZ alloy generally shows
high strain-rate reactivity which results to increase the yield strength with an increase
in strain rate shown in Fig. 40.3b. The yield strength increases as strain rate increases
at 10−3, 10−2, 10−1 s−1, respectively which is shown in fig [27]. It was also observed
that with increase of impact velocity, the exothermic chemical reaction was highly
increase in TNTZ alloys.

40.3.3 Smart Ti-Nb Alloys

Ti–8.34Nb alloys, with water quenching exhibit shape memory effect. This is due to
the reorientation of existing martensites. Stress-induced martensitic transformation
during compressionwas seen in Ti–25.57Nb alloys [28]. From an transmissionX-ray
diffraction technique it was observed that initial β-phase transforms into martensitic
phasewith deformation. Furthermore,with increase in compressive strain, super elas-
ticity becomes imperfect. It was also observed that water quenching of Ti-Nb shows
lower Young’s modulus seen from Fig. 40.4a. Super elasticity strain recovery rate
with an addition of alloying element such as Ta, Si, Fe, Zr,Mo and Sn increases in Ti–
22Nb alloy. Among alloying element, the Ti–22Nb–Fe alloy shows the highest strain
recovery rate up to 70% [29]. The elastic modulus of Ti16Nb50SH and Ti16Nb70SH
alloys is found to be 35 and 15GPa. Compressive and transverse fracture strength is
found to be 300–100 MPa and 264–97 for both the alloys. Higher the amounts of

Fig. 40.4 a Stress–Strain curve of water quench TiNi alloy [28], b Stress–strain curves of Ti–24Nb
(a), Ti–26Nb (b), Ti–24Nb–0.5O (c), and Ti–24Nb–0.5 N (d) alloys at room temperature [31]
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the NH4HCO3 as space holder causes mechanical properties more close to cortical
bone [30]. Therefore, the danger of the stress shielding effect was also reduced. It
was found that the Ti16Nb50SH and Ti16Nb70SH alloy caused the formation of
23.38%, 41.87%, 60.79% porosity addition of the 30%, 50%, 70% space holder.

It is possible that the properties such as porosity size (>100μm) and porosity ratio
(40%) of the Ti16Nb50SH and Ti16Nb70SH alloys comfort for new cell of bone
development. The density of the produced Ti16Nb70SH alloy which is 1.91 g/cm3

was close to density of cortical bone i.e. 1.85 g/cm3. Thus, it was concluded that
Ti16Nb50SH and Ti16Nb70SH alloys maymeet the requirements for implant manu-
facture in future. Elastic limit value and young’s modulus values of Ti–24Nb–0.5O
and Ti–24Nb–0.5N is found to be 665 MPa and 50GPa. Tensile test result shows
high mechanical strength, low modulus and magnificent ductility in both the alloys
[31]. It was also notice that elastic modulus ratio for Ti–24Nb–0.5Owas 0.012 which
was much higher than Ti–6Al-4V alloy i.e. 0.007. With an addition of 0 and N the
mechanical properties improved which is shown in Fig. 40.4b. Some properties of
the Ti–24Nb–0.5O alloys are based on O content in the medium, which does not
completely impede the SIM transformation, which mean that this transformation
can be reversed when the tensile strength of the curve is reached [32]. The elastic
deformation in both alloys of the α′′ martensite due to the initial structure in the β-
phase is mainly carried out by the parameter bα

′′. It is recommended to be used super
elastic Ti–24Nb–0.5N and Ti–24Nb–0.5O as implants or prostheses in a compare
with Ti–6Al–4V alloy.

40.3.4 Smart NiTi Alloys

Shape memory effect is an capability of materials to deform in cold and get better its
unique shape when heated. NiTi alloys are used widely as shape memory materials
for biomedical application. The density of NiTi alloys is 6.45 g/cm3. NiTi shows
good elastic modulus 75–83 GPa. Yield strength is found to be 195–690 MPa and
poisson’s ratio is 0.33. The stress–strain curve of TiNi alloy is shown in Fig. 40.5
which shows this alloys can recover it’s shape at an instant without producing strain.
But due to release of Ni ion from the surface of NiTi implant results in wear debris
above a certain limit, furthermore causes some allergic reaction and bio-compatibility
problems. It has been found that NiTi alloys exhibit different oxidation characteris-
tics at temperature below 500 °C Ni-free region for oxidation temperature at 500 and
600 °C are found in oxide layer [33]. Oxidation of 500 °C creates a thin nickel-free
oxide protective layer containing a relative small amount of Ni at the air/oxide inter-
face, which indicates the good bio-compatibility for a NiTi implant. Furthermore
thermal treatment of NiTi alloys at 3 × 102 mbar at 4000c for 2 h 30 min results
in steochiometric TiO2 formation with a small Ni content [34]. Thermal treatment
along with a bath in boiling water for 1 h, reduces 100% of release of Ni after 24 h
of dip. Although thermal treatment reduces allergic reaction and bio-compatibility
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Fig. 40.5 Stress-strain curve
of TiNi alloy

at greater extent but also provides good corrosion resistance and improves toxi-
city of NiTi alloys. With an addition of Cr to Ti50Ni50 shape memory alloy (SMA),
martensite transformation temperature decreases whichmake it effective for biomed-
ical applications. It was experimentally proved that surface hardness improved by
manufacturing Ti50Ni50 implant using Electron Beam Machining, thus retaining it’s
good shape recovery ability [35]. A highly porous Ti49.5Ni50.5 shows better mechan-
ical properties for implant [36]. The elastic modulus is found to be 0.95GPa and
super elasticity is found to be 5.9% after heating. The stress strain curves changes at
7 MPa and shows 8% elongation with stress-induced B2-B19

′ transformation. TiNi
alloys with Ta coatings effectively increase corrosion resistance, while DLC coatings
improves the mechanical properties and blood compatibility [37].

40.4 Smart Bio Ceramics for Bone Tissue Engineering

These intelligent bio materials can transmit and control stem cells to improve tissue
regeneration provide control space and suitable time for the release of drugs and
biologically active substances and to regulate bio films and infections in wound
control zones. The development of ceramics better controls the process of bone
resorption and replacement. It was found that the BCP ratio at the ectopic site can
affect the rate of bone formation and in order to achieve bone formation, it is neces-
sary to achieve an optimal balance between a more stable and more soluble phase
[38]. More recently mesenchymal stem have been cultured by BCP for a period of
time to promote bone formation as a layer of tissue in the implant prior to implanta-
tion. BCP ceramics have been demonstrated to be bio compatible biological active
osteoconductive safe and predictable capable of delivering and inducing stem cell
differentiation. In terms of cost, effectiveness, unlimited supply and lack of disease
transmission these traits can replace autograft, allografts and other implants. BCP



40 Evaluation of Smart Bio-materials in Orthopedics and Tissue Engineering 597

is a versatile matrix simple in chemistry, size and shape allowing developing strate-
gies for bone formation. Bio mimetic composite scaffolds of collagen and biphasic
calcium phosphate nanoparticles (BCPNPs) was developed with a controlled release
of dexamethasone (DEX) and the control pore structure. The excellent performance
of this scaffolds proved to be useful for bone tissue engineering. The DEX BCP NPs
were distributed homogeneously on the walls of the scaffolds, thus improving the
mechanical property and hardness of the scaffolds. TheDEXBCPNPs scaffoldswith
different DEX loading amount had good biocompatibility and restoring osteogenic
differentiation of hMSCs and promote new bone tissue regeneration in vitro culture
and vivo implantation. The DEX BCPNPs composite scaffold with the highest DEX
loading amount proved to be use for bone tissue engineering [39].

Micro macro porous biphasic CaP dissolves in the body creating new bones when
Ca and P ions are released into the biological environment [40]. Based on the concept
of optimal balance between the most stable HA phase and soluble TCP. (MBCP+™)
shows high porosity of 73%, contain micro porous off less than 100 μm and micro
pore off more than 10 μm. The crystal size of MBCP+™ is from 0.5 to 1 μm and
of specific area was around 6 m2/g. MBCP+™ shows higher colonization than bone
cells which is suitable for tissue engineering matrix. The HA/TCP, 20/80 ratio is
also more effective in combination with complete cultivation and expansion of bone
marrow or stem cells before transplantation. Advanced techniques for tissue engi-
neering include strong matrix effects on other appropriate surgical techniques. New
absorbent porous bio active silicon composition based on calcium phosphate able to
absorb large amount of serum protein and stimulate rapid bone formation [41]. The
highly porous silica calcium phosphate composition increases cell colonies and bone
formation inside the graft. The effect of bone conduction and absorption capacity
of SCPC are better than bio active glasses. Crystallization of amorphous silicon in
L-quartz significantly inhibits the absorption of serum proteins but the conversation
of L-quartz into a crystalline solid solution significantly increases protein absorp-
tion. Pyro- and ti-calcium phosphates are converted to β-rhenanite during thermal
treatment significantly increased protein absorption.

Bone defects grafted with SCPC enriched silica were detected as new bones
and contained minimal graft residue. Thermal treatment results for iron substitution
caused by SCPC and solid solution formation at remarkable low temperature. SCPC
contains NaCaPO4 which increases bone regeneration and improves the absorption
of the material than Ca2P2O7. The excellent biological activity and high porosity
of SCPC show that this material can be used as a cell and drug delivery agent.
In addition the material can be e applied to metal implants to improve fixation of
the implant that can be mixed with polymers to increase biological activity. Highly
effective bio ceramics that combine bone inducing that is Silicon and bio active that
is wallastonite elements using additive manufacturing with selective laser melting
shows better Mechanical properties [42]. The diameter of circular cross is about
400 μm and porosity level of 35%. The density is around 1.4 g/cm3 compressive
strength is 110 MPa and modulus of elasticity is 2.9 GPa, which is suitable for bone
tissue engineering. Compressive strength is decreased after two weeks of impression
in tris buffer it decreased slightly by 90 MPa. Pore size increase biological activity
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and compressive strength shows potential to use SiliconWallastonite scaffoldsmanu-
facture by SLM process in bone repair application. Wallastonite and hydroxyapatite,
and combination of wallastonite-hydroxyapatite composite group developed more
blood vessels after 12 weeks of surgery. The wallastonite-hydroxyapatite composite
biomaterial enhance the formation and growth of new bone in the defect area and it
provides effective results [43].

40.5 Conclusion

Most of problems in orthopedics device have not fundamentally changed. However,
innovation devices are developed using new materials, so the choice of solution is
greatly expanded. Ti-6Al-4V alloys widely used in orthopedics application. Certain
drawback Ti-6Al-4V alloys i.e. high Young’s modulus, release of aluminium ions
from implant and toxic nature of vandimum causes serious health problems. Hence
development of smart titaniumalloys is essential. The recent developed titaniumalloy
describe in this paper shows good mechanical properties close to bone, corrosion
resistance and bio-compatibility. Hence this smart alloys proves effective to be used
in orthopedics application. Moreover this smart alloys can successfully eliminates
drawback of Ti-6Al-4V alloys and shows dual properties. The structural control of
macro, micro and nano calcium phosphate and their combination with cells and poly-
meric material is likely to lead a significant development in bone tissue engineering.
Newly, developed Silicon and wallastonite and wallastonite-hydroxyapatite provides
effective results for bone tissue engineering. Recent developed smart bio-materials
have tremendous potential and promise to significantly improves the efficiency of
orthopedics device and tissue engineering. The smart bio-materials discussed in this
paper is beneficial for the future development of biomedical devices and their clinical
applications thus improving standard of patient life and advancement in biomedical
sector.
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Chapter 41
Design and Development of Novel
Multipoint Epicyclic Superfinishing Tool

Muhammad Osama, Faiz Iqbal, Dilshad Ahmad Khan, and Zafar Alam

Abstract As the field of superfinishing is progressing every day, the need for
controlled and precisely finished complex industrial as well as medical components
is emerging rapidly. However, the conventional finishing processes have limited
capability when it comes to superfinishing. This work presents the design and devel-
opment of a novel multipoint superfinishing tool. It utilizes magnetically energized
hemispherical balls of polishing fluid formed at the tip of the tool to finish magnetic
as well as non-magnetic materials using specially prepared magnetorheological
polishing fluid. A modified epicyclic gear train mechanism is used for the design
of the new tool with the shaft attached to the carrier and sun gear modified to be the
non-movable integral component of the shaft with the cavity in the end for permanent
magnet placement. The three planetary gears have extended shafts at both the ends
with one end force-fitted to the carrier with a bearing and another end has the cavity
for the placement of permanent magnets. The three planetary gears mesh with the
ring gear which is directly mounted on the shaft. When the spindle/shaft rotates, the
ring gear is kept stationary, and the planetary gears rotate around the common axis
as well as spins on their respective axes simultaneously. This way the tool becomes
multipoint and has a bigger diameter than the existing tools and can finish much
larger area in the same period without affecting its ability to form the abrasive laden
polishing fluid balls at the tip. Magnetic field analysis is done for the tool with the
permanent magnets to simulate for the magnetic field interaction between tool and
ferromagnetic workpiece. The finishing process is carried out on the 3-axis CNC
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vertical milling machine for the precise control of the working gap (the gap between
workpiece and tool) to control the applied finishing forces.

Keywords Magnetorheological · Epicyclic · Nanofinishing · Roughness ·
Magnetic · Non-magnetic

41.1 Introduction

Surface integrity can be defined as the properties of a component that are influenced
by the physical and chemical effects of themachining processes. Apart from covering
the interior effects of the machining processes, surface integrity also covers the
outermost layers whose properties are different measurably from that of the base
material [1].

The purpose of enhancing surface integrity or surface texture is to improve its
functional ability during service. Better surface integrity can improve the compo-
nent’s load-bearing ability, endurance, fatigue strength, and frictional resistance. As
each machining process generates a surface texture, the final finishing operation
is the most critical in the manufacturing of precise parts. Generally, the finishing
operations are employed to modify the texture if the manufacturing processes do not
yield the intended surface texture suitable for the application. The finishing processes
could be grinding, honing, lapping, etching, abrasive blasting, etc. However, when it
comes to the precision, where surface roughness requirement is in nanometers, these
conventional processes are rendered incapable. They tend to leave micro-cracks and
generates unwanted residual stresses on the surface [2].

Moreover, there are two types of forces associated with the material removal
process in nanofinishing [3]. The normal force which is responsible for the indenta-
tion of the abrasive particle in the workpiece, and the shear force which breaks away
the surface roughness peaks. Control over the normal force is nearly impossible in
conventional processes. Therefore, many advanced processes such as magnetic abra-
sive finishing (MAF) [4], magnetorheological finishing (MRF) [5], magnetorheolog-
ical jet finishing (MRJF) [6], ball end magnetorheological finishing (BEMRF) [7],
etc. have been developed in the last few decades.

Ball end magnetorheological finishing (BEMRF) is a process capable of finishing
surfaces up to the order of nanometres using a smart fluid called magnetorheological
polishing (MRP) fluid. Ferromagnetic and non-magnetic materials like polylactic
acid (PLA) workpiece [8], copper mirrors [9, 10], aluminium, etc. can be finished
using this process. MRP fluid containing abrasives and magnetizable iron particles
is used as a finishing medium. The MRP fluid undergoes rheological changes under
the influence of the magnetic field [11]. Due to the shape magnetic field produces at
the BEMRF tool, the MRP fluid takes the shape of a hemispherical ball at the tip of
the tool. The stiffness of this ball can be controlled by controlling the magnetizing
current supplied in case of an electromagnet.
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Many researchers have published insights into the BEMRF process. However,
from the above literature archives, it is evident that the time taken to process a
surface to the order of nanometers is very high. Also, the BEMRF tool tends to
produce scuff or scratch marks called finishing marks around the periphery [12, 13].

Peng et al. [14] reported the main limitation of magnetorheological finishing. It is
the wavy microstructure caused by plastic flow called ‘MRF’ marks which produce
diffraction effects and stray light. They reported an effective post-polishing tech-
nique to remove these ‘MRF’ marks. However, post-polishing is extremely difficult
on a spherical and free form surfaces, which leads to an inevitable contradiction
between surface quality and the whole surface figure. Also, post finishing operations
introduces multiple challenges apart from adding considerable finishing cost.

From the above literature, it can be observed that although magnetically aided
abrasivefinishingprocesses provide control over finishing forces, they still lag perfec-
tion in someaspects. In this researchwork, a novelmagnetorheological superfinishing
tool is designed and developed to cater to those drawbacks.

41.2 Design and Fabrication of Multipoint Epicyclic
Superfinishing Tool

Researchers in the above literature devised and applied many kinds of finishing
tool to achieve the intended surface roughness values. It includes a single point as
well as multipoint tools, but they happen to have a small tip diameter. They can
sweep minimal area at a time and takes an appreciable amount of time to complete
a single workpiece. It would be highly expensive and time taking if it is to finish the
workpieces of a bigger size such as telescopic mirrors. Also, the existing magne-
torheological finishing tools tend to leave the scuff marks along their periphery. To
overcome and eliminate the drawbacks mentioned in the above literature, this tool’s
design is inspired by an epicyclic gear train mechanism. Designed using Solidworks
software, this tool is multipoint and has a working diameter of 26 mm.

Epicyclic gear train has four necessary components, the sun gear attached with a
driver/driven shaft, few planetary gears, an outer ring gear to make planetary gears
revolve around the sun gear, and a carrier with a driven/driver shaft towhich planetary
gears are attached.

This tool is slightly modified to having only one shaft which is attached to the
carrier and sun gear is modified to an integral component of the shaft having a cavity
for the permanent magnet placement. There are three planetary gears in this tool.
These planetary gears are designed to have extended shafts at both ends; one end is
force-fitted to the bearing for the smooth operation, and the cavity is made on the
other end to insert the permanent magnets as shown in Figs. 41.1 and 41.2.

The ring gear is held stationary for the rotarymotion of planetary gears. Therefore,
it is joined to the housing of bearing on the shaft and is anchored to the fixed part
of the machine during the finishing operation. When the shaft/spindle is rotated,
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Fig. 41.1 CAD model and actual MR finishing tool

Fig. 41.2 Fabricated planetary gears

the planetary gear spins about their respective axes as well as revolves around the
common axis. Due to the magnetic field produced by the permanent magnet attached
to the end of each rotating gear, the MRP fluid takes the shape of hemispherical
balls at each of the tips. Since these balls are flexible, they can adjust their shape
according to the surface profile. Thus, forming the four small tools from spinning
and giving a notion of one combined tool from the rotation. Also, the stiffness of
these abrasive laden fluid balls can be controlled/changed either by increasing the
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working gap (a gap between workpiece and tooltip) or by changing the permanent
magnet. This helps in controlling the applied finishing forces.

The planetary gears, as shown in Fig. 41.2, are ten teethed having a unity module
spur gear cut on the periphery of 12mm. Their one end is force-fitted into the bearing
of bore 3 mm and an outer diameter of 6 mm. On the other end, permanent magnets
of 4 mm diameter are inserted in the 10 mm deep cavity. Material for gear has to be
tough, hard, resilient and high in yield as well as fatigue strength. Therefore, these
gears are turned and wire-EDM machined out of EN24 steel.

Ring gear also is a spur gear with a unity module having 30 teeth, as shown in
Fig. 41.3. There are three projections on the ring gear’s outer periphery, that is where
it is joined to the bearing housing on the spindle, thus forming a cage. This cage
is anchored to the stationary part of the machine to keep it from rotating with the
spindle. The ring gear is also wire-EDM machined out of EN31 steel.

Shaft and carriers shown in Fig. 41.4 are machined from mild steel. The shaft is
150 mm long and 10 mm in diameter having a step along its length to support the

Fig. 41.3 Fabricated ring
gear

Fig. 41.4 Photo showing
shaft and carrier with the
inserted bearings
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bearing of bore 10 mm and an outer diameter of 26 mm on which the ring gear is
supported through the cage.

Alternatively, the tool can be fabricated using the rapid prototyping technique also
called 3D-printing. The readily available and most common type of technique which
is Fused Filament Fabrication (FFF), has been used in this paper. The BEMRF tools,
as available in the archived literature [15, 16], are fabricated out of certain grades
of steel which is a ferromagnetic material. But this paper presents the findings of
fabricating the tool out of non-magnetic materials as well.

The material chosen to print the tool is polyethylene terephthalate glycol (PETG)
because of its availability and appreciable physical characteristics. The CAD model
of the tool except the bearings and magnets is sliced and prepared for printing in
the slicer called Cura. The 0.2 mm layer height has been considered with the infill
density of 100% having a wall thickness of 1.2 mm. The nozzle temperature suitable
for PETG is set to 240degC while bed temperature is fixed at 90 °C. Printing speed
is 60 mm/s and supports were active for the minimum overhang angles of 45°. At
these settings, the time to print the whole tool estimated by the slicer is 21 h and
17 min (Fig. 41.5).

41.3 Magnetostatic Simulation of Tool Model

To understand the interaction with the workpiece and shape of the magnetic field at
the tip of the tool, amagnetostatic simulation has been carried out onSolidworksEMS
(Electromagnetic Simulation) plugin version 2017. Two types of materials have been
considered for the tool, one ferromagnetic material which is mild steel and another
non-magnetic material namely polyethylene. The workpiece is a square of sides
60 mm with a thickness of 10 mm and a selection of materials from ferromagnetic
and non-magnetic are considered. The simulation is done for four different types of
materials including mild steel, copper, aluminium and a non-metallic polycarbonate.
All four workpieces are tested with each of the types of tool material.

Permanent magnets are made of neodymium, and the direction of coercivity of
all permanent magnets is always towards the workpiece. The whole tool model is
enclosed in an air envelope to simulate for the conditions as realistic as possible.

The working gap is kept constant at 0.8 mm with MR fluid between the tooltip
and the workpiece. The materials assigned and their properties given in Table 41.1
are taken from the Solidworks’ EMS material directory except for the properties of
MR fluid, which is taken from the literature [7, 15].

41.4 Results and Discussion

The results obtained from the magnetostatic simulation of the tool and workpiece are
presented and discussed-upon in this section. The simulation has been carried out
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Fig. 41.5 Photo showing the preview of a sliced tool

for each of the combination of tool and workpiece material and the results obtained
are presented in terms of magnetic flux density, Tesla (T).

41.4.1 Tool Material: Mild Steel

41.4.1.1 Workpiece: Ferromagnetic- Mild Steel

Using ferromagnetic workpiece of mild steel to simulate for the tool model with the
MR fluid in the working gap, the side view of the tooltip components and workpiece
shows the distribution ofmagnetic flux density (Tesla, T) in Fig. 41.6. It clearly shows
the high concentration zones just beneath the tip of themagnet, and it decreases as the
field pans out away from the tooltip. The highest flux density is in the centre because



608 M. Osama et al.

Table. 41.1 Materials assigned and their magnetic properties

Material Property Type Value

NdFeB Magnet
(N5513)

Conductivity Isotropic Conductivity (Mho/m): 0

Relative permeability Isotropic Relative permeability:
1.25

Magnetization Permanent
magnetization

Coercivity (A/m):
954,929
Remanence (Tesla): 1.5

Air Conductivity Isotropic Conductivity (Mho/m): 0

Relative permeability Isotropic Relative permeability: 1

Magnetization Non-permanent
magnetization

Mild Steel Conductivity Isotropic Conductivity (Mho/m):
1,100,000

Relative permeability Isotropic Relative permeability:
2000

Magnetization Non-permanent
magnetization

Copper Conductivity Isotropic Conductivity (Mho/m):
57,000,000

Relative permeability Isotropic Relative permeability:
0.999991

Magnetization Non-permanent
magnetization

MR Fluid Conductivity Isotropic

Relative permeability Isotropic Relative permeability: 5

Magnetization Non-permanent
magnetization

Polycarbonate
PC40

Conductivity Isotropic Conductivity (Mho/m):
1,724,137

Relative permeability Non-linear
Isotropic

Magnetization Non-permanent
magnetization

Polyethylene Conductivity Isotropic Conductivity (Mho/m): 0

Relative permeability Isotropic Relative Permeability: 1

Magnetization Non-permanent
magnetization

Aluminium Conductivity Isotropic Conductivity (Mho/m):
38,200,000

Relative permeability Isotropic Relative permeability: 1

Magnetization Non-permanent
magnetization
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Fig. 41.6 The magnetic flux density distribution for the ferromagnetic workpiece

of the bigger size of the magnet. The result here is shown on the scale ranged from
0 to 0.8 T. Mild steel generally is finished at 0.6–0.8 T according to the data in
the archived literature. Researchers have also finished the mild steel workpiece with
the lesser magnitude of magnetic flux density [7, 15, 16]. However, at lower flux
densities, the spindle rotation speed also needs to be lesser so that the MR fluid at
the tip does not fly away because of the centrifugal force [16]. Therefore, the density
of the magnetic flux considered here is well enough that the MRP fluid can form the
hemispherical balls at the tip of the tool and can perform finishing operation even at
higher spindle speeds.

Figure 41.7 shows the magnetic flux density on top of the mild steel workpiece. It

Fig. 41.7 Top view of the mild steel workpiece showing the magnetic flux density concentration
zones
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clearly shows the concentrations regions just beneath the tooltips. The hemispherical
balls will form at the regions beneath the tooltip, as shown in Fig. 41.7, and the
tool will rotate the stiffened MR fluid hemispherical balls to carry out the finishing
operation of a ferromagnetic workpiece.

41.4.1.2 Workpiece: Non-magnetic-Copper

Figures 41.8 and 41.9 shows the magnetic flux distribution for the non-magnetic

Fig. 41.8 The magnetic flux density distribution for the non-ferromagnetic copper workpiece

Fig. 41.9 Top view of the copper workpiece showing themagnetic flux density concentration zones
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Fig. 41.10 The magnetic flux density distribution for the non-ferromagnetic aluminium workpiece

copper workpiece. The simulation results indicate the similar behaviour and interac-
tion of the magnetic field as with the ferromagnetic workpiece. The magnetic field
distribution is such thatMRPfluidwill form hemispherical balls andwork effectively
with the non-magnetic workpiece as well [2]. The scale considered for the copper
workpiece ranges from 0 to 0.4 T. Because copper is a soft material as compared to
the mild steel, hence it requires a lesser magnetic flux density to get finished [7, 15].

41.4.1.3 Workpiece: Non-magnetic-Aluminium

Similar to the case of a copper workpiece, the behaviour of magnetic flux density is
the same for the aluminium workpiece as shown in Figs. 41.10 and 41.11. The red
regions show the maximum concentration forming beneath each of the tips’ centre.
The range of the scale considered is similar to the copper which is 0–0.4 T because
the aluminium and copper have a similar indentation hardness. In fact, aluminium
exhibits a lesser indentation hardness than copper [17]. Therefore, the magnetic
flux density obtained from the results of the simulation is sufficient to easily form
hemispherical fluid balls and finish the workpiece.

41.4.1.4 Workpiece: Non-magnetic and Non-metallic-Polycarbonate

Figures 41.12 and 41.13 shows the distribution of magnetic flux density for the
non-magnetic and non-metallic polycarbonate workpiece. The highest concentration
although is achieved beneath the tips, however, the area of highest concentration zone
seems smaller than the ones obtained for copper and aluminium.

Moreover, unlike non-magnetic metallic workpieces, the unusually high concen-
tration is being achieved in the centre component of the tool as shown in Fig. 41.12.
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Fig. 41.11 Top view of the aluminium workpiece showing the magnetic flux density concentration
zones

Fig. 41.12 The magnetic flux density distribution for the non-ferromagnetic polycarbonate
workpiece

The magnetic fields seem to be more penetrant in the workpiece and distributed like
a flare over a large area of the workpiece. The flux density scale for the polycar-
bonate workpiece also is set between the range of 0–0.4 T because polycarbonate is
a softer material as compared to the metals and hence would require a lesser normal
force to remove the material. Nevertheless, the simulation shows enough flux density
distribution at the workpiece to carry-out the finishing process.
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Fig. 41.13 Top view of the polycarbonate workpiece showing the magnetic flux density concen-
tration zones

41.4.2 Tool Material: Polyethylene

The material for the tool is a polyethylene which is 3d-printable plastic available
as PETG. Although, it is slightly different chemically, however, they are same for
the permanent magnets. Apart from the neodymium magnets and readymade steel
bearings, the rest of the component of the tool is plastic. The simulation results with
each type of the workpiece material are presented in the following sub-sections.

41.4.2.1 Workpiece: Ferromagnetic-Mild Steel

The behaviour of the magnetic field for the non-metallic tool and ferromagnetic
workpiece is shown in Figs. 41.14 and 41.15. In Fig. 41.14, the magnetic flux density
is more directed towards the mild steel workpiece and seems to be more penetrant
going from the top towards the bottom because the workpiece is ferromagnetic and
is aiding the field line path.

Unlike the mild steel tool, the flux density in the plastic tool is close to zero. Due
to the fact that the tool is non-magnetic, the flux density is higher and distinguished at
the workpiece as shown in Fig. 41.15. The simulation result shows that the magnetic
flux distribution is even more favourable for the required finishing conditions than
ones with the mild steel tool.
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Fig. 41.14 The magnetic flux density distribution for the ferromagnetic workpiece

Fig. 41.15 Top view of the mild steel workpiece showing the magnetic flux density concentration
zones

41.4.2.2 Workpiece: Non-magnetic-Copper

Now for the condition where the tool and the workpiece are non-magnetic, the simu-
lation result in Figs. 41.16 and 41.17 shows that the flux density is higher in tool
components as compared to the condition of plastic tool and mild steel workpiece.
In the above condition, the workpiece is ferromagnetic and hence the magnetic flux
density is more inside the workpiece than at the surface.

Here, in case of copper, the flux density is more distributed at the work surface.
This fact is rather presenting a more favourable condition for the formation of strong
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Fig. 41.16 The magnetic flux density distribution for the non-ferromagnetic copper workpiece

Fig. 41.17 Top view of the copper workpiece showing the magnetic flux density concentration
zones

and stable hemispherical balls at the tool tip. Also shown in Fig. 41.17, most of the
region beneath the tool is getting the maximum value of density distribution. And
hence, the tool made out of non-magnetic material is equally capable to carry-out
the magnetorheological finishing of magnetic as well as non-magnetic workpieces.
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41.4.2.3 Workpiece: Non-magnetic-Aluminium

As shown in Figs. 41.18 and 41.19, the magnetic flux density distribution for
aluminium workpiece is identical to the case of copper. The flux density, here as
well, is superficial and distributed on the surface than being inside the workpiece.
Moreover, the area beneath the tooltips is mostly shown in red colour indicating that
the region is mostly getting the highest value of flux density. The results for this tool
and work combination supposedly will give better results than the ones with the mild

Fig. 41.18 The magnetic flux density distribution for the non-ferromagnetic aluminium workpiece

Fig. 41.19 Top view of the aluminium workpiece showing the magnetic flux density concentration
zones
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Fig. 41.20 The magnetic flux density distribution for the non-ferromagnetic polycarbonate
workpiece

steel workpiece. Hence, the conditions in this scenario will also allow the formation
of hemispherical balls of MRP fluid and will perform finishing.

41.4.2.4 Workpiece: Non-magnetic and Non-metallic-Polycarbonate

The non-magnetic plastic tool and non-metallic and non-magnetic polycarbonate
workpiece seem to be getting the most favourable conditions for finishing. Unlike
the mild steel tool where the flux density for polycarbonate workpiece has been seen
going up the tool and flaring at the work surface, the flux density distribution in
the tool components is very minimal. As a result of which, the flux density is very
penetrant in the polycarbonate workpiece like a ferromagnetic workpiece as well as
widely distributed at the surface, as shown in Figs. 41.20 and 41.21.

The magnetic flux density distribution at the top of the workpiece is visible in
Fig. 41.21. It clearly shows the maximum regions in red colour and almost the
whole area beneath the tooltips is getting the flux density of 0.4 T. This condition, in
practical, will make the most ideal size of MRP fluid hemispherical balls at the tips,
stiff enough to carry-out the finishing operation and able to sweep the maximum area
intended according to the tool designed in this work.
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Fig. 41.21 Top view of the polycarbonate workpiece showing the magnetic flux density concen-
tration zones

41.5 Conclusion

The following conclusions can be drawn from this study:

• A novel superfinishing tool is designed and developed here which can be used to
finish magnetic as well as non-magnetic material using MRP fluid.

• A modified epicyclic gear train mechanism is used for the design of the new tool
with the shaft attached to the carrier and sun gear modified to be the non-movable
integral component of the shaft with the cavity in the end for permanent magnet
placement.

• This tool design helps in reducing the finishing time and reduces the finishing
marks associated with magnetorheological finishing processes.

• The tool has been fabricated from steel and required some advanced machining
including wire-EDM and CNC milling. Steel tool though robust in construc-
tion, takes a lot of machine-hours as well as man-hours to fabricate, thereby
increasing the cost as well. Also, customization is very costly and difficult for a
conventionally fabricated tool.

• Rapid prototyping is relatively fast and doesn’t require much man-hours but
produces the parts with inferior physical characteristics. 3D printing from plastics
requires a singlemachinewith a very low setup time. The toolmade here is printed
from PETG and took only 21 h and 17 min. Also, customization is possible at
the will and the complex shapes are possible to fabricate. Apart from that, FFF
process has a far lower carbon footprint.
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• Magnetostatic simulation of the tool along with the workpiece is carried out to
validate the threshold intensity of magnetic flux density required for finishing of
both ferromagnetic and non-magnetic materials.

• Tool materials namely mild steel and polyethylene were considered for the
simulation, i.e. ferromagnetic as well as 3D printable non-magnetic.

• Workpieces considered from both ferromagnetic and non-magnetic categories.
The ferromagnetic material is mild steel while non-magnetic taken were copper,
aluminium and a non-metallic polycarbonate.

• The simulation results indicate magnetic flux density distribution beneath the
tooltips confirming the formation of MRP fluid hemispherical ball formation to
carry-out the finishing. The tool is equally capable of finishing ferromagnetic as
well as non-magnetic materials.

• The plastic 3D printed tool seems to be performing better than the mild steel tool
when it comes to the flux density distribution on the workpiece surface because
of the fact that the tool material is non-magnetic.

Therefore, from the above points, it can be concluded that the BEMRF tool can
be fabricated from plastics through the process of 3D printing and would perform the
finishing operation well. This way, it would be faster, cheaper, highly customizable
and would have a very minimal environmental impact. However, when required in
masses, like in industry, it would be much better, robust and cheaper to fabricate the
steel tool conventionally. Both types of the tool will perform the finishing operation
well for ferromagnetic and non-magnetic as well as non-metallic workpieces.
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Chapter 42
Investigation on Mechanical Properties
of Himalyan Extract Reinforced Epoxy
Composite

Ajay Chauhan, Vikram Singh, and Shiv Kumar

Abstract The prevailing scenario of whole material handling commercial enter-
prises is focused into utilization of highly durable material at lower rates. Thus,
analysts focused for beneficial and greatest use of natural particulate reinforced
(NPR) due to their cost effectiveness and sustainability. The NPR composite has
capability to replace synthetic reinforced polymer composite. The epoxy was used
as matrix material. Varieties of hard wood are available in himalyan region. The
Oak particulates were used as Himalyan Fiber (HF) for reinforcing the epoxy. The
weight fractions of OAK particles were 10%, 20% and 30%. The curing of epoxy
was done in thermal oven at 120 °C for 124 min. It was discovered that the tensile
strength, flexural strength as well as hardness were expanded with an increase in
OAK particle content. There was decrement in impact strength in epoxy reinforced
OAK composite with an increase in the concentration of OAK particle content due
to their brittle nature. The water assimilation ability of epoxy/oak composite was
investigated and it was found that an expansion in weight ratio of oak particles, the
water absorption increases because of tendency of OAK particles to absorb moisture.

Keywords Epoxy · Oak · Curing ·Mechanical behavior ·Water assimilation

42.1 Introduction

The advancement in polymer substances with improved mechanical characteris-
tics have susceptible scope for scientists and production engineers. These materials
have capability to provide a better alternative over the other materials (e.g. metals,
alloys). Due to insufficient mechanical properties of polymer, it alone cannot be used
for application purposes. The reinforcement is necessary to achieve better mechan-
ical properties. The various particulate reinforcement materials are alumina, boron
carbide, silicon carbide etc. these reinforcements are very expensive. The natural
particles may be used as an alternative over these expensive reinforced particles.
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Fig. 42.1 Use of NFRC’s in automobile industry [4]

The used of these reinforced particles may leads to sustainable development of engi-
neering material. The available polymer matrix materials are thermosetting and ther-
moplasticmaterial. It is well known that strength of thermosetting composite is better
than thermoplastic. So, epoxy has been taken this research study. Thermal curing is
required to decrease the curing time of epoxy. The curing time may be higher when
it cured at room temperature. In the present days material fabrication in the polymers
field, thermal curing take part a significant job because of their remarkable properties.
The thermalwaves can be reflected transmitted or retained based upon thematter to be
fabricated via thermal curing [1–3]. Lately, the interest of researchers and designers
has turned over on using all organic strands successfully, cost-effective as conceiv-
able to deliver great quality strand-reinforced polymer composites for the frame-
work, construction, and different necessities. This has prompted the advancement
of alternate materials rather than conventional materials. Presently the goal of the
aeronautic manufacturing units is concentrating on the development of lightweight
and top-notch material. The lightweight and high strength materials are needed to
diminish a load of planes for high performance [4, 5] (Fig. 42.1).

Organic strand composites are probably going to be naturally better than other
synthetic strands because of the accompanying reasons, such as environment-friendly
nature, less polluting content, and negligible carbon credits [6]. The organic strand
reinforced polymer composite substances offered a broad area of characteristics that
are appropriate for a considerable number of engineering utilization. The environ-
mentally accessible plants have various lignocellulose strands. These strands may
acknowledge as environmentally developed composites [7]. Practically all-organic
strands, aside from cotton, are principally made out of cellulose, hemicellulose,
lignin, waxes, and a few water-solvent mixes. The measure of cellulose in the strand
decides the toughness and firmness of strands, which is given by bonds of hydrogen
and different linkages in cellulose [8]. As the climate is a significant worldwide
concern these days because of the growing rates of ozone harming substances.
Conventional elements are typically answerable for transmitting carbon dioxide
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(CO2) gas during their transformation and utilization [9]. Among the different fabri-
cated elements that have been examined as substitutes for iron and steel for the utiliza-
tion in car, plastics holds a significant percentage. Plastics utilized for nearly every-
thing from the components of the day by day use to confounded structures, various
machine parts, and so on. It finds different applications due to the lightweight, less
water assimilation high firmness, and durability. A number of plant strands discover
usage as an asset for business materials.Polymers composite are not just famous in
the aircraft sector, however, additionally famous in the implant business because of
its incredible biodegradability. The conventional biomedical implant substance was
metal and ceramics, which were disposed of because of their heavy weight and brit-
tleness. Overwhelming inserts may likewise cause exhaustion to sick persons. In this
manner, a few specialists have recommended bio compatible polymers as an option in
contrast to conventional metals and ceramic inserts [10–12]. Now a day’s polymeric
foams have assortment of applications because of high adaptability, less weight,
high water retention capacity and thermal protection. Due to non-biodegradability of
traditional materials, scientists divert towards biodegradable polymeric foams. As a
result, PCL might be a biodegradable option [13]. It was concluded from literature
review that very less work has been on exploitation of natural resources as reinforce-
ment in thermosetting resin (epoxy). As per knowledge of authors no work has been
reported on study of mechanical behavior of epoxy/oak particulate composite.

42.2 Research Background

In a study, firmness andmechanical behavior of flax/bio-epoxy composites presented
to various ecological circumstances were assessed. These circumstances were picked
to clone those discovered outside that can influence the strength of these substances:
water submersion, warm moist condition, and freeze-defrost circumstances. The
results acquired in this examination recommend that flax/bio epoxy composites can
utilize almost ecological circumstances, barring submerged applications that cause
serious harm to the characteristics of the substance. Such material is inadvertently
lowered in water for quite a while, dry the composites to three days will almost
thoroughly restore the flexural quality and modulus, further Young’s modulus, yet
the elasticity will be dimnished inevitably [9].

In the currentworkhygro-mechanical actionof single hempstrand/epoxy interface
was explored through its portrayal at micro scale through Microdroplet debonding
tests. Debonding action examination related to strand/matrix interface crack percep-
tion highlights the modified stress position at the interface while expanding relative
humidity. The extra hygroscopic stress produced during storage at different humidity
are demonstrated the significant supporter of the ideal interface performance at 50%
RH [14].

In this assessment study was done on mechanical performance of organic strand-
based hybrid composite. accordingly, mechanical performance of hybrid composites
was seen as upgraded linearly with volume. Additionally, the treatment of organic
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strand with NaOH played significant job in improving the interfacial attachment
among fiber and matrix. Deterioration in mechanical characteristics predominantly
relied upon the period of vulnerability and temperature associated with different
ecological conditions [15].

42.3 Material and Experimental Method

42.3.1 Materaial Used

High gloss and transparent epoxy resin (Grade: Bisphenol A) and hardener were
supplied by chemzest techno products pvt ltd Chennai. The resin and hardener mixed
with the ratio 60:40. For better curing, the epoxy was cured at 120 °C, which is glass
transition temperature of epoxy as provided by supplier. The curing temperature
was observed by non-contact pyrometer. The curing cycle was two hours. In order
to prepare reinforced particles, Oak wood was crushed in Crusher (Make: Lyser,
Model: 105, Germany). The particle passed from various sieves (higher to lower
order). It was found that the particles pass from a sieve of 100 µm. The various
weight fractions were used 10%, 20% and 30% along with neat epoxy (Fig. 42.2).

It was observed that glass transition temperature of epoxy expanded with increase
in weight fraction of oak particles. This leads to increase in curing cycle time. The
curing cycle time for pure epoxy, epoxy/10 Oak, epoxy/20 oak and epoxy/30 oak
was 125, 157, 199 and 224 min, respectively. After curing, the mold permitted to
cool at normal temperature upto 24 h.

Fig. 42.2 Extracted Oak
fiber
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42.3.2 Mechanical Testing

Tensile behavior of epoxy/oak composite was measured by using UTM according to
ASTM D3039 specification. Specimens size were 50× 12.5× 4 mm3 (L×W× t),
respectively. Ten specimens of every sample were tested to acquire tensile strength
value. Error bar was used to show standard deviation in results. Rectangular test
piece 64 × 16 × 4 mm3 was cut to according to ASTM D790 standard to perform
flexural strength test. For impact strength test ASTM D256 standard was followed
on impact strength testing machine. Samples were cut within the dimension 64 ×
12.7 × 3.2 for Izod test.

42.3.3 Physical Properties Analysiss

Also, four specimens of about 10 × 10 mm2 was cut according to ASTM D5229
to check water assimilation. Specimen was immersed in the refined water at normal
environment and themeasure of water assimilated by the samples was estimated after
24 h. A Shore D Durometer was used to perform a hardness test procedure. Every
durometer tests the intensity of an indentation in sample induced by a defined force
of given geometric presser foot. The intensity of indentation indicates the hardness
of samples. Specimens of size 10× 10× 10 mm3 were cut according to ASTM 2240
to perform hardness test (Fig. 42.3).

42.4 Result and Discussion

42.4.1 Flexural Strength

Flexural strength is capability of substance to oppose the fracture beneath the load
condition. The flexural quality of processedNFRC’swas increseadwith an increment
in oak strand inclusion. Flexural strength is calculated by equation (42.1) (Fig. 42.4).

σ = 3FL

2bd2 (42.1)

where,
F = Force at fracture point,
L = Length of support span,
b =Width.
d = Thickness of samples.

σ = 0.375× F (42.2)
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Fig. 42.3 Various steps followed to prepare the composite sample

Fig. 42.4 Beam under
three-point bend test
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Fig. 42.5 Flexural strength comparison

The value of F has been obtained by the three-point bend analysis and flexural
strength has been calculated from Eq. 2.

Figure 42.5 shows that as we compare the strength with pure epoxy sample having
0% reinforcement has less flexural strength i.e. 88.2 MPa. As we increase the rein-
forcement gradually by 10%, 20%, 30% flexural strength increases with increase in
content of Himalayan fiber (HF). This is due to the reason that an increment in value
of flexural strength in BFRC might be because of an increment in reinforcement
(Ban fiber particulates) with the matrix. In case of neat epoxy the total bending load
was focused on matrix only. While in case of ban fiber reinforced composite the
load transfer from matrix to reinforcement particles sucessfully. The concentration
of transmitted load in case of reinforced fibre composite having high wt% of fiber
is more than that of reinforced composite having less wt% of fiber. The measured
responses are similar with the other reported investigations of Verma and zafar [2].

42.4.2 Impact Strength

It shows the toughness of the material. It is capacity of material to absorb the shock
vitality or to resist it. While the impact strength of the pure epoxy with 0% reinforce-
ment have high impact value 32.2 kg/m2 as compare to the reinforcement added to the
pure epoxy. The impact strength decreases gradually with increase in reinforcement
at 10%, 20%, 30% addition of fiber the impact strength value decreases with value
25.2, 22.8, 20.9 kJ/m2 respectively as shown in Fig. 42.6. This decrease is due to the
increase in brittleness in specimens. This could be due to reason that the particulates
in general display low shock resistance, it happens because of inadequate interfacial
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bond among matrix along with particulates, prompting the instance of cavities at
intersection among matrix as well as particulates. There was more surface region
for additional pits to made and served as intramural deformities diminishing the
proficiency of vitality transfered inside the composites upon impact. The similar
phenomenon was observed in Petchwattana and Covavisaruch [16].

42.4.3 Water Assimilation Test

As the water assimilation calculated which shows the water assimilation of pure
epoxy is negligible as compare to the reinforcement added to the epoxy. The major
reason of water assimilation in the reinforced composite specimen is organic strand.
This organic strand absorbs moisture in presence of water. The neat epoxy has 0%
increase in weight because the neat epoxy act as thermosetting plastic which absorb
no moisture and 10%, 20%, & 30% reinforcement added to neat epoxy has respec-
tively 0.4%, 1.0%, 2.4% increase in weight when sample dipped in distilled water for
24 h. The rate of water ingestion (WA%) was determined by utilizing the Eq. (42.3).

WA% = [W−Wo) ÷Wo] × 100 (42.3)

where,
Wo = Dry weight in gm.
W =Wet weight in gm.
W −Wo = Increase in weight.
Water assimilation test results shown in Table 42.1. This could be because of

the reason that water retention in NFRC is because of aggregate impacts of many
identical systems. Moisture can consumed through a single strand or particulate
due to hygroscopic characteristic of cellulose strands. The other explanation that
arrest the moisture is microgaps associate among strand as well as matrix. The gaps
because of moist generate at the time of hot-melt process further advances toward
water assimilation of materials due to increased porosity. Measured responces are
similer with other documented studies of Tajvidi and Azad [17] (Table 42.1).

Table 42.1 Water assimilation test result

S. No Specimen type Dry weight
(Wo) in gm

Wet weight (W)
in gm

Increase in
weight (W −
Wo)

%.age increase in
weight(WA% =
[(W −Wo)/Wo]
× 100) (%)

1 Neat epoxy 4.510 4.510 0 0

2 Epoxy/10 HF 5.0 5.020 0.020 0.4

3 Epoxy/20 HF 5.0 5.050 0.050 1

4 Epoxy/30 HF 5.0 5.12 0.12 2.4
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42.4.4 Tensile Strength

During tensile strength test result displays remarkable enhancement in tensile
strength. When correlate to neat epoxy sample a gradual enhancemant found in
durability of reinforced composite samples. 0% reinforced composite have tensile
strength of 58.8 MPa while 10% reinforced composite sample have 78.7 MPa, 20%
reinforced composite sample have 93.7 MPa, and 30% reinforced composite sample
have 101.8 MPa tensile strength. The main reason of increase in strength of rein-
forced composite is inclusion of additional material. Increase in reinforcement cause
increases the tensile strength shown in Fig. 42.7. Strength of BFRC advances with
increment in wt% of Ban fiber reinforcement. As in case of neat eopxy thewhole load
is concentrate on matrix only. In the mean time when Ban fiber reinforcement added
to matrix the weight move from neat epoxy to strands successfully and increase in
tensile strength can be seen there. It might be happend because of the reason that
tensile load focused on matrix substance successfully transfered toward reinforce-
ment added to matrix because of impoved bond quality enclosed by flexible matrix
and stiff material added to matrix. The similar phenomenon was observed in Verma
et al.[3]. This increase is due to the fact that the Oak particles are stiffer than epoxy,
which causes increase in stiffness of pure epoxy and provide resistance during action
of uniaxial loading.

Fig. 42.6 Impact strength comparison
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Fig. 42.7 Tensile strength comparison

42.4.5 Hardness Test

Hardness is the ability ofmaterial to resist the deformation against indentation scratch
or abrasion. When the hardness test conducted the result shows that there is also
increase in the hardness as compare to the neat epoxy sample. The neat epoxymaterial
has 47.2 Shore D hardness, similarly for 10%, 20%, 30% reinforced composite
samples have 60.3, 70.2, 78.8 ShoreD hardness, respectively. As the reinforcement in
the pure epoxy increases the hardness gradually increases. This is due to the presence
of hard particle in epoxy. These hard particles offer a resistance to indenter and cause
increase in hardness value. The increase in shore D hardness of composite material
relies upon the kind of reinforcement and its properties (mechanical, chemical and
physical) the degree of adhesion, and fiber stacking. Shore D hardness increases due
to introduction of Ban fiber reinforcement in matrix. The Ban fiber particulates are
harder then the matrix. Neat epoxy is softer and allow the indenter to penetrate easily.
The similar phenomenon was observed in Verma et al. [3]. The increase in hardness
represent in Fig. 42.8.

42.5 Conclusion

Mechanical characteristics as well as physical characteristics of organic strand rein-
forced composite are evaluated. Wide range of tests has been conducted on the
different reinforced composition samples. The composite reinforced with organic
strand have good flexural strength, rigidity as well as hardness in contrast with the
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Fig. 42.8 Hardness test comparison

pure epoxy material. Whereas there is decrease in impact strength in reinforced
composite as compare to the pure epoxy sample. There is also slightly increase in
water assimilation in reinforced composite as in pure epoxy material have no water
assimilation. Over all we can say that as there is an increase in reinforcement in pure
epoxy strength like flexural, tensile, and hardness gradually increases and impact
strength decreases when compared to the pure epoxy specimens.
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Chapter 43
Minimizing Solid Not Fat Loss in Whey
During Paneer Manufacturing Using
Taguchi Orthogonal Array

Sudip Banerjee, N. M. Suri, Sumankant, Subrata Kumar Bag,
and Sandeep Kumar Khatkar

Abstract Paneer, a popular Indian dairy product, is obtained by acid coagulation of
milk. Among several parameters that affect this process; the heating temperature of
milk (A), coagulation temperature (B), the strength of coagulant (C) and immersion
time in chilled water (D)are the most important. These factors affect the process
of paneer production heavily and thus the correct combination of these four factors
will minimize the loss incurred during processing. Here, L27 Taguchi Orthogonal
array design was adopted with 4 factors and 03 levels to determine the conditions
for the process to yield optimum result. Smaller the loss of Solid not fat (SNF) in
whey, better was the combination of parameters. After each trial, paneer whey was
tested for its final composition. It was perceived that the best result was realized
using the combination of labelled as A3B3C2D2. The SNF content in whey, in this
case, was minimum and was recorded as 5.5%. For validation, a confirmation test
was conducted with the proposed combination of parameters and it was concluded
that this combination is good enough to achieve the lowest SNF loss in whey or to
maintain maximum milk solids in paneer.

Keywords Whey · Paneer · Fat · Solid not fat · Optimization · Taguchi ·Waste
reduction
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43.1 Introduction

Asper statistics from the year 2014–2019, itwas recorded that the paneermarketplace
in India nurtured with a CAGR of 12.5%. Paneer is a non-fermentative, non-renneted
and non-melting type of cheese, attained by acid and heat coagulation of milk [1]. It
is deliberated as one of the most widely consumed dairy product in India [2]. While
producing paneer, cheese or chhana significant quantity of whey is produced. Whey
constitutes about 45–50% of total milk solids, 70% of the milk sugar (lactose), 20%
of the milk proteins and 70–90% of the milk minerals and almost all the water-
soluble vitamins originally present in milk [3]. Whey when prepared during paneer
manufacturing with the help of coagulant such as citric acid, a significant quantum
of solid not fat removed from the paneer and incorporated in whey. Citrate content
in paneer whey was higher due to the addition of citric acid as a coagulant during the
preparation of paneer. The outcomes are in agreement with the observations reported
by several scientists about the composition of paneer and cheese whey [4]. Khan and
Pal [1] reported that the strength of coagulant has a significant consequence on the
final body and texture of paneer. Rajashekhar et al. [5] observed that citric acid paneer
produces softer body in comparison to other coagulants.

SNF % in whey is influenced by the entire paneer manufacturing process which
requires many process parameters with a low, medium and high level of interactions
resulting in the variance in final production. The Standard operating parameters
traditionally designed are not based on optimization, taking into consideration of
all majorly interacted process parameters. Hence the final output in terms of SNF
in whey is required to be optimized (minimization of SNF in whey in this case).
Several experimentations have to be conducted for a complete experiment [6–8]. To
overcome this problem, the Taguchi method applies a special design of orthogonal
arrays to examine the whole parameter space with only a small number of trials [9–
11]. For themanufacturing of paneer four factors are measured as controlling factors.
These are heating temperature, coagulation temperature, the strength of coagulant
and immersion time of paneer blocks in chilled water.

For the Literature review, it has seen that consideration ofmultiple factors together
such as heating temperature, coagulation temperature, the strength of coagulant,
immersion time etc. have not experimented altogether [12,13]. It is fairly fasci-
nating to understand the consequence of all these four factors and their interactions
(combined effect) on the SNF content in whey. In addition to that, this investigation
is meant to optimize the production factors put on Taguchi’s orthogonal array. In
convention, the standard operating process (SOP) for paneer manufacturing designed
does not base upon any sort of optimization taking into consideration of all majorly
interacted process parameters. Hence there is enough scope for the enhancement
of the final output result in terms of lowermost SNF content in whey. Regarding
the waste minimization, it has been observed that a significant volume of whey is
drained during the production of paneer which contains an average 5.9%SNF. There-
fore there is ample scope for more reduction of SNF in whey thereby saving the milk
solids and ensuring the profitability. Therefore, in this investigation, the effect of
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various control parameters such as heating temperature, coagulation temperature,
the strength of coagulant and immersion time on SNF content in whey have been
investigated using Taguchi optimization technique.

43.2 Material and Manufacturing of Paneer

The paneer was produced in Verka Ludhiana Dairy, Ludhiana. For manufacturing
paneer, milk was taken at 4–6 °C and standardized to desired fat and SNF % [14].
Therefore, the same was transported through a plate heat exchanger to 85–95 °C for
10 min and impelled into a cheese vat where milk was cooled to 72–80 °C. One of
the reasons for high heat treatment was to impart a desirable cooked flavour [15].
Moreover, the heating helped to cook the milk for speedy iso-electric precipitation,
regulate themoisture content of paneer,mature distinctive body and consistency [13].
Therefore, hot milk was coagulated at 72–80 °C by adding citric acid at pH 5.3–5.4
with the help of citric acid. Here normally 1.8 kg of citric acid is immersed in 120
kgs of pasteurized hot water to get the desired concentration of 1.5% of citric acid
(range 1–2%). The samemay be sprinkled over the entire mass for better coagulation
process. Higher concentration may impart an acidic flavour in paneer.

Three factors such as type of acid, its concentration and delivery mode and amal-
gamation into hot milk effect the yield of paneer and moisture withholding [16].
After coagulation, clear greenish-yellow whey splits out letting curd to shrink to the
lowermost of the paneer vat. Therefore whey was drained through the filter and the
curd mass was transferred to stainless steel grooved hoops kept inside the muslin
cloth. The hoops have perforations on all edges to enable escaping out the whey.
Four to five paneer hoops holding 7.5–10 kg paneer were placed one above another
and pneumatic pressure of 6–10 kg/cm2 is applied for 10–12 min. Finally cut paneer
blocks are immersed in chilled water from 1 to 2 h for the preparation of the final
composition of the product. After the immersion, paneer blocks are taken out of
chilled water and kept on the SS table with the cover of wet muslin cloth. After
that, the blocks are cut into pieces as per requirement, weight and packed below
15 °C. Paneer pieces then kept at the cold store at less than 4 °C for overnight to
make it ready for dispatch. The SOP for paneer manufacturing depicted in Figs. 43.1
and 43.2.

43.3 Problem Identification and Design of Experiment

Problem identification stated with brainstorming followed by the voice of the
customer (VOC). Then VOC turned to CTQ (Critical to Quality). Next probable
reason for SNF loss in whey is grouped through the cause-effect diagram. After that
pilot experimentation conducted to identify the manufacturing parameters and their
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Fig. 43.1 a–f Process layout of manufacturing of paneer

Fig. 43.2 Flow diagram for the manufacture of paneer
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Table 43.1 Average SNF % in whey with different parameters at a different level of experiments

Parameters L1 L2 L3

%SNF in
whey

S/N ratio %SNFin
whey

S/N ratio %SNF in
whey

S/N ratio

A Heating
temp. (°C)

5.9 −15.41 5.9 −15.41 5.8 −15.38

B Coagulation
temp. (°C)

6.0 −15.63 5.8 −15.41 5.7 −15.16

C Strength of
coagulant (%)

5.8 −15.38 5.8 −15.31 5.9 −15.51

D Immersion
time (h)

5.9 −15.49 5.8 −15.30 5.9 −15.41

*L1, L2 and L3 represent Levels 1,2 and 3 respectively
** S/N Ratio symbolizes Signal to Noise ratio

levels. The process factors for paneer were identified as heating temperature, coagu-
lation temperature, the strength of coagulant and immersion time of paneer blocks in
chilled water. Then research designwas prepared by L27 Taguchi orthogonal array as
shown in Table 43.1. From the paneer manufacturing trial, selected-response char-
acteristic was recorded as SNFcontent in whey. Finally, the effect of all control
parameters on response characteristics was studied individually applying Taguchi
single response optimization [12]. The same was validated through a confirmation
experiment for each factor. In the case of paneer whey “Smaller the better (SB)”
concept is applied to minimize the SNF content in whey.

43.4 Result and Discussion

SNF content in whey during the manufacturing of paneer has been considered as
a response, however, heating temperature, coagulation temperature, the strength of
coagulant and immersion time have been taken as input parameters for the manufac-
turing of paneer. The raw data for average values of the responses for every factor
considered in all three levels (L1, L2 and L3) and depicted in Table 43.1.

After conducting the three experiments for each of the 27 trials i.e. a total of
81 experiments, results were obtained in terms of average SNF% in paneer whey.
Experimental results for % SNF in whey are summarized in Table 43.2. From the
average values and main effect of the raw data of SNF in whey (Table 43.3), it is
noticed that the control parameter coagulation temperature has the strongest influence
on SNF% inwhey followed by immersion time, the strength of coagulant and heating
temperature. The coagulation is a process of curdling through precipitation. That is
the settlement of solid not fat. Hence coagulation temperature has significant impact
over the solid not fat of milk taken for the manufacturing of paneer.



638 S. Banerjee et al.

Tabl 43.2 SNF Content in whey according to different experimentation combination

Trial No Trial combination % SNF in whey Average %
SNF in
whey

S/N ratio

A B C D S1 S2 S3

1 85 72 1 1 6.70 6.60 6.40 6.57 −16.3485

2 85 72 1.5 1.30 6.00 6.20 6.30 6.17 −15.8028

3 85 72 2 2 6.50 6.40 6.30 6.40 −16.1243

4 85 76 1 1.30 6.00 5.80 5.90 5.90 −15.4179

5 85 76 1.5 2 5.80 5.60 5.40 5.60 −14.9675

6 85 76 2 1 6.00 6.00 6.00 6.00 −15.5630

7 85 80 1 2 5.40 5.30 5.80 5.50 −14.8139

8 85 80 1.5 1 5.40 5.30 5.80 5.50 −14.8139

9 85 80 2 1.30 5.40 5.30 5.80 5.50 −14.8139

10 90 72 1 1 6.20 6.30 6.00 6.17 −15.8028

11 90 72 1.5 1.30 5.80 5.90 6.00 5.90 −15.4179

12 90 72 2 2 6.00 6.30 6.10 6.13 −15.7557

13 90 76 1 1.30 6.00 5.80 6.00 5.93 −15.4671

14 90 76 1.5 2 6.00 6.00 5.90 5.97 −15.5149

15 90 76 2 1 6.00 5.80 5.90 5.90 −15.4179

16 90 80 1 2 5.80 5.60 5.40 5.60 −14.9675

17 90 80 1.5 1 6.00 6.00 6.00 6.00 −15.5630

18 90 80 2 1.30 5.40 5.30 5.80 5.50 −14.8139

19 95 72 1 1 5.40 5.30 5.80 5.50 −14.8139

20 95 72 1.5 1.30 5.40 5.30 5.80 5.50 −14.8139

21 95 72 2 2 6.20 6.30 6.00 6.17 −15.8028

22 95 76 1 1.30 5.80 5.90 6.00 5.90 −15.4179

23 95 76 1.5 2 5.80 5.90 5.90 5.87 −15.3681

24 95 76 2 1 6.00 6.00 6.00 6.00 −15.5630

25 95 80 1 2 5.90 5.90 5.80 5.87 −15.3681

26 95 80 1.5 1 6.00 6.00 6.00 6.00 −15.5630

27 95 80 2 1.30 6.00 6.20 6.10 6.10 −15.7074

*A, B, C and D denote Heating Temperature (OC), Coagulation Temperature(OC), the strength of
coagulant( %) and Immersion Time respectively

For computing S/N ratio for smaller is better, the following formula is used:
Smaller is better: S/NLB ratio = −10 log (1/r

∑
yi2),

Where yi = individual response.



43 Minimizing Solid Not Fat Loss in Whey During Paneer … 639

Table 43.3 Percent contribution and optimum factors

Designation Parameter Optimum level Optimum
value

Mean of
SW(% C)

S/N ratio of
SW(%C*)

A Heating temp
(°C)

3 95 °C 0.16 0.12

B Coagulation
temp (°C)

3 80 °C 21.84 21.49

C Strength of
coagulant (%)

2 1.5% 3.75 3.69

D Immersion time
(h)

2 1.30 h 3.88 3.76

*% C denotes % contribution

The main effect and S/N ratios for SNF % in whey are stated in Figs. 43.2 and
43.3 respectively. The mean response denotes to the average measure of quality
characteristics for every factor at altered levels. The average value of SNF% in whey
for every factor at levels 1, 2, and 3 are computed. In Fig. 43.3a, it was observed
that with an increase in temperature (i.e. 80, 85 and 90 °C) the SNF content was
decreased. Also as shown in Fig. 43.3b with an increase in coagulation temp. the
SNF content decreased significantly. In Fig. 43.3c SNF quantity decrease for raising
coagulation strength from 1 to 1.5%. SNF further increases due to the increase in
strength of coagulant from 1.5 to 2%. In case of increase of immersion time from 1
to 1.30 h, SNF in whey decreases and increase in immersion time from 1.30 to 2 h,
SNF in whey increase.

Table 43.3 shows that the contribution of parameter i.e. coagulation temperature,
to the responses is greatest (21.84%). The influence of other factors in downward

Fig. 43.3 Main effects graph with the mean for SNF% in whey
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Fig. 43.4 Main effects graph with the S/N ratio for SNF% in whey

order is immersion time (3.88%),% coagulant used (3.75%), and heating temperature
(0.16%). Thus, depending on the main effect, S/N ratio and ANOVA analysis, the
optimal mixture of factors and their levels for attaining lowest SNF % in whey is
A3B3C2D2 i.e. the Heating temperature at level 3 (95 °C), coagulation temperature
at level 3 (80 °C), % Coagulant used at Level 2 (1.5%), and immersion time at level
2 (1.30 h).

As SNF % in whey is smaller is better type, the lower value of SNF % in whey is
preferred. From Figs. 43.3 and 43.4, it is projected that the combination A3B3C2D2

provides the minimum value of SNF % in whey. Moreover, in almost all the factors
A, B, C and D, the lowest value of mean response relate to the highest value of S/N
ratio. It was observed that The optimal value of the predicted mean (μ) of different
response characteristics can be available from the below-stated equation also adopted
by [7, 8].

μ = m + (
mAopt − m

) + (
mBopt − m

) + (
mCopt − m

) + (
mDopt − m

)

m = T

N

where,

m overall mean, average SNF % in whey = 5.89
T a total of average SNF% in whey for each experiment = 477.4
N total number of experiments = 81
mAopt average SNF % in whey for factor A at its optimal level = 5.8
mBopt average SNF % in whey for factor B at its optimal level = 5.7
mCopt average SNF % in whey for factor C at its optimal level = 5.8
mDopt average SNF % in whey for factor D at its optimal level = 5.8
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While Calculating we get the mean for selected trial conditions for parameters at
(A3B3C2D2) is 0.72 (m)

μ = 5.89+ (5.8− 5.89) + (5.7− 5.89) + (5.8− 5.89) + (05.8− 5.89)

= 5.89− 0.09− 0.19− 0.09− 0.0−
= 5.43.

43.4.1 The Confidence Interval Around the Estimated Mean

The optimum value of SNF% in whey is projected at the designated levels of factors.
The production factors and their optimum levels have already been designated as
A3B3C2D2 shown in Table 43.3.

There are three different types of confidence intervals (CIs) that Taguchi practices,
depending on the purpose of the estimation [17]. The 95% confidence interval of
confirmation experiments (CICE) and the population (CIPOP) is evaluated by applying
the subsequent equations[10]:

CICE =
[

F(α, 1, ve)Ve

(
1/

ηe f f
+ 1

r

)]1/2

CIPOP =
[
F(α, 1, ve)Ve

(
1/

ηe f f

)]1/2

where,
α = the level of risk;
νe = the degrees of freedom for the error;
F((α, 1, ve)= The F ratio at the confidence level of (1- α) against DOF 1 and error

DOF νe;
Ve = the error variance,
ηeff = the effective number of replications and r is the number of test trials.
r = Sample size for confirmation experiments;
ηe f f = effective number of replications = ( N/(1 + DOF));
Using the above values, the CI is calculated as given under

ηe f f = N/(1+ Total degree of f reedom associated in the estimate of mean)

= 81/(1 + 8) = 9.
α = 1–confidence limits (95%) = 0:05.
Fratio(1;0:05;6) = 5.99.
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Table 43.4 Result of the
confirmation run

Experiment with A3B3C3D3 SNF % in whey

1 5.50

2 5.45

3 5.55

Average 5.50

43.4.2 Confirmation Experiments

Confirmations experiments are performed to endorse that the parameters and levels
were designated from an experiment cause a product or technique to turn in a specific
mode. If the average of the outcomes of the confirmation experiment is outside
the range of the Confidence Interval, the factors voted and/or levels to regulate the
fallouts for the anticipated value are indecorous or have extreme measurements,
necessitatingextrainvestigation. Here A3B3C2D2 did not associate to any trial of the
orthogonal array. A total of three (3) confirmation experiments was carried out in the
same way as discussed (Table 43.4) and average SNF % in whey was computed.

The average of the respondent SNF% in whey in every trial is found to be 5.50%,
which is within the CI I.e5.29 < 5.50 < 5.569 of the predicted value of the SNF
in whey. This suggests that nominated factors, as well as their suitable levels, are
appropriate to attain the anticipated outcome.

43.5 Conclusion

In the current static investigation, the process parameters (such as heating temper-
ature, coagulation temp., the strength of coagulant and immersion time) of fabrica-
tion of paneer with low SNF was optimized using the Taguchi approach. From the
experimental investigation the following main conclusions can be drawn:

1. The optimal paneer manufacturing conditions for getting lower most SNF
percentage in whey are Heating Temperature as 95 °C (level 3), coagulation
temperature as 80 °C (level 3), the strength of coagulant as 1.5% (level 2) and
Immersion Time as 1.30 h (level 2).

2. The percentage contribution of the parameter coagulation temperature on SNF
content of paneer is highest (21.84%) followed by immersion time (3.88%), the
strength of coagulant (3.75%) and heating temp. (0.6%).

3. Before the use of the Taguchi orthogonal array, the SNF content in whey was
5.90%, whereas, after the use of Taguchi’s method, the SNF content in whey
drastically reduced to 5.50% only, resulting in maximum SNF retention in
paneer.
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Chapter 44
Features and Functions of Filament
Operated 3D Printer Nozzles: A Review

Krishnanand, Vatsal Mittal, Varanjot Singh, Amar Kumar Branwal,
and Mohammad Taufik

Abstract Filament assisted additive manufacturing (FAAM) techniques are widely
used in different application sectors for the fabrication of the three-dimensional part
in the current manufacturing scenario. A very limited research study reported in
the literature on the features and functions of filament operated various 3D printer
nozzles. However, for proper understanding, there must be some combined study
for different nozzles available for these FAAM techniques. Therefore, a detailed
study on the filament operated nozzle available in the literature has been presented
in this review work. It has been seen that three common types of the nozzle are
widely applied: direct and Bowden type nozzles, single and multi-extruder type
nozzles and single and multi-type nozzles. These nozzles have their own features
and function areas. To improve the applicability of these FAAM techniques, more
efforts should be paid on the design and analysis of a new single nozzle system that
will be incorporating strength and eliminates the weakness of previously developed
nozzles.

Keywords Fused deposition modelling (FDM) · Fused filament fabrication
(FFF) · Types of nozzles

44.1 Introduction

The process of manufacturing product by deposition of material layer over layer
using 3D CAD model data is called Additive Manufacturing (AM) [1]. Initially this
process was used for making prototypes during designing of product. This process
was taking less time to prepare prototype, so it is also known as Rapid Prototyping
[2]. Additive manufacturing is categorised in various category on the basis of tech-
nique of deposition of material in layers. Stereolithography (SLA) [3], Selective
Lase Sintering (SLS) [4], and Fused Deposition Modelling (FDM) [5] are the some
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popular technologies in additive manufacturing. Among all the additive manufac-
turing technologies fused deposition modelling (FDM) is most popular and widely
used technology because of its low cost and open-source availability [6, 7]. FDM
process is based extrusion of melted or semi-solid material through nozzle to deposit
in layers. The material to be extruded is in the form of filaments or may be in pellet
form [8]. Generally, commercially available FDM based 3D printers uses filament
form polymers like—ABS, PLA, etc. [9]. FDM process is also known as Fused
Filament Fabrication (FFF) [10]. Extruder and nozzle are the prime mechanical
components of any FFF based 3D printers [11].

In FFF 3D printers, there are mainly three types of nozzle systems—Direct
extruder and Bowden type extruder [12] nozzle system, single and multi-extruder
type nozzle system, and single and multi-nozzle system. Most widely used nozzle
systems are Direct and Bowden type extruder nozzle systems as shown in Fig. 44.1.
Extruder of FFF based 3D printer is mainly made up of two parts—hot end and
cold end [13]. Cold end is consisting of stepper motor, gear, and bearing. All these
components help to provide the controlled feed of filament in the hot end. Hot end
is consisting of nozzle and filament liquefier which is used to melt the filament and
extrude it out of nozzle to print on printing bed. For proper working of cold end
of extruder, it must be ensured that there is no heat flow from hot end to cold end.
Therefore, to prevent the heat flow, heat sink or heat insulators are used between cold
end and hot end [14].

In this paper, various types of nozzles used in filament operated 3D printers along
with theirs features and functions are discussed. In the first section, design and
construction of direct and Bowden type extruder nozzle system is discussed. In the
next section, a multi-extruder nozzle design for colour mixing is described, and then
a multi-nozzle extrusion system for multi-material printing is explained.

Fig. 44.1 a Direct extruder type Nozzle system and b Bowden Extruder type Nozzle system [12]
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44.2 Direct and Bowden Extruder Nozzle System

Generally, commercially available FDM 3D printers use two categories of extruder
one is direct type and another Bowden extruder. As shown in Fig. 44.2a, in direct
extruder, hot end and cold ends are in close proximity, the filament is directly fed
into the melting chamber, where it convert in semi solid form and extruded from
the nozzle in a precise dimension [15]. Direct extruders are not as much fast as
Bowden extruder. In a Bowden extruder, hot end and cold end are connected through
a tube that is also named as Bowden tube. This tube works as guide-way for the
filament to reach inside the hot end. Due to distance between hot end and cold end,
flexible filaments are not suitable for Bowden extruder. Difference between direct
and Bowden extruder is that, in Bowden extruder hot end is not in contact with
moving parts as in case of direct extruder [14].

As shown in Fig. 44.3, Hoque et al. designed the Bowden extruder using. Bowden

Fig. 44.2 a Schematic of Direct and Bowden Extruder [29], and b Warped 3D printed part [30]

Fig. 44.3 Parts of Bowden Extruder [15]
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extruder has two parts one is static part and other is solid part. Static part is in contact
with stepper motor and the moveable in contact with the static part. Bowden extruder
is having very good accuracy. Although, when the part to be printed is having sharp
and very less thickness than there is some error can be seen. When part is printed
using Bowden extruder then sometime warping can also be observed [16], as show
in Fig. 44.2(b) [30].

44.3 Multi-Extruder Single Nozzle for Colour Mixing

In this system two extruderwere used to feed two different colour filaments in a single
nozzle, where both filaments get melted. Figure 44.4a shows the design of such type
of nozzle. As shown in Fig. 44.4b, Han et al. used NX and ICEM CFD meshing
software to design a CAD model and FEM model of this colour mixing multi-
extruder nozzle [17]. They presented the velocity field and pressure field distribution
at hole of nozzle. According to the combined effect of temperature field and feed
speed, intersection areawas built. After satisfactory results obtained from simulation,
nozzle design was finalised and then experimental analysis was done which resulted
in a nozzle which was capable of producing mixed colour artefacts stably.

Emphasis was given on reasonable simplification of model—like simplified
heating block in which the angle between horizontal surface and the surface at which
threaded hole for the filament pipe is located, is 30°. This inclination is helpful for
the assembly of filament pipe and it also increased heat dissipation. To carry out
the experiments ABS filament was used, as it is having good impact and tensile
strength (Dudek 2013). The success design should provide complete melting and
proper mixing of feed material at the point of intersection and optimal combination
of filament feed speed and temperature field was found by comparing the results.

As shown in Fig. 44.4(c), molten filament accumulation was observed and also,
at 230 °C temperature it was seen that layers cannot stick to each other and liquidity
is high due to which material is not able to extrude completely. All these outcomes
show that there a design flaw exist at intersection in heating block.

Fig. 44.4 a Assembly of entire model, b 3D model of flow channel and c 3D printed objects [17]
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Fig. 44.5 Dual Nozzle 3D Printer [13]

44.4 Multi-Nozzle Extrusion System

Single nozzle FFF 3D printer has some limitation. It is having slow printing speed, it
takes more time to print thin parts with increased accuracy, and multi-colour printing
is note possible. For handling all these problems multi nozzle systems comes in the
picture. More than one nozzle is employed in such systems. Each nozzle can print
different material. Working principle of multi nozzle extruder is not different from
single nozzle extruder. One of the main aims to use multi nozzle system is to reduce
the printing time by increasing the speed of printing. Generally, work of second
nozzle is to print the support material for the hanging part [18] (Fig. 44.5).

Some 3D printers use more than two nozzles. RoVa3D is such 3D printer which
is having five nozzles with five extruder [31]. The major constraint of the multi-
extruder multi-nozzle system is the heavy weight and more power consumption
because such systems having more than one melting chamber and extruder motor
system. Bowden-type extruder are employed to separate hot-end and cold-end of
an extruder. It increases the print volume and print speed significantly [13]. Ali
et al. proposed extruder model in which five nozzles are present and each nozzle
accept different filament. This design provides the flexibility of printing five different
colours or materials without any hindrance [13]. This complete assembly of nozzle
and extruder is embedded in the carriage and this carriage having movement as per
the movement of stepper motor (Fig. 44.6).

44.5 Fused Deposition Modelling of Metals [20]

In this design, a FDM3000 system is used because of its functions such altering build
parameters viz, material flow rate, deposition head motion, liquefier and chamber
temperature and tool path commands. Figure 44.7a and b show the initial design
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Fig. 44.6 Multi-Nozzle 3D Printer [19]

Fig. 44.7 a Initial design of liquefier and b redesigned liquefier [20]

for a FDM 3000 deposition head and the redesigned liquefier implemented here
respectively.

The redesigned melting chamber/liquefier is straight in shape while previous one
was curved. The objective of designing the melt chamber is to reduce the driving
force required to deliver the material and also to reduce the puddling effect as well
due to extra material which gets dispensed even after the stepper motors are stopped.
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The length of liquefier was also reduced to achieve uniform thickness by improving
transient response, to reduce the driving force, which is the cause of buckling and
pudding by reducing pressure and to generate a small temperature difference between
melt chamber inlet and outlet by improving heat transfer.

After modelling, assuming ideal conditions, significant differences were seen that
justified the need for improved liquefier design over the original liquefier.Microstruc-
tural analysis showed stronger bonding between layers with variation in coarseness
in microstructure along the layer interface which affects conductive and mechan-
ical characteristics. This research opened the gateway towards the utilization of
redesigned FDMs setups with various material deposition head to build metallic
components using higher strength alloys.

44.6 Fused Filament Fabrication of Metallic Glasses [21]

Unlike the conventional 3d printing techniques which depends on thermoplastics this
research focusses on the printing of the metallic glasses as a filament material like
the bulk metallic glass (BMGs). As the metallic glasses has superior strength and
better structural performance, but the main challenge is that unlike the thermoplastic
they don’t have go continuous softening with rise in temperature. But the BMG has a
special property to acts like a super cooled liquid and undergoes continuous softening
with rise in temperature. The BMGs has amorphous structure which enables it to
possess high strength and elastic limits, along with other mechanical properties like
corrosion resistance and fracture toughness. To optimise the metallic properties of
BMG with its amorphous abilities researchers has originated a new processing route
(FFF-based 3D printing) to a unique material class (BMGs).

The BMGs are acted by a series of operations in atmosphere of argon, heated upon
crystallisation temperature, flipped several times and are cooled to room temperature
to make ready as BMG rod to feed in FDM extruder as a filament. These rods
were fed to extrusion head. The experimental data shows that the most optimised
temperature for extrusion is about 460 degree having the appropriate viscosity and
the time difference for crystallisation. The feeding system is installed with modified
numerically controlled milling table, having custom written G codes for tool path
but acted by automatic arrangements. A pule joule heater is installed to heat the pre-
extruded layer below nozzle. The experimental data shows that the feed rate achieved
by the assembly is about 10 mm3/s and the and the feed force for the stepper motor
is < 100 N which can vary during starting or stopping (Fig. 44.8).

The mechanical properties test on the 3D printed object applying the FFF-based
3D printing onBMGs it is obvious that they have better strength and toughness which
provide an edge to it over the conventional 3d printing using thermoplastic. Also,
unlike the conventional method having a close space for extrusion, extrusion can be
carried out in air with the help of FFF technique. The surface of extruded object
shows no significant effect with extrusion in open air (Figs. 44.9).
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Fig. 44.8 a Schematics of BMG based FDM process; b BMG based 3D printer [21]

Fig. 44.9 FFF printed part using BMG a continuous 3D printing b start-stop 3D printing [21]

Much research is needed to be done in the field of FFF based 3D printing. Effects
of Printing speed, nozzle diameter, and printing forces and other parameters, yet to
be explored.

Also, mostly the feeding force needed in the stepper motor is between 10 and
100 N. But it can vary as the in starting and stopping and even when input condi-
tions changes. In case of 3D printers, practically it is very difficult and expensive
to realize forces more than 1000 N while forces below 10 N are difficult to control.
The softening of the BMGs to form the feeding rod is a challenge. In the extrusion
head as the range of optimality is minute for the temperature and pressure.at low
temperatures, viscosity is high so it demands high extrusion torque, whereas at high
temperature viscosity is low, which provides short processing timing.

44.7 Bonding Quality Affected by Processing Conditions
[22]

The main objective of the researchers was to emphasis the phenomena of bonding
between the adjacent layer of the filament wire after the extrusion. The bonding
phenomena are largely affected by the thermal energy of the filament material.
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This approach deals with the most common challenge of the conventional technique
approach as its domain of validity is limited, they neglect the micro level phenomena
of partial bonding between filament and they largely effected by the determination
of fitting parameters. Researchers carried out the experiment on the pre-defined ABS
specimen setting the temperature as 260° using nozzle of diameter 0.035 mm. the
flow rate and the extrusion rate was fixed to a pre-defined value. during the extru-
sion, the temperature is monitored using 0.0118 mm K-type thermocouples. The
filaments bond quality was validated on basis of the meso structure characteristics
and three-point bending tests results. Figure 44.10a show the general FDM setup for
experiment.

Figure 44.10b shows the bond formation process between two adjacent fila-
ments. Temperature is the most promising character to determine the properties
of the extruded part, and it depends of the rate of cooling after which it extruded
from extrusion head. The experimental data indicates that the temperature gradients
rapidly decreases along thewidth and height of the deposited filament. The result was
obvious as the filament size is minute. To simplify the inference the cooling process
of single filament is converted to one-dimensional transient heat transfer model and
ellipse is assigned as moulded cross-sectional shape. It is observed that the temper-
ature of liquefied is 260 degree but when it leaves the nozzle tip, the temperature
degree. The liquefier control system, the delay in time inmonitoring and the response
time of thermocouple justify the temperature difference.

The neck growth phenomena are more frequent in the lower layer then the top
layer due to the above observation that the bottom layer remains at higher temperature
for long time then the top layer. The experimental data on the specimen agree with
the theoretical prediction. When the extrusion process occurs due to the motion of
filament, the temperature of region change. This changes the cooling rate effecting the
bond strength. Healing theory explains the mechanical properties of healed surface
with varying the temperature. Data results are affected by mesostructured, from
sintering and creep behaviour. Change in cooling condition determines the surface
finish of different locations. Experiments confirms that mesostructured, quality and
finish of the bonding between filaments depends on the heating temperature and the
changes in convective conditions within extrusion head. It can be concluded that the
cooling rate is the most promising factor for determining the mechanical properties
and accuracy of extruded part.

44.8 Real-Time Monitoring

For better quality control of printed part, real time monitoring is needed [23].
According to Turner and Gold controlling flow rate using process monitoring, FDM
resolution can be improved [11]. According to Huang et al. unavailability of sophis-
ticated sensors for real time monitoring is the one of the area to be explored in AM
technologies [24]. During depositions of layers, temperature, flow rate, and shear rate
of melt are important factor to decide the properties of printed part. These parameters
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should be monitored to get better properties of printed part. Coogan et al. designed
an in-line sensor for the real-time monitoring of various process parameters of 3D
printing process. They used a temperature sensor, encoder to measure feed rate of
filament, and a pressure sensor to build rheometer [25]. Rheology helps to calculate
force and torque requirements of extruder by determining material flow, shear rate
and velocity profiles and all these parameters affect the final properties like strength
and shape of printed part [11, 26].

Coogan et al. designed a nozzle system in which many elements, as shown in
Fig. 44.11, were embedded. This nozzle is having a port hole which is to be used for
pressure measurement (Fig. 44.11a). It is also having a load transfer bar as shown in
Fig. 44.11b. This load transfer bar is attached with pressure port hole on the nozzle
and directly contacting the melted filament. A temperature sensor is also embedded
in this load transfer bar as shown in Fig. 44.11c. This load transfer bar is connected
with a clamp at another end. A load cell is rigidly fixedwith body of nozzle at one end
and another end is connected with clamp. Pressure of melt is measure by this load
cell. There is some voltage change in this load cell and this voltage change is mapped
as per pressure change. A data acquisition system is used to collect the data from this
rheometer. Pulses from stepper motor are counted by the data acquisition system and
feed rate is calculated. Similarly, thermocouples also send the temperature data in
form of voltage change through a signal conditioner to the data acquisition system.
All these data collected by data acquisition system is sent to personal computer for
analysis and interpretation. Figure 44.12 shows the complete set of data acquisition
system.

Fig. 44.11 Different components of customized in-line rheometer [25]
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Fig. 44.12 Controllers, sensors, conditioners, and data acquisition system [25]

44.9 Numerical and Analytical Analysis of 3d Printer
Extruder

The temperature distribution through the extruder, is helpful in design of extruder
geometry of a filament-based 3D printer. S. Singh et al. developed a CFD model
and different heat sink fins profile were analysed for working material poly-lactic-
acid (PLA) [27]. In order to give continues supply of material to the heat block there
should not bemelting ofmaterial in the heat sink chamber. And hence the surface area
of the heat sink is needed to increase and due to which fins are provided on heat sink.
Tadmor et al. assumed a constant thermal conductivity of PLA, i.e. 0.195 W/m–
K [26]. According to Pyda et al. specific heat capacity of PLA is dependent on
temperature [28] (Fig. 44.13).

Boundary conditions applied in this model are—heat transfer coefficient of
external surface, constant velocity at the point where filament is pushed in themelting
chamber, pressure at the opening of nozzle, heating chamber as heat generation
body. Effective heat transfer coefficient of exterior surfaces of hot end is calculated
assuming the convection and radiation as the mode of heat transfer. Now temper-
ature distribution inside the extruder is determined for different fins like circular,
triangular, elliptical and rectangular having elliptical perforation fins. And it is found
that temperature at the top of the heat sink is near about 370 K which is quite under
the desirable conditions. And it is also less as compared to the other design of heat
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Fig. 44.13 Solid model of liquefier with PLA space filled [27]

sink and hence fulfilled the optimum condition and shows the desirable temperature
variation throughout the liquefier.

44.10 Conclusion

In this paper various types of extruders and nozzles for filament operated 3D printers
along with their features and functions has been discussed. It was found that direct
type extruders are not faster and having slippage problem.On the other hand, Bowden
type extruder cannot handle flexible filaments. Direct and Bowden extruder can be
differentiated on the basis of distance between hot end and cold end of extruder. In
multi extruder single nozzle type system, more than one filament can be feed in a
liquefier, where the getmelted and extrude out of nozzle to deposit as layer. Filaments
could be of different colours to print a colourful part. In multi nozzle system more
than one nozzle are used and each nozzle can print different materials. But more
than one extruder, nozzle system would be bulky as it will carry a number of motors,
rollers and bearing. It will slow down the printing speed as well as increase the
power consumption. To handle this problem a suitable mechanism was discussed in
the paper.

During depositions of layers temperature, flow, and shear rate are important factor
to decide the properties of printed part. For real-timemonitor all these parameters and
process control, a rheometer, pressure sensor, and a thermocouple were incorporated
in the nozzle. All the data for those parameters was collected by a data acquisition
system and then sent to computer for analysis. This real time monitoring of 3D
printing process is helpful in improving the parameters for better properties of 3D
printed part.
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From above study, it is clear that there is scope of development of a hybrid type
FDM 3D printer. This hybrid FDM 3D printer will be capable to accept feed material
in the form of filaments as well as pellets or granules. Real-time monitoring system
can also be implemented in this hybrid FDM based 3D printer for better process
control.
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Chapter 45
Extruder Design in Pellets Operated 3D
Printers: A Review

Krishnanand, Varanjot Singh, Vatsal Mittal, Amar Kumar Branwal,
and Mohammad Taufik

Abstract The pellets/granulate/flakes operated 3D printer is a novel layer by layer
part fabrication technique based on the extrusion of the pellets particles using the
mechanism of screw extrusion and positioning system. When the mechanism of the
screw extrusion has been complete in a single stage, the single screw design could
be included to form a group of pellets operated 3D printers. Similarly, in the case of
a double-stage screw extrusion system, two screws 3D printers could be used with a
relatively large diameter for the first stage screw. The hopper, screw, heating system,
temperature sensor, barrel, nozzle, and positioning system are the most common
elements in the design of pellets operated 3D printers. Materials with high flexibility
will have great potential as pellets operated 3D printer materials. In this paper, a
single-stage screw extrusion, double-stage screw extrusion, flexible, and non-flexible
material extruder designs for pellets operated 3D printers have been studied. Apart
from this, the process parameter behaviour of the pellets operated 3D printers has
also been studied. Literature showed that the based on the variation in the extruder
design number of the process parameters varies. The number of the elements in the
design of the extruder responsible for the overall build volume or size of the machine
which greatly varied when compared with the conventional 3D printers. This effect
may lead to an increase in resistance to large part fabrication, and thus increase the
portability resistance of the pellets operated 3D printers.

Keywords FDM · Pellet operated 3D printer · Screw extrusion

45.1 Introduction

A modern manufacturing method in which product is manufactured in additive
manner by layer by layer deposition of material using some digital data in the form
of 3D CADmodel, is known as AdditiveManufacturing [1]. Additive manufacturing
is also having various names such as rapid prototyping and 3D printing. There are
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various additive manufacturing technologies but Stereolithography (SLA), Selective
Laser Sintering (SLS), and Fused Deposition Modelling (FDM) or Fused filament
Fabrication (FFF) are well known among them [3]. All these 3D printing technolo-
gies provides design freedom and complex geometry of product to be manufacturing
is not a barrier [6]. FFF is widely used and most popular 3D printing technology
[20, 21]. In FFF, some solid material is fed into a channel where it gets melted and
convert into semi-solid form, and then this semi-solid material is extruded out of
a very precise opening nozzle. Nozzle deposits the material in layer over layer by
numerical control movement [12] (Fig. 45.1).

FFF technology is having numerous applications. FFF is widely used in medical
industry for 3D printing prosthetic limb, other body parts, medical instruments, skin
printing, and tissue engineering [19]. 3D printing having application in manufac-
turing industry for preparing automotive and aerospace parts [14]. It is also used in
clothing, accessories and fashion industry [10]. FFFor FDMis also used in academics
for better teaching methods [22] and it is also used in construction field [15].

In FFF or FDM, polymers [7], biomaterials, food materials, composites [17],
and many other materials can be used as printing material, but polymers like—ABS
and PLA are used at wider scale. Feed material for FFF is generally in the form of
filament. To feed this filament in liquefier an extruder is used. Extruder is consisting
of two parts—one is moving parts or cold end and the other is hot end. Cold is made
up of a roller and a bearing, in between them filament is placed. Roller is attached
with stepper motor to push the filament inside the liquefier. For proper working of
this filament based FFF 3D printer, filament should not be flexible, it should not be
buckle during printing process. Filament of flexible materials are not suitable for
such 3D printers. Here, comes another type of extrusion-based 3D printer in which
feed material is in form of pellets or granules rather than in form of filament. Such
3D printers are having different design and working principle of extruder and nozzle.

Fig. 45.1 Schematic of FFF 3D printer [6]
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Hopper, rotating screw inside extruder, and numerically controlled nozzle are main
components of such 3D printers.

45.2 Design of Pellet Operated Extruders

In this review paper, various designs of pellet (also called as granulate/flakes as per
dimension and shape of the input material) operated 3D printers/extruders have been
discussed. Pellet operated 3Dprinters use screw extrusion system. Single-stage screw
extrusion, double-stage screw extrusion, flexible, and non-flexible material extruder
designs for pellets operated 3D printers and similar have been discussed. Apart from
this, the process parameter behaviour of the pellets operated 3D printers has also
been studied.

As the name suggest, this type of 3D printers contains only one screw-extruder.
Designmainly consisted of a hopper to contain thematerial that’s going to be printed,
motor driven screw to transport the material to the nozzle, heating system, tempera-
ture sensor and attachments to assemble the prototype to 3D printer. Stepper motor
is used to drive 10 mm dia. 66 mm long auger. An aluminium extruder was made, to
prevent extruder spinning in the hopper, it was locked using screws in the four holes
in horizontal direction, at the top of it [23]. A cooling fan was installed for increasing
heat dissipation and to increase print quality. Researcher used the final prototype for
printing with shredded PET and PLA. An auger is used to pass the material from
to nozzle via extruder and this auger is rotated by a DC motor. There is total two
fans were used, one to prevent the hopper from being heated and another to make
the temperature of printed part equal to surrounding temperature (Fig. 45.2).

Researcher printed various parts to show the working of this design but there
are some limitations also. High working temperature may damage the hopper. Two
solutions were provided in order to tackle with this problem. First is to make hopper

Fig. 45.2 Single stage screw extrusion design [23]
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fromhigh temperature resistantmaterial thatwould increase its cost aswell asweight.
Secondly, we can apply insulation between hopper and extruder, so that there is no
direct thermal contact. Another limitation which is general in pellet-based extruder
is irregular flow of the melted plastic which degrades the print quality. Traditional
filament-based printers have good melt flow control that is prime necessity. For poor
flow control there may be various reasons like less time to heat, insufficient heat to
melt properly. To sort out this problem, extruder of greater length can be used. Anna
Bellini et al. presents the development of a set-up, which is having a small extruder
at a highly precise positioning system [4]. This system accepts pellet or granules
as feed material. Positioning system was made of high precision using servo drives,
which allow to track the velocity and torque. The extruder assembly was installed on
a table of high load wearing capacity and smooth motion with help of linear bearing.

Many experimentswere donewith different nozzle diameter but due to clogging of
nozzle continuous flow is interrupted. Reason for this phenomenon is large amount of
heat dissipation from the outer surface of the nozzle and adapter. From the repetitive
experiments with the T16 (0.4064 mm diameter) nozzle, clogging problem was not
seen, there is improvement in the flow [5]. So, it could be understood that using
nozzle diameter greater than T16 will eliminate the clogging problem.

Liu et al. developed a double stage screw extrusion 3D printer. In this extrusion
system two screw at different stages are used. Purposes of first stage screw are tomelt
and increase pressure and send the material to next stage [13]. First stage screw is
also having larger diameter compared to second stage screw. The purpose of second
stage screw is to plasticizing and controlling the melted material. To monitor the
pressure, a pressure sensor is also inserted between these two stages. The pressure of
melt could be controlled by controlling the speed screw at the first stage. Formation
of bubbles is not desirable in the extrusion, to eliminate this problem, a vent hole is
made at a place where two stages are in contact, to make the gas leak out of it. There
are heating elements on the cylinder of heating zone, they generate heat to convert
pellets into pressurised melt. Then rotating screw send this pressurised melt to next
stage. In this process sufficient amount of pressure is generated due to the geometry
of screw. Spiral groove on the screw makes its groove depth shallower at front-end
compared to back-end. Melted pellets in second stage are extruded out of nozzle by
rotation of metering screw, to print the parts (Fig. 45.3).

This extrusion system is having large print volume. It is having economically
high printing speed for large parts. 3D Printing with filament has been extensively
used formaking products of differentmaterials and sizes.Duringmaterial selection to
make filament, various properties ofmaterials are checked. It should be rigid andmelt
should be viscous for easy squeezing out of nozzle. Commercially available filaments
are not flexible [9]. These are made up of materials which is having high impact and
tensile strength like—ABS [8]. Due to demand of these properties, filament making
cost increases. Therefore, using polymer pellet in 3D printing is economical and easy
to process.

Figure 45.4 shows the construction and design of pellet-based extrusion additive
manufacturing process to produce a part made from flexible material like- EVA, PLA
etc., which is difficult to produce from current famous 3D printing method i.e., from
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Fig. 45.3 Double stage screw extrusion design [13]

Fig. 45.4 Flexible material extruder design [11]

FDM process because it causes buckling of filament of flexible material. Kumar
et al. developed a setup after doing many preliminary tests and through iterations
[11]. This setup is categorised in two parts for better understanding of the whole
system namely MDT (Material deposition tool) and Motion Subsystem.

As the name suggests, purpose of MDT is to deposit the material in layers and
Motion to this tool in X, Y and Z directions, is provided by the motion subsystem.
MDT is made up using a supporting frame on which all other components like—
hopper, heater, melt channel, screw, etc., are installed. Material is extruded through
the nozzle due to screw movement. Pressure difference helps this extruded material
to take shape of a thin and long continuous filament (Fig. 45.5).

Singh et a. designed a model of extruder head which can be installed on CNC
machine with three-axis [18]. This head could be used to perform FDMprocess using
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Fig. 45.5 Problem of buckling in flexible materials [11]

CNC. This extruder head is made for easy installation on different CNC-milling
machines. Because of high cost of FDM machines compared to other computer-
controlled manufacturing machines e.g., milling, turning, has a major obstacle
to implementation of rapid product development machine in small and medium
industries, therefore this design favourable for small scale industries to develop an
economical FDM technique (Fig. 45.6).

Installation of this extruder design on different CNCmillingmachine because this
design includes features like modular approach of selective extruder head, which
having isolated, independent functional elements. This design is also having ease
of change to achieve interfaces with different CNC machines. Different modules of
the proposed extruder head are defined by elements like Nozzle head, Breaker plate,
Barrel, Lead Screw, Ring, Cap and Heating Arrangement.

Kumar et al. done the process characterisation of MDT by conducting several
experiments. Their process parameters for this characterisation were screw speed
and temperature of barrel [11]. They find suitable screw speed below 75 RPM and
barrel temperature in range of 100–150 °C (Fig. 45.7).

Furthermore, to know the quality of printed parts various tests per performed
including tensile and hardness test. They found that printed part is having elongation

Fig. 45.6 Deign of Extruder head for CNC-assisted additive manufacturing [18]
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Fig. 45.7 Relation of flow speed with screw speed and barrel temperature [11]

up to575.5%[11],which ismuchgreater thanABSandPLAparts.After deformation,
recovery of up to 60% of undeformed length was seen in hysteresis test.

Reddy et al. developed a process named as extruder deposition process, this
process is based on polymer extrusion [16]. Elimination of drawbacks of extrusion-
based system is possible using this process. It also produces partswith greater strength
compared to other extrusion-based processes (like FDM) available in the market. In
most cases failure of filament in FDMprocesses is because of flexibility or bending, to
avoid this different polymer extrusion processes are designed. Bellini et al. designed
a system for deposition of ceramics. An extrusion screw, which is having constant
pitch and depth of channel, was used in their design. But they found that air is getting
entrapped and aggregates a forming during feeding of material [4].

Reddy et al. designed a new system, as shown in Fig. 45.8a, for elimination of
various issues in built part quality [16]. To eliminate the problem of air entrapment
and to make the printed part stronger, the designed a screw extruder with variable
pitch and depth of channel. To deal with aggregate formation in feeding channel,
they installed a ceramic tube to feed the pellets of polymer. There is uneven pressure
in radial direction around the screw, to reduce this a support is installed at exit point

Fig. 45.8 Numerical control (NC) assisted Extruder deposition system: a Schematic; b actual [16]
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of nozzle. This support is having an axial hole and also prevents deflections of screw.
This whole system is installed on a numerical control (NC) bed (Fig. 45.8b).

For studying the effect of process parameters on surface finish and strength of
bond formation, Box-Behnken design was used. Temperature of nozzle, inter road
gap and temperature of melt chamber are the three parameters with three levels,
which were selected by them for experimental design.

ABS material was used to print the parts so that bond strength can be compared
with the FDM systems available in the market. On the basis of above three variables
and their effect on inter-road bond strength and Surface finish is determined, and
it is found road gap and temperature of nozzle plays much significant role than the
chamber temperature. Inter-layer bond strength is also determined.

Whyman et al. design and developed biopolymer paellets extruder (Please
refer Fig. 45.9). The design consists of a hopper, heating system, extruder, cooling
system and a drip-feeding mechanism as shown in Fig. 45.9a. Material is filled in
the hopper and then passed to melting zone in a controlled manner using drip feeder.
To melt these pellets a band heater has been used. To reduce the conduction of heat
from extruder to other parts, a cooling system has been used provided. In this design
a modified auger bit (Fig. 45.9b) has been used to pushed down the pellets from
hopper to heating zone and push the polymer melt out of nozzle. This auger bit
needs less torque and reduce the stress acting on the drive motor. But in this type of
auger lesser pressure is developed as compared to conventional auger with varying
pressure regions. But this pressure loss can be easily compensated with help of drip
feed (Fig. 45.9c).

Fig. 45.9 a Complete setup of extrusion system for printng of biopolymer paellets; b Auger/drill
bit; c Printed parts [25]
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An electric heater alongwith PID controller has been used tomaintain the required
temperature. Heating is crucial step in pellet extrusion. If there is any conduction
of heat from extruder to other parts like hopper and upper portion of screw, it could
lead to partial melting of polymer particles. To deal with this problem a fluid channel
around the neck of the extruder has been provided. A coolant with high concentration
of glycol is pumped through this channel. Printing bed is a common XYZ cartesian
design. Cylindrical guide rails have been provided to all the axis. X and Y axes are
pulley driven while Z axis movement is based on lead screw. Researcher developed
a compact pellet extrusion system which can print the part with strength, aesthetic
quality and shine comparable to counterparts. This print quality is achieved due
proper heating and melting of polymer. But there are problems of screw clogging,
inconsistent bonding and colour change due to contamination. Solutions like the
addition of more sensors to monitor the heating and cooling effects on the system
and using a Transducer to determine if the correct pressure is obtained before turning
on the drip feeder are still in research phase.

Researchers developed avertical screwextruderwith four feedingports at different
height along the barrel to feed the pellets/granules for wide range of residency time.
This design is made up of barrel, screw, heater and nozzle. A stepper motor has been
used to control the screw rotation and material deposition rate is controlled by the
rotational speed of screw (Fig. 45.10).

Conventionally for filament extrusion of PVOH three steps are followed. In the
first step, different compounds are mixed, then filament is extruded and in the last
step material is extruded. Due to three step process, this elongated time of material
processing leads to thermal decomposition of PVOH.But developed extruder reduced
the residual time of polymermelt by a significant amount as all abovementioned steps

Fig. 45.10 Complete design of extruder with multiple feeding ports [26]
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are combined into one. So, this design provides a best method to extrude filament
from heat sensitivematerial ormaterials that are difficult to extrude into filament with
constant diameter. This design can also be used to co-process multiple material at
variable feed rates to make a compositionally heterogenous structure. Material being
fed through different port has a different residency. Extruder with multiple feeding
ports can used to print a wide range of materials by controlling residency time and
temperature. Multiple materials with definite ratios can be mixed during the process.

FDM is one of the most popular additive manufacturing techniques used in 3D
printing which uses plastic filament material as input. But the material used is little
bit costly and generally imported. The main theme of Wankhade et al. work is to
design a new extruder system at low cost in terms of material used and process of
manufacturing. Here input material is taken in form of pellet and granules which can
be of waste plastic materials. The design of this extrusion system used three ceramic
band heaters in which two are used in heating the Barrel and one is used in heating the
Die. The heater produces heat by positive temperature coefficient hence, producing
high temperature by consuming less power input. Moreover, the temperature that
can be produced is ranges from 100 to 1300 °C. The Ceramic heaters utilised in this
work are shown in Fig. 45.11.

The pellet which is introduced through the hopper is reached to nozzle with the
help of the screw, barrel, AC motor and the gear box which reduces the speed of
motor to drive the screw with perfect RPM. The screw is divided into three zones
feed zone, compression zone and metering zone. In feed zone, the rotation of the
screw helps the granules to move down the barrel. In barrel granules are heated
using heater and due to heating a contact develop between barrel walls and Plastic
granules. This contact increases the friction and help them to move forward. If there
is no friction, plastic would only rotate inside the screw. In compression zone plastic
is melted due to different forces like compression and shear forces and finally in
metering zone the plastic is pumped into the extruder die Fig. 45.12.

Barrel used here covers the screw and connected to the hopper and gear box, it is
made up of hardened steel at the front end it is connected to the extruder die from
where the extrusion of melted material takes place. The designed made is at low
cost and the plastic made through it has better flexibility and remain hot when they

Fig. 45.11 Ceramic heaters
[24]
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Fig. 45.12 Screw design and barrel [24]

are removed from the extruder and this allows for post-extrusion manipulations. The
strength of the extruded plastics can be increased further by adding the fillers while
reinforcing the input raw materials (Fig. 45.13).

In Additive Manufacturing FDM is the most common method of 3D printing and
it uses the material in the filament form which are mainly thermoplastics polymer
(e.g., ABS). In this paper a new design is made in which the input material is taken
in pellet form which costs less as compare to filament one. Pellets are also available
easily inmarket and it can bemade fromwastematerial too. The new extruder system
is designed by Albu et al. (Fig. 45.14), by considering the aspect of eliminating the
discontinuity in the flow of melted polymer and no material extrusion when printing
head is changing the position.

To ensure the continuous flow, a conical conveyor worm with two beginnings
is designed (Fig. 45.15). In the front of the screw a driver washer is fastened with
help of bolts and holes provided on the screw. Whole design can be divided mainly
in four sections. In one section an screw has been used to transposrt the pellets to
heating zone. Then a section is provided to dessipate the extra heat so that it could not
reach to other parts of extruder. This heat dessipation zone is followed by a bearing
attachment zone. To drive the swinging mechanism a gear wheel is provided, this
gear is connected to an electric motor using a coupler.

Fig. 45.13 Complete
assembly [24]
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Fig. 45.14 New extruder
design for 3D printers [2]

Fig. 45.15 Conveyor worm [2]

An assembly of drive washer and tapered piece was design, which is having two
contact position according to the direction of rotation of the motor. This assembly
has been used to ensure the retraction of material or to stop the flow of melted plastic.

There are recesses on circumference of drive washer to pass the molten material
and enters the tapered piece through the four holes i.e., when the feed worm is rotated
in the feed direction of the material, it continues in the recesses on the drive shaft.
A cylinder is provided in the front of washer for providing centring between conical
piece and two engagement zones. On rotating the feed worm in opposite to feed
direction the contact surface would become the opposite of the holes on the conical
piece and discontinuing in the recesses on the drive washer and hence through this,
retraction of material was tried to be done (Fig. 45.16).

As per the designed discussed the printer was made and several attempts were
made with different process parameter and a continuous flow of melted ABS pellets
was obtained. On changing the direction of rotation of worm, the retraction was
not under control i.e., melted material continues to flow in the projected version.
Which was assumed due to high pressure generation inside the extruder and hence
improvement was still needed (Fig. 45.17).
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Fig. 45.16 Drive washer and tapered piece [2]

Fig. 45.17 Extruder
assembly [2]

45.3 Conclusion

This paper presents a study of pellet or granules extrusion-based 3Dprintingmethods.
Filaments are used commercially for FDM 3D printing and flexible material are
not suitable for filament, stiffness and strength limits the materials to be used as
filament. Flexible materials can also be used in extrusion-based 3D printing in the
form of pellets. These pellets can be extruded out of nozzle using screw-extrusion
methods. Screw-extrusion are of mainly two types one is single stage screw extrusion
and other is double stage screw extrusion. Like filament-based extruder, here also
thermal insulation is needed between hopper and extruder. A pellet extrusion head
can also be implemented in 3-Axis CNCmachine tomake it FDM3Dprinter. Process
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parameters like screw speed and barrel temperature play an important role in screw
extrusion process. There should be suitable speed of extrusion screw and barrel
temperature for the better quality of 3D printed part.

From this study, it is concluded that there is future scope of development of pellet
extrusion-based 3D printing. A hybrid extrusion-based 3D printer can be developed
in which both methods—filament extrusion as well as pellet or granule extrusion
could be implemented.
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Chapter 46
Smart Magnetorheological (MR)
Finishing Technology and Its
Applications

Rahul Vaishya, Vivek Sharma, Vikas Kumar, and Rajeev Verma

Abstract Magnetorheological (MR) finishing technology utilise the novel
behaviour of magnetorheological finishing fluid (MRFF) which changes its rheolog-
ical properties under the influence of magnetic field. Generally surface roughness is a
main predictor of engineering, medical, automobile parts performance, as irregulari-
ties tend to form nucleation sites which leads to wear, corrosion and thus, decreasing
the efficiency of the components. In this chapter, we emphasis on the use of MR
finishing technology and its application in finishing of various types of materials.

Keywords Magnetorheological finishing · Finishing operation · Surface
roughness · Smart magneto-rheological finishing fluid

46.1 Introduction

The final phase in manufacturing of various components include finishing opera-
tions. Finishing operations usually increase the cost of the component by 15% to
20%. Surface roughness have a great influence on the aesthetic appearance, fatigue
strength, durability, reliability and performance of the component. In many cases,
rough surfaces of mating components generate a lot of friction and thus, wear out
easily. High level finishing of the surface prevents corrosion and increase the wear-
strength and life expectancy of the component. A number of conventional finishing
processes (grinding, lapping and honing etc.) are in use from long times for the
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finishing of simple shapes components. Many times, traditional grinding damages
the surface of the component by creating heat affected zone [1]. Invention ofmore and
more hard material taking place with the advancement of technology and simultane-
ously the shape complexity of components also goes on increasing. Non-convention
machining like EDM (electro discharge machining) [2, 3], ion milling [4] doesn’t
able to achieve ultra-fine quality surface. All such limitations led to the involve-
ment of advanced finishing operations for precise finishing of varied complex shapes
component made from different materials.

Researchers have developed various advanced finishing operations like Magnetic
abrasive finishing (MAF) [5], Magnetorheological jet finishing (MRJF) [6], Magne-
torheological abrasive flow finishing (MRAFF) [7], Rotational-magnetorheological
abrasive flow finishing (R-MRAFF) [8] and Ball-end magnetorheological finishing
(BEMRF) [9], Magnetorheological finishing (MRF) [10]. All the mentioned
processes utilised the novel behaviour of Magnetorheological finishing fluids which
works on the application of magnetic field.

46.2 Magnetorheological Finishing Fluid (MRFF)

MRFF comes under the classification of smart materials due to its novel rheological
behavior. The composition of MRFF generally includes mixture of ferromagnetic
particles (generally iron particles), abrasives particles andnon-magnetic carrier liquid
along with additives. The finishing performance of MRFF generally based on the
ferromagnetic particles along with abrasives used in it.

MRFF changes its viscosity under the influence of magnetic field (M-Field) and
the changed form becomes extremely viscous [11, 12]. The variation in the form of
MRFF under different M-Field is shown in Fig. 46.1.

The carbonyl iron particles (CIPs) are generally used as ferromagnetic particle for
the development of MRFF, because of its low coercive force and high magnetization.
The sedimentation problem generally exists in MRFF due to high density of CIPs.
Stability of MRFF increases with decrease in size of magnetic fillers. Nano sized
particles show more stability than microns sized particles because of Van der Waals
force and Brownian movement. Nano sized particles are used as dispersed phase in
magnetic fluids [14–22].

46.3 Behavior of Magnetorheological Finishing Fluid

The condition of MRFF without any applied field is shown in Fig. 46.2a, while the
condition under the effect of magnetic field is shown in Fig. 46.2b.

The magneto-dependent rheological behaviour of MRFF typically described by
the Bingham model:
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Fig. 46.1 variation in the form of MRFF under different M-Field [13]

Fig. 46.2 a shows MRFF under no M-Field and b shows MRFF under M-Field [23]
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Fig. 46.3 Variation in shear stress (Pa) as a function of shear rate (1/s) at different M-Fields [24]

τ = τy + ηγ̇ |τ | ≥ τy

τ = G0γ |τ | < τy,
(46.1)

where τ is shear stress, γ is shear strain rate, τy is magneto-dependent shear yield
stress, G0 is that the shear modulus before yield, and η is that the plastic viscosity.
τy is defined as the minimum stress exhibited by MRFF before its deformation or
flow, which may be calculated by using Bingham model (Eq. 46.1). Figure 46.3
shows relation between shear stress (Pa) and shear rate (1/s) because the shear stress
increases rapidly asM-Field increases. Therefore, the magneto-dependence of τy are
often used as a parameter to urge the magnetorheological effect of MRFF [25].

46.4 Applications of MR Finishing Technology

Researchers have used MR finishing technology in precise finishing of various
components made of different materials. The present section gives detail on various
types of materials which are precisely finished using it.
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46.4.1 Cr12 Tool Steel

Cr12 tool steel is used for the cylindrical internal surface, plane position, the corner
position and researchers get the surface roughness (Ra) of 132 and 278 nm at plane
and corner surface, respectively [26].

46.4.2 Stainless Steel

Stainless Steel is used in the sanitary pipes. Researchers used permanent magnet as
the source for generating magnetic field. Iron particles are used of size 80 microns
diameter, aluminium oxide is used as abrasives particles along with the machining
fluid (about 15%). The surface roughness (Rmax)was decreased from4 to 0.1micron
[27].

46.4.3 BK-7 Glass

It is a top quality crown glass which ismade up of twomaterial. One is silicon dioxide
and another one is boron dioxide. Lapping process gives a lot of cutting force as well
as it creates heat affected zone. Such heat affected zone damages the surface of the
glass. In place of this, MR-finishing technology founds to be more suitable which
creates defect free good quality surface [28–36].

46.4.4 AlTiN-coated tool

Researchers have usedMRfinishing in the finishing of AlTiN-coated tool. They used
iron particles of size 44-105 microns and steel grit of mean diameter 700 micron.
The diamond abrasive particles were used in MR finishing of the tool. The life of the
tool founds to be increases by 150% [37].

46.4.5 Mild Steel

Niranjan and Jha [38] worked on cylindrical external surface and plane position of
mild steel. Authors achieved minimum surface roughness (Ra) of 0.0914 μm.



682 R. Vaishya et al.

46.4.6 KDP Crystal

Chen et al. [39] worked on external surface of KDPCrystal and achieved final surface
roughness (Ra) of 0.624 nm.

46.4.7 Stainless Steel

Das et al. [40] worked on cylindrical external surface of stainless steel and achieved
final surface roughness (Ra) of 0.13 μm.

46.4.8 KDP Crystal

Ji et al. [41] worked on external surface of KDP Crystal and achieved final
improved surface roughness.

46.4.9 Glass

Liu et al. [42] worked on backside of the cylindrical external surface of KDP Crystal
and achieved final surface roughness (Ra) of 0.018 μm.

46.4.10 Glass BK7

Kim et al. [43] worked on external surface, deepest removal point of Glass BK7.

46.4.11 Al2O3–TiC

Bongsu et al. [44] worked on top surface of Al2O3–TiC and achieved minimum Ra
value of 131.9 nm.
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46.5 Conclusion

MRfinishing technology utilize the novel behavior ofMRFFwhose rheological prop-
erties are often alteredwith help ofM-Field andwith change in fluid composition.Use
of MR finishing gives provision to control finishing forces effectively during opera-
tion. MR finishing used on sort of work piece materials (ranging glasses to alloys)
without any damage of the work-surface. Also, the work-materials of complex shape
geometries can be nano-finished with the utilization of MR finishing technology.
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Chapter 47
Development of Sheet Metal Die by Using
CAD and Simulation Technology
to Improvement of Quality

Amrapali L. Ramteke, Shubash N. Waghmare, Sagar D. Shelare,
and Piyush M. Sirsat

Abstract Minimizing manufacturing time is a major advancement that decreases
the entire cost of production and reduces the time for a commodity to be sold. One of
the main titles of the sheet metal industry is the convergence of sheet metal product
design, simplification, and fabrication applications. Sheet metal formation is one
of the most common finished product procurement technologies in almost every
industrial production field, especially in the aircraft, automobile, food and home
appliance industries. Because of its intricate forms and the possibilities of applica-
tions it requires, the incorporation of sheet metal product design and development in
a computer-aided setting is a challenge. To solve this problem, many methodologies
are being developed, such as a Single Minute Exchange Die System (SMED) that
considers only themethodology tominimize the installation of forming dies to almost
25–30%, but does not take into account the minimization of the phase or sequence
of forming. Most of the time, the automotive industry reduces the time by standard-
izing some of the die components to mount the die issue. The paper is focused on the
design of sheet metal die for the casting. It also focused to develop and optimize the
performance of die. The performance of die is evaluated by using CAD simulation
technology. Three different materials are checked to evaluate performance those are
EN 8, SAE 4340, and SAE 4640. After the simulation results show that SAE 4640
material gives quality performance than are EN 8, SAE 4340 material.
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47.1 Introduction

The knowledge is about the different design parameters that affect the construction
of sheet metal die. To make a sheet metal product, the sheet metal parts weighed and
analysed. Because of this variety of potential production errors can be significantly
reduced. The Die mould design principle, various research work can be carried out
tribological simulation for mould invalidation analysis, creation of quality feature,
Design for Manufacture and Assembly (DFMA), mould delamination and die frac-
ture analysis. “Different approaches the virtual prototyping approach tomould design
is taken into account. In virtual prototype is generated by combining automated and
interactive approaches” [1]. There are some problemswith the selection of alloy steel
in the current diemould protection cap, sheet metal diemould product shapemistake,
it is important to design the mould for protection cap and upgrade the existing design
[2–4]. There is an attempt to look at different techniques of mould design for a
protective cap. As mould design is a complex process involving in many decision
factors, it is difficult to ensure both mould reusability and meeting manufacturing
requirements without iteration of evaluating and modifying. Although other sheet
metal Die mould product is less accurate & consistent [5–7]. Chances of the inci-
dence of shape error are mostly from weak machining. There are new methods that
are developed & technology is advancing to improve the quality of sheet metal die
mould product. This product was specially designed and can be tailored to the needs
and specifications of the customers. Several problems exist about alloy steel collec-
tion, sheet metal die mould form mistake. “Analysis of sheet metal die is required to
overcome this difficulty” [8–10].

A simple die used for punching as shown in Fig. 47.1. It consist of Bed, bolster
plate, die set, die, die block, lower shoe, punch, upper shoe, punch plate, back up
plate, stripper, knockout, pitman, shut height, stroke [11].

As seen in Fig. 47.1, the upper shoe is directly fastened to the punch press ram.
The lower shoe was attached to the blossom press pad. For improved compatibility
of the punch holder with the die shoe [12–14], guide pots may be used. With two
guide points, located at the rear of the die package, these main components are
known as die set. Diagonally, one in front of the die set at the back, or with four
guide posts, one in each die set corner. In the guide shoe, the lower ends of the guide
posts are pressed. Guide posts have a slip fit with guide bushing at the upper end
that is pushed into the punch holder. Have a free bushing motion with this guidance
article. The punch is clamped to the punch holder and the die block is clamped to
the die shoe [15–18]. The punch is associated with the Die Block opening. During
the downward motion of the punch through the die block, the cutting operation takes
place. Elastic regeneration in strip content happens after cutting action. The size of
the blank increases and that of the cavity decreases as a result of this. So at the end
of the process, the scrap strip clings to punch as punch begins to pass upward and
blank gets clogged to die opening. A stripper is used to scrape scrap strips from the
surface of the punch. The walls of the die opening are tapered to prevent sticking to
the blank in the die opening.
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Fig. 47.1 Press tool terminology

A 

Fig. 47.2 A Indicate the high stress induced in die

The highStresses are induced in existing sheetmetal die as shown inFig. 47.2.Due
to this high stresses induced in the Die resulting in crack propagation in sheet metal
Die [19, 20]. The stresses Occur at the above four corners of Die. After punching
pressure applies on the Die, Stresses induced are resulting in high stresses at the
corners. The Stresses are induced in existing sheet metal die due to repetitive loading
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conditions. Under repetitive load conditions, at one stage existing material EN8
crosses yield Strength resulting in crack propagation in sheet metal Die Along with
high stresses, and more deformation occurs in sheet metal die. To overcome this
difficulty, there is a Need to use CAD.

Software and simulation technology to redesign sheet metal die. That stresses
occur in sheet metal die can be greatly reduced [21–24]. The Main Motivation in
Designing Sheet Metal Die is to reduce the Stresses & Deformation produced by
changing thematerial. Using software to analyse sheetmetal diewill findwith greater
accuracy & high precision along with achieving best material properties utilization
with permissible stress level & less deformation in sheet metal die.

The outcome that comes from the literature survey is the analysis of sheet metal
parts plays an important role to get improved accuracy, flexibility, and good efficiency
advantages [25]. Analysis sheet metal of various parts gives assure quality and helps
in reducing manufacturing cost. To achieve optimized die size, optimal die size
rules with precision and lower complexity can be derived. Advanced processing
technology such as high-pressure sheet metal formation (HPSMF) may be used to
produce goods for sheet metal application with optimized thickness distribution [26,
27]. There is a constraint in the die wear analysis to maintain the efficiency of the
shaping instrument and to estimate the risk of fixing ormodifying the die. Theoretical
prediction of the effective properties for materials is very important to the analysis
of material performance.

The experimental set up is used to improve and study parameters related to the
sheet metal die. To improve the life of sheet metal dies, different operations are
performed on die mould. A literature survey helps to predict the shape of a sheet
metal component and to achieve a quality of operation performed on sheet metal
Die.

47.2 Research Background

The high Stresses are induced in existing sheet metal die. Due to this high stresses
induced in the die resulting in crack propagation in sheet metal die [28, 29]. The
stresses Occur at the above four corners of die. After punching pressure applies on
the die, Stresses induced are resulting in high stresses at the corners as indicated
in Figs. 47.2 and 47.3. The Stresses are induced in existing sheet metal die due to
repetitive loading conditions, under repetitive load conditions, at one stage existing
material EN8 crosses yield strength resulting in crack propagation in sheet metal die
along with high stresses, deformation occurs in sheet metal die is more. To overcome
this difficulty, there is need to use of CAD software and simulation technology to
redesign sheet metal die. So that stresses occur in sheet metal die can be greatly
reduced.
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A 

Fig. 47.3 Failure of die section where A-indicate the failure section

47.3 Methodologies

47.3.1 Methodologies to Be Used

(1) Chemical composition of material.
(2) Design of Sheet metal Die for protection cap.
(3) CAD modelling using UNIGRAPHICS software (a) CAD modelling of

Protection cap, (b) CAD modelling of sheet metal die.
(4) Assembly of Die in UNIGRAPHICS software.
(5) Analysis of sheet metal dies using Analysis software ANSYS 16.5.

To reduce the stresses and deformation of the material, research has to go through
different analyses with different materials. Following Table 47.1, gives the avail-
able different materials for the testing purpose in CAD software with their physical
properties.

To have the nature of stresses and deformation, one should the exact chemical
composition. Following Tables 47.2, 47.3 and 47.4 shows the chemical composition

Table 47.1 Available data of
material

Material Poisson’s ratio Young’s modulus
(GPa)

EN 8 or SAE 1040 0.3 206

Copper Alloy SAE 4340 0.27 208

Stainless Steel or SAE
4640

0.28 211
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Table 47.2 Chemical Composition EN8

Element C Si Mn Ni Cr Mo S P

Content 0.35–0.45 0.05 0.60/100 – – – 0.06 Max 0.06 Max

Table 47.3 Chemical Composition of SAE 4340

Element C Mn Si Cr Ni V P S

Content 0.37–0.44 0.10–0.35 0.55–0.90 0.65–0.95 1.55–2.00 0.20–0.35 0–0.04 0–0.04

Table 47.4 Chemical Composition of SAE 4640

Element C Mn Si Ni Mo P S Cu

Content 0.38–0.43 0.60–0.80 0.20–0.35 1.65–2.00 0.20–0.30 0.040 0.040 -

of the material EN8, SAE 4340 and SAE 4640.

47.4 Product Design

47.4.1 Cad Modelling and Tool Path Generation

Product design is the activity of designing a new product that will be marketed to its
customers by a company. This is creating and implementing concepts quickly and
effectively into a mechanism that leads to new goods [30, 31]. Consumer designers
need all the details: how people use and misuse objects, defective goods, flaws in the
design process, and the appropriate ways in which people want objects they can use.
Many new designs will fail and many won’t even make it to mark Different designs
in the end become obsolete.

Generally taking 5 or 6 try to get the product design can be very frustrating
for the design process itself. A product that go wrong in the marketplace for the
first time can be renew to the market second times more. If it carry on to fail,
then the company is deemed dead and the consumer thinks it is a failure most new
products fail, even it is a brilliant idea [32–34]. The economic health ofmanufacturing
industries is directly related to all forms of product design. Innovation brings much
of the competitive momentum for new product development, with new technology
also needing a different understanding of the design. Creating a new product model
requires only one supplier to push the rest of the industry to catch up-sparking more
innovation. Industrial design is the use of a mixture of applied art and applied science
to improve a product’s aesthetics, ergonomics, and usability, but it can also be used
to increase the marketability and development of the product. An industrial designer
has the task of designing and implementing design solutions for shape, usability,
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Fig. 47.4 Protection Cap of die

physical ergonomics, marketing, brand creation, and sales issues (Figs. 47.4 and
47.5).

47.4.2 Cavity Extraction

Cavity extraction is the process in making a die in which cavity can be extracted
from die mould. Due to this extraction process, core and cavity in die mould becomes
separated. The pull direction of material in cavity extraction process and core, cavity
separated as shown in Figs. 47.6 and 47.7.

47.5 Analysis of Sheet Metal Dies

Product design is the process of designing a new product that will be marketed to its
customers by a company. This is creating and implementing concepts quickly and
effectively into a mechanism that leads to new goods. Consumer designers need all
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Fig. 47.5 Cavity of die

Fig. 47.6 CAD Design of Cavity of die
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Fig. 47.7 CAD Design of core of die

the details: how people use and misuse objects, defective goods, flaws in the design
process, and the appropriate ways in which people want objects they can use. Many
new designs will fail and many won’t even make it to mark. Some designs eventually
become obsolete.

It may typically be very difficult for the design process itself to take 5 or 6
attempts to achieve the product design. A commodity that falls for the first time
in the industry can be reintroduced to the market 2 times again. If it manages to
struggle, then the enterprise is considered dead and the buyer believes that any new
products fail, even if it is a genius idea. The economic health of manufacturing
industries is directly related to all forms of product design. Innovation brings much
of the competitive momentum for new product development, with new technology
also needing a different understanding of the design. Creating a new product model
requires only one supplier to push the rest of the industry to catch up-sparking more
innovation.

Industrial design is that the use of amix of applied art and engineering to enhance a
product’s aesthetics, ergonomics, and usefulness, but it also can be wont to increase
the marketability and development of the product. An industrial designer has the
task of designing and implementing design solutions for shape, advantages, physical
comfortable, marketing, brand formation, and sales issues (Figs. 47.8 and 47.9).

See Fig. 47.10.

47.5.1 Equivalent Stresses in Structural Steel EN8 Material

See Fig. 47.10.
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Fig. 47.8 Meshing of cavity of die

Fig. 47.9 Meshing of core of die
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47.5.2 Equivalent Stresses in SAE 4340 Material

See Fig. 47.11.

47.5.3 Equivalent Stresses in SAE 4640 Material

See Fig. 47.12.

Fig. 47.10 Model showing stresses in EN8 material

Fig. 47.11 Model showing stresses in copper alloy material
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Fig. 47.12 Model showing stresses in SAE 4640 material

47.6 Result and Discussion

There is a need to understand why the model’s answer varies from the real struc-
tures, as it does very massively. This can be due to a multitude of errors, errors
in the parameters of the physical elements (material, thickness, etc.) or boundary
conditions, or because the discretization of FEA is an insufficient solution to the real
world. Modelling stiffness and mass can be unreliable due to an inadequate number
of components, or because of the formulations of the underlying components.

The degree of accuracy of the manufacturing data is directly related to the
product’s quality and cost; thus, validation of data frommanufacturing engineering is
a crucial phase in the production cycle. Data packages formanufacturing engineering
also contain errors that can lead to inefficient use of the production resources. The
erroneous data corrected before the run of production. Individual data packets and
related production processes reviewed before starting output. An NC software, for
example, should be validated, a part of the manufacturing results. An NC software
includes a series of instructions; these are the machining operations sequences on
the piece of work. Traditionally, once an NC program has been created, it has been
validated by checking the path plots of the NC tool or performing dry running on
a real computer. Such conventional methods of validation can-not be effective and
labour-intensive, risky and costly. There could be some undetectable errors left in the
NC system. Those undetected errors can lead to poor quality of the part, premature
wear out of the tool, or tool breakage. Table 47.5.

From the analysis as shown in Figs. 47.10, 47.11, and 47.12 of sheet metal die
having EN8 material, stresses induced are 482.63 MPa.which exceeds yield strength
350 MPa of EN8 material. Due to repetitive loading, elongation occurs resulting in
crack propagation in Die. This difficulty or problem can overcome by replacing EN8
material by copper alloy (SAE4340 Grade) stresses are reduced and are 325 MPa
which below the yield strength 670 MPa of SAE 4340 Grade.Which even under
repetitive loading condition, hardly crosses the yield strength. Along with that the
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Table 47.5 Comparative stress values for die in ansys 12.0 for different die materials

Material Loading condition
(KM)

Yield strength
(MPa)

Ultimate strength
(MPa) (MPa)

Ansys result
(MPa)

EN8 or SAE
1040Structural
steel

395.127 350 632 482.63

SAE 4340 or
copper alloy

395.127 670 755 325

SAE 4640 or
Stainless steel

395.127 1160 1280 409

result ultimate strength of copper alloy grade is higher near about 755MPa and hence
chances of a crack occurring in die are greatly reduced. SAE 4640 grade is taken
which is heavy-duty material which has the highest yield as well as ultimate strength.
The Result shows improved performance parameters basis total equivalent stress by
replacing EN8 material by SAE 4340 Grade.

47.7 Conclusion

It is seen that the use of suitable software has become essential to analyse stresses,
deformation in sheet metal die and thereby improve the standard of the die by proper
selection of material. This would result in cost reduction and material saving &
reducing stresses. Several design rules, developed over the years through experience
and observations, if rightly practiced, would lead to optimum design of various sheet
metal components of die as a manufacturing process. However, it is vital to realize
that each design is unique and studied exclusively to obtain the best results. With
the use of CAD/CAE software’s, standard design rules which is developed it is
concluded that Different design parameters of a die are compared experimentally
and selected the geometry having more accuracy and reliability From the analysis of
sheet metal die having EN8 material has the stresses near about 482.63 MPa induced
which exceeds yield strength results in crack propagation in Die under repetitive
loading. This difficulty or problem can overcome by Replacing EN8 material by
copper alloy (SAE 4340 Grade) that stresses are reduced & are 325 MPa which
much below the yield strength.which even under repetitive loading conditions, hardly
crosses the yield strength. The Result shows improved performance parameters of
total equivalent stress.

The cost of SAE 4640 material is higher than EN8 material, the Die life of
suggested SAE 4640 material becomes more than Die of EN8 material. There by
improving the quality of the Die by proper selection of material. This would result
in reducing stresses in Die.
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